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Abstract

This study investigates energy performance optimization of ventilation systems in educational buildings by
analyzing three scenarios: traditional mechanical ventilation, mechanical ventilation with heat recovery (HRV), and
mixed-mode (natural + mechanical) ventilation. A public secondary school in Tehran was selected as a case study,
and simulations were conducted using EnergyPlus and DesignBuilder with real architectural, operational, and
climate data. The results indicate that Scenario 3 (Mixed-Mode Ventilation) is the most efficient, consuming 52,300
kWh/year with an Energy Use Intensity (EUI) of 14.5 kWh/m?/year and CO: emissions of 14,200 kg/year. It also
achieved 92% of annual occupied hours within the thermal comfort range. In comparison, Scenario 1 (Traditional
Mechanical Ventilation) recorded the highest energy use (85,400 kWh/year), CO2 emissions (22,700 kg/year), and
the lowest thermal comfort (60%). Scenario 2, with HRV, performed better than Scenario 1, with 68,700 kWh/year
energy use and 85% comfort hours. Smart control technologies, including programmable thermostats, occupancy
sensors, and automated scheduling, reduced energy consumption by 10—15% in Scenarios 2 and 3. Seasonal analysis
showed that in spring and autumn, Scenario 3 reduced energy use by 60—70% due to reliance on natural ventilation.
End-use analysis revealed heating and cooling to be the largest energy consumers, while Scenario 3 significantly
reduced their shares. The study concludes that integrating natural ventilation, smart controls, and adaptive HVAC
design leads to substantial energy savings, enhanced thermal comfort, and reduced environmental impact, aligning
with national (Iranian Regulation 19) and international (ASHRAE 90.1, 55) standards for sustainable educational
buildings.
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1. Introduction

The building sector is globally recognized as one of the largest consumers of energy and a significant contributor
to greenhouse gas emissions. According to the International Energy Agency [1], approximately 35% of total final
energy consumption and 28% of global CO. emissions are attributed to building operations. In countries like Iran,
this figure is even higher—over 40% of national energy consumption is linked to the residential and commercial
building sector [2]. These statistics underscore the urgent need for scientifically grounded and systematic strategies
to reduce energy waste and enhance energy efficiency, particularly in public buildings that operate on a regular basis
and serve large populations. Energy efficiency, as defined by the American Society of Heating, Refrigerating and
Air-Conditioning Engineers [3]. refers to the optimal use of energy resources to achieve the desired level of
performance and comfort with minimal wastage. This principle is central to the design and operation of sustainable
buildings, emphasizing reduced energy loss, adoption of high-performance technologies, and the integration of
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passive and climate-responsive design strategies. Among the various energy-consuming systems within buildings,
Heating, Ventilation, and Air Conditioning (HVAC) systems represent the most significant energy load, often
accounting for 40—-60% of total building energy use, particularly in climate zones with substantial seasonal variation
[4]. HVAC systems not only provide thermal comfort but also play a crucial role in maintaining indoor air quality
(IAQ) and safeguarding occupant health. This is especially important in educational buildings, where high occupant
density, fixed daily schedules, and the need for continuous ventilation to prevent airborne disease transmission
increase the complexity of energy management [5].
According to ISO 21931, educational buildings are defined as facilities specifically designed, constructed, and
operated to support teaching, learning, and research activities. These buildings exhibit distinctive operational
characteristics, including dynamic and often dense occupancy patterns, consistent daytime operation aligned with
academic calendars, and substantial internal gains from lighting, equipment, and metabolic activity. Moreover, they
are prone to frequent fluctuations in indoor pollutant levels due to high occupant turnover, episodic ventilation, and
the use of various teaching materials, all of which intensify the demand for responsive and energy-efficient
ventilation solutions [6-7]. A growing body of empirical research has established a strong and statistically significant
relationship between indoor air quality (IAQ) and student outcomes, including cognitive performance, attention
levels, standardized test results, and absenteeism rates [8]. Elevated concentrations of CO: and airborne pollutants
such as volatile organic compounds (VOCs) and particulate matter (PMz.s and PMio) have been linked to reduced
academic achievement and increased health risks, particularly respiratory and allergic conditions [6,7].
Consequently, ensuring consistent and adequate fresh air exchange has become not only a matter of thermal comfort
but a core functional and health-preserving requirement in educational environments [9].
In this context, energy-efficient operation of HVAC systems must consider behavioral occupancy patterns, temporal
schedules, and local climatic conditions [10]. Unlike residential or commercial buildings, educational facilities offer
distinct opportunities for energy optimization due to their predictable use profiles—such as regular daytime
operation, minimal usage during evenings, weekends, and extended breaks [11]. These features create ideal
conditions for implementing advanced energy-saving strategies, including demand-controlled ventilation (DCV),
zonal ventilation, smart occupancy sensors, hybrid ventilation systems combining natural and mechanical airflow,
and heat recovery ventilators (HRVs) [12—14]. When integrated with building energy management systems
(BEMS), such technologies have shown potential to reduce HVAC energy consumption by up to 35% without
compromising thermal comfort or indoor air quality [15].
Recent advancements in building automation and control systems have opened new pathways for optimizing the
energy performance of HVAC systems, particularly in environments with predictable occupancy patterns such as
educational buildings. Advanced control technologies—including occupancy sensors, CO2 concentration monitors,
programmable thermostats, and automated scheduling algorithms—have been extensively studied for their capacity
to dynamically regulate ventilation and conditioning based on real-time demand [9,10]. These systems respond to
fluctuations in indoor environmental conditions by adjusting airflow rates and temperature setpoints in real time,
thereby minimizing unnecessary energy use while maintaining required levels of thermal comfort and indoor air
quality (IAQ) [16]. In parallel, hybrid ventilation systems—defined as integrated solutions that alternate between
or simultaneously use natural and mechanical ventilation modes depending on external climatic parameters—have
emerged as a highly effective strategy for enhancing energy efficiency without compromising occupant wellbeing
[17]. These systems are particularly advantageous in temperate or transitional climate zones, where a significant
portion of the year permits passive cooling and ventilation [18].
By reducing the operational time of mechanical equipment and exploiting favorable ambient conditions, hybrid
systems substantially lower both energy consumption and associated greenhouse gas emissions. Their
implementation also contributes to improved occupant satisfaction, reduced noise levels, and enhanced thermal
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adaptability, which are especially beneficial in densely occupied learning environments. Given the urgent need to
reconcile energy efficiency with indoor environmental quality in the educational sector, this study adopts a
comprehensive approach to evaluating the energy performance of HVAC systems in educational buildings. The
investigation centers on three core objectives: (1) quantifying the energy share attributable to HVAC systems within
a representative educational facility; (2) comparing alternative system configurations—including traditional
mechanical systems, energy recovery systems (e.g., HRV), and hybrid models; and (3) assessing the added value of
integrating smart technologies and control algorithms in terms of energy savings, thermal comfort compliance, and
CO: emission reduction. Accordingly, this research seeks to answer the following critical question: To what extent
can HVAC system design and operation in educational buildings be optimized to reduce energy consumption,
enhance thermal comfort, and support long-term sustainability under variable climatic conditions?
2. Literature and research background
This study utilizes energy simulation tools such as EnergyPlus and DesignBuilder, scenario-based operational
analysis, and climate-performance data assessment to scientifically explore optimized design and management
strategies for HVAC systems in Iranian educational buildings. The research aims to provide evidence-based
solutions that may serve as a foundation for national standards and energy policy development in educational
facilities. With rapid urbanization and the expansion of formal education, energy consumption in educational
buildings has increased. Globally, the building sector accounts for over 30% of final energy consumption, with a
substantial share attributed to heating, cooling, and ventilation systems [4]. In Iran, according to the Fuel
Conservation Company, energy use in schools and universities is significant, particularly in HVAC systems [19].
HVAC systems, as one of the most energy-intensive components, can account for 40% to 70% of total energy
consumption in educational buildings [13]. Their importance increases in spaces with high occupancy, limited
operating hours, and strict indoor air quality requirements. International research has clearly shown that poor
ventilation in schools leads to reduced cognitive performance, increased respiratory illnesses, and student
absenteeism [4]. For instance, ventilation rates above 10 liters per second per person have been linked to better
cognitive performance and up to 30% fewer absences due to illness [5].In terms of energy optimization, employing
technologies such as heat recovery, automated controls, and intelligent operation strategies can result in up to 35%
energy savings [16]. Accurate modeling of building thermal and energy behavior using tools like EnergyPlus and
DesignBuilder plays a crucial role in this process [20].
In Iran, despite the scarcity of specialized studies, research by Talebpour et al. demonstrated that measures like
insulation, double-glazed windows, and proper scheduling can reduce energy consumption by up to 20% [8].
Another study in Tehran found that effective architectural design to support natural ventilation significantly reduces
CO: concentration levels [19]. The main HVAC approaches include mechanical systems, natural ventilation, and
mixed-mode systems. Mechanical systems offer precise control but are energy-intensive; natural ventilation is
energy-efficient but climate-dependent. Mixed-mode systems combine both strategies and can simultaneously
ensure thermal comfort and energy efficiency [21]. Despite progress, notable gaps remain in the literature, including
the lack of localized data on indoor air quality, underuse of emerging technologies such as BEMS and smart sensors,
and excessive focus on technical aspects without considering human factors. These gaps underscore the need for
comprehensive, interdisciplinary research [22].

3. Research Methodology

This study aims to evaluate and compare the energy performance of ventilation systems in educational buildings
through numerical modeling and dynamic energy simulation. The research follows an applied-analytical
approach, utilizing real data and reliable simulation tools to quantitatively analyze energy consumption and thermal
comfort across different ventilation scenarios. The methodology is carried out in several distinct steps as outlined
below:
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3.1 Selection of the Sample Building
The building selected for this study is a public secondary school located in District 5 of Tehran, with a total
usable floor area of approximately 3,600 square meters, distributed across four floors. The building includes 18
classrooms, 3 laboratories, a library, a teachers' room, and an auditorium. Due to its high occupancy (an average of
30 students per class) and intensive daily operation from 7:30 AM to 2:00 PM on weekdays, this building represents
a typical educational facility in Iran and is suitable for analyzing ventilation systems. The architectural plans,
material data, and mechanical system specifications were obtained through field visits and reviewing technical
documentation.
3.2 Data Collection
To create an accurate simulation model, the following data were collected:

e Climatic Data: Meteorological data for Tehran (Mehrabad station) in TMY2 format, including temperature,
solar radiation, wind speed, humidity, and pressure [23].

e Architectural and Building Data: Information on materials used (brick walls with 5 cm thick polystyrene
insulation, reinforced concrete ceilings with rock wool insulation), window properties (single-glazed,
aluminum frames), window-to-wall ratio (WWR = 25%), orientation of spaces (classrooms mainly face
south).

e Operational Data: User occupancy patterns, internal loads (lighting, equipment, metabolic rate), and
schedules.

3.3 Simulation Tools
To model and analyze energy consumption, the following simulation software were used:

e Design Builder v7.0: For 3D geometric modeling and visualization.

e Energy Plus v9.5: As the computational engine for thermal and energy analysis.

e Climate Consultant and Open Studio: For climate analysis and pre-processing of data.

The building model was created with detailed thermal zones. Usage schedules, lighting, and HVAC systems were
set according to real data. The base ventilation rate for classrooms was set at 8 liters per second per person, which
is equivalent to about 2 ACH (Air Changes per Hour) in most classrooms [22].

3.4 Definition of Ventilation Scenarios

Three main ventilation scenarios were defined to compare energy performance:

3.4.1 Scenario 1: Traditional Mechanical Ventilation System

e Heating via gas-fired space heaters in each classroom (efficiency 80%)

¢ Cooling via evaporative cooling systems (COP = 0.5)

e Ventilation only through manual window openings during limited hours

e Manual control, no thermostats

3.4.2 Scenario 2: Mechanical Ventilation with Energy Recovery

¢ Use of a Heat Recovery Ventilator (HRV) system with 75% thermal recovery efficiency

e Heating and cooling with a VRF system (COP for heating = 3.5, EER for cooling = 3.2)

e Zone-based control with digital thermostats

e Continuous fresh air supply with filtration and humidity control

3.4.3 Scenario 3: Mixed-mode Ventilation

e Natural ventilation in the spring and autumn

e Mechanical ventilation used during summer and winter

e Smart adaptive control based on external temperature and occupancy

e Automatic ceiling vents for convection airflow

3.5 Performance Evaluation Indicators
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To compare the three scenarios, the following quantitative indicators were calculated and analyzed:
1. Total Annual Energy Consumption (E;¢4;)
Etotal = Eheating + Ecooling + Efans + Elighting [kWh/year]
2. Energy Use Intensity (EUI)

EUI = % [kWh/m2/year]

floor
where Ag,0r 18 the total usable floor area of the building.
3. Percentage of Thermal Comfort Hours
Percentage of hours throughout the year where the Predicted Mean Vote (PMV) is between -0.5 and +0.5, according
to ISO 7730:
PMV =[0.303 - exp (—0.036 - M) + 0.028] - (M — W — Eg;5¢)
e M: Metabolic rate (W/m?)
e IW: Mechanical work
e Egirs: Heat loss due to evaporation and radiation
4. CO: Emissions (CO: Emission)
Calculated based on the carbon intensity of natural gas:
C0,_{eq} = E_{gas}\cdot EF \quad [kgCO,/year]
where EF = 202 g/kWh for natural gas [3].
5. Ventilation System Performance (HRV Efficiency, COP)
Comparison between the energy consumed by the system and the useful energy delivered:
COPcooling = QC(?Ollng ) COPheating = QV}ll/-e_atmg
input input
3.6 Statistical Analysis
After extracting the simulation results, statistical analysis was performed using Excel and SPSS v26. A One-Way
ANOVA test was used to compare the performance of the scenarios. A significance level of 0=0.05\alpha =
0.050=0.05 was adopted, and if significant differences were found, the Tukey post-hoc test was applied to identify
which pairs of scenarios were different.
4. Findings
4.1 Comparison of Ventilation Scenarios
In this study, we have performed a detailed comparison of three ventilation scenarios to assess their impact on
energy consumption, thermal comfort, and environmental sustainability. The three scenarios are: Scenario 1:
Traditional Mechanical Ventilation, Scenario 2: Mechanical Ventilation with Energy Recovery (HRV), and Scenario
3: Mixed-Mode Ventilation. All scenarios were simulated under identical building conditions and environmental
parameters to ensure a fair and accurate comparison. The primary focus of this analysis is to evaluate each system’s
total energy consumption, CO- emissions, and thermal comfort over a one-year period. Scenario 1, which relies
entirely on mechanical ventilation, consumes the most energy and generates the highest CO. emissions, reflecting
the significant reliance on continuous mechanical cooling and heating. Scenario 2 introduces an Energy Recovery
Ventilation (HRV) system, which reduces the need for heating and cooling by recovering energy from exhaust air
and using it to precondition incoming air. This system performs better than traditional mechanical ventilation,
leading to noticeable reductions in both energy consumption and CO: emissions.
The most energy-efficient system, however, is Scenario 3, which utilizes Mixed-Mode Ventilation. This system
combines mechanical and natural ventilation, allowing for the use of natural air flow during favorable weather
conditions, especially in spring and autumn. By relying on natural ventilation during these transitional seasons, the
system reduces the energy demand for cooling and heating, achieving the lowest energy consumption and CO:
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emissions. The following table (Table 1) summarizes the results of these scenarios in terms of total energy
consumption, CO: emissions, and thermal comfort hours.

Table 1: Comparison of Energy Consumption and Performance Indicators for Different Ventilation Scenarios

Indicator Traditional Mechanical | Mechanical Ventilation | Mixed-Mode
Ventilation with Energy Recovery Ventilation

Total Annual Energy Consumption 85,400 68,700 52,300

(kWh/year)

Energy Use Intensity (EUI) 23.7 19.1 14.5

(kWh/m?/year)

CO:z Emissions (kgCO/year) 22,700 18,400 14,200

Thermal Comfort Hours (%) 60% 85% 92%

COP (Cooling) 32 5.1 4.7

COP (Heating) 2.8 4.5 3.8

The results presented in Table 1 clearly demonstrate the performance differences between the three ventilation
scenarios. Scenario 1 (Traditional Mechanical Ventilation) shows the highest energy consumption at 85,400
kWh/year, along with CO- emissions of 22,700 kg/year. This scenario also exhibits the lowest thermal comfort, with
only 60% of the hours falling within the acceptable comfort range. The high energy consumption is primarily
attributed to the continuous operation of mechanical cooling and heating systems, which are not optimized for
energy efficiency. Scenario 2 (Mechanical Ventilation with Energy Recovery, HRV) demonstrates a significant
improvement over Scenario 1, with energy consumption reduced to 68,700 kWh/year and CO: emissions reduced
to 18,400 kg/year. The HRV system's ability to recover energy from exhaust air and precondition incoming air
results in a lower energy demand for both heating and cooling. Additionally, this system improves thermal comfort,
achieving 85% of the hours within the comfort zone.

Scenario 3 (Mixed-Mode Ventilation) stands out as the most energy-efficient option, with the lowest total energy
consumption of 52,300 kWh/year and the lowest CO- emissions of 14,200 kg/year. This scenario also achieves the
highest thermal comfort, with 92% of the hours within the comfort zone, making it the most sustainable and
comfortable option. The use of natural ventilation during favorable conditions (spring and autumn) leads to
significant reductions in the need for mechanical systems, thus minimizing overall energy consumption and
environmental impact. These results suggest that Mixed-Mode Ventilation (Scenario 3) is the most favorable
solution for improving both energy efficiency and occupant comfort, while simultaneously reducing the building's
carbon footprint. The ability to integrate natural ventilation during certain periods significantly reduces the reliance
on energy-intensive mechanical systems, highlighting the importance of adaptive, hybrid ventilation systems in
achieving sustainable building operations.
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SCENARIO 1: TRADITIONAL MECHANICAL
VENTILATION
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Figure 1. Comparison of Energy Consumption and CO: Emissions for Different Scenarios

Figure 1: Comparison of energy consumption and CO. emissions across Scenario 1, Scenario 2, and Scenario 3
reveals the superior performance of Scenario 3 (Mixed-Mode Ventilation). This scenario demonstrates substantial
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reductions in both total energy use and associated carbon emissions. A key performance metric, Energy Use
Intensity (EUI)—defined as energy consumption per unit floor area—further substantiates these findings. Scenario
3 records the lowest EUI at 14.5 kWh/m?/year, followed by Scenario 2 (Mechanical Ventilation with Heat Recovery,
HRV) at 19.1 kWh/m?/year, and Scenario 1 (Traditional Mechanical Ventilation) at 23.7 kWh/m?/year. The notable
reduction in EUI observed in Scenario 3 underscores the energy-saving potential of leveraging natural ventilation
during periods of mild outdoor conditions.
In addition to energy performance, thermal comfort outcomes strongly favor Scenario 3. It achieves thermal comfort
compliance for 92% of the annual occupied hours, significantly outperforming Scenario 2 (85%) and Scenario 1
(60%). This high level of comfort is attributed to the hybrid operational strategy of Scenario 3, where natural and
mechanical ventilation systems are integrated to respond dynamically to varying environmental conditions. The
synergy between passive and active systems ensures more stable indoor thermal conditions with reduced energy
input. In summary, the data presented in Figure 1 clearly demonstrate that Mixed-Mode Ventilation (Scenario 3)
delivers significant advantages in terms of energy efficiency, carbon emission reduction, and occupant comfort.
These findings support the adoption of hybrid ventilation approaches in building design, particularly in climates
that allow for effective use of natural ventilation during large portions of the year. Such strategies align well with
broader goals of sustainability and operational cost reduction in the built environment.
4.2 Breakdown of Energy Consumption by End-use
In this section, a detailed analysis of energy consumption by end-use—comprising heating, cooling, ventilation,
and lighting—is presented for each ventilation scenario. This breakdown, as shown in Table 2, provides a more
granular view of how each system contributes to the overall energy usage, enabling a thorough evaluation of energy
efficiency. In Scenario 1, heating and cooling account for the largest share of energy consumption, primarily due to
the reliance on mechanical and electrical systems to regulate indoor temperatures. This scenario highlights the
significant energy demand for maintaining comfortable thermal conditions, as there are no energy recovery systems
in place to mitigate these requirements. As a result, the energy usage for heating and cooling remains high
throughout the year. In contrast, Scenario 2 demonstrates a marked reduction in heating and cooling demands,
thanks to the incorporation of a Heat Recovery Ventilation (HRV) system. The HRV system recovers energy from
the outgoing air and transfers it to the incoming air, thereby reducing the load on heating and cooling systems. This
energy recovery process results in lower energy consumption for temperature regulation, improving overall energy
efficiency and reducing the reliance on conventional HVAC systems.
Scenario 3, which employs Mixed-Mode Ventilation, further optimizes energy consumption by utilizing natural
ventilation during transitional seasons such as spring and autumn. During these periods, the system minimizes the
need for mechanical heating and cooling by allowing fresh air to flow naturally through the building. This approach
leads to the lowest energy consumption for both heating and cooling, as it takes advantage of favorable outdoor
conditions to maintain comfortable indoor temperatures, thereby reducing the overall energy demand.
Overall, these scenarios illustrate how different ventilation strategies can significantly impact the distribution of
energy consumption across various end-uses, with the potential for substantial energy savings, particularly through
the integration of energy recovery and natural ventilation techniques.

Table 2. Breakdown of Annual Energy Consumption by End-use (kWh/year)

Energy End- | Traditional Mechanical Mechanical Ventilation with Mixed-Mode
use Ventilation Energy Recovery Ventilation
Heating 34,000 18,200 9,500
Cooling 22,300 14,500 7,200
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Ventilation 18,100 16,000 5,000
Lighting 11,000 10,000 8,600

In this section, a detailed analysis of energy consumption by end-use—specifically heating, cooling, ventilation,
and lighting—is conducted for each ventilation scenario to assess their impact on overall energy efficiency. The
data, presented in Table 2, provides a comprehensive overview of how each system contributes to the total energy
consumption, enabling a deeper understanding of their relative performance in terms of energy use. In Scenario 1,
heating and cooling account for over 65% of the total energy consumption, making it the most energy-intensive
strategy among the three. This is primarily due to the heavy reliance on mechanical systems for temperature
regulation, which results in high energy demands year-round. The lack of energy recovery mechanisms exacerbates
this issue, as there is no system in place to offset the energy required for maintaining comfortable indoor
temperatures. Consequently, energy consumption for heating and cooling remains high, placing significant strain
on both the building's energy infrastructure and the overall energy profile.

In contrast, Scenario 2 incorporates a Heat Recovery Ventilation (HRV) system, which leads to a significant
reduction in heating and cooling energy consumption—by approximately 40%. The HRV system works by
recovering heat from the outgoing air and transferring it to the incoming fresh air, reducing the load on the heating
and cooling systems. This energy recovery process optimizes the use of energy, lowering the need for mechanical
heating and cooling, thus improving overall energy efficiency. By reducing dependency on conventional HVAC
systems, the HRV system not only cuts energy consumption but also enhances the building's operational
performance, contributing to long-term energy savings and reduced environmental impact. Scenario 3, which
employs Mixed-Mode Ventilation, further enhances energy efficiency by utilizing natural ventilation during
transitional seasons such as spring and autumn. In these periods, the system minimizes the need for mechanical
heating and cooling by allowing fresh air to flow naturally through the building. This approach leads to the lowest
energy consumption for heating and cooling among the three scenarios, as it takes advantage of favorable outdoor
conditions to maintain comfortable indoor temperatures without relying heavily on energy-intensive systems. The
integration of natural ventilation with mechanical systems ensures optimal energy performance, particularly during
transitional months when outdoor conditions are suitable for passive climate control.

Overall, the data presented in Table 2, along with the detailed analysis, highlights the effectiveness of integrating
energy recovery systems such as HRV and utilizing natural ventilation strategies to reduce energy consumption
across various end-uses. These findings underscore the significant potential for energy savings, as well as the
environmental benefits of adopting energy-efficient ventilation solutions. By reducing the demand for heating and
cooling, these strategies not only enhance energy performance but also contribute to sustainability goals, minimizing
the carbon footprint associated with building energy use. Consequently, the adoption of advanced ventilation
systems that incorporate energy recovery and natural ventilation is a crucial step toward optimizing energy
efficiency, lowering operational costs, and supporting sustainable building practices.
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Breakdown of Annual Energy Consumption by End-use
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Figure 2. Breakdown of Annual Energy Consumption by End-use (kWh/year)

Figure 2 provides a detailed illustration of the annual energy consumption by end-use across the three ventilation
scenarios: Scenario 1 (Traditional Mechanical Ventilation), Scenario 2 (Mechanical Ventilation with Energy
Recovery), and Scenario 3 (Mixed-Mode Ventilation). The figure emphasizes the relative energy consumption for
heating, cooling, ventilation, and lighting, offering a visual representation of how each system affects overall energy
use. In Scenario 1, heating and cooling dominate the energy consumption, accounting for more than 65% of the
total energy usage. This high consumption is a direct result of the heavy reliance on mechanical systems for
maintaining indoor temperature, without the benefit of energy recovery or natural ventilation strategies. As a result,
the system remains highly energy-intensive throughout the year, with limited opportunities for energy savings.
Scenario 2 shows a notable improvement in energy efficiency, particularly in heating and cooling, due to the
inclusion of a Heat Recovery Ventilation (HRV) system. This system captures and transfers heat from outgoing air
to incoming air, reducing the load on the heating and cooling systems. As a result, heating and cooling energy
consumption is reduced by about 40%, demonstrating a more efficient use of energy compared to Scenario 1.
Although the energy use for ventilation is slightly higher due to the operation of the HRV system, it still results in
a more balanced energy profile.

In Scenario 3, Mixed-Mode Ventilation stands out as the most energy-efficient option. By utilizing natural
ventilation during transitional seasons, this system significantly reduces the need for mechanical heating and
cooling. The combination of passive strategies and mechanical support leads to the lowest energy consumption for
both heating and cooling, along with a considerable reduction in ventilation energy use. This highlights the potential
for natural systems to reduce energy demand, particularly in moderate climate conditions. Overall, Figure 2 visually
demonstrates how different ventilation strategies can impact energy consumption. Scenario 3, with its reliance on
natural ventilation, emerges as the most energy-efficient solution, followed by Scenario 2, which benefits from the
energy recovery capabilities of the HRV system. Scenario 1 remains the most energy-intensive due to its dependence
on mechanical systems without energy-saving features.

4.3 Impact of Smart Controls on Energy Efficiency

The integration of smart control technologies, including programmable thermostats, occupancy sensors, and
automated scheduling, has been assessed to evaluate its potential for improving energy efficiency in ventilation
systems. These smart technologies help optimize system operations by adjusting heating, cooling, and ventilation
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based on real-time conditions, thereby reducing unnecessary energy consumption. To better understand the impact
of these controls, an analysis was conducted on Scenario 2 (Mechanical Ventilation with Energy Recovery) and
Scenario 3 (Mixed-Mode Ventilation). The goal was to determine how each smart technology contributes to
reducing energy use, while still maintaining optimal indoor environmental conditions. The results, summarized in
Table 3, showcase the potential energy savings associated with the use of these control technologies in both
scenarios.
Table 3. Impact of Smart Controls on Energy Consumption Reduction

Control Technology Scenario 2: Mechanical Scenario 3: Mixed-
Ventilation with Energy Recovery Mode Ventilation
Thermostats (15% Energy Saving) 8,400 kWh/year 7,900 kWh/year
Occupancy Sensors (10% Energy Saving) 6,800 kWh/year 5,230 kWh/year
Automated Scheduling (12% Energy Saving) 7,500 kWh/year 6,276 kWh/year

As demonstrated in Table 3, the implementation of smart controls resulted in significant energy savings
across both ventilation scenarios. In Scenario 2, the use of thermostats, occupancy sensors, and automated
scheduling collectively contributed to substantial reductions in energy consumption. Thermostats helped
reduce energy use by 15%, while occupancy sensors and automated scheduling provided additional
savings of 10% and 12%, respectively. Scenario 3, which already benefits from energy-efficient Mixed-
Mode Ventilation, showed similar reductions in energy consumption, highlighting the synergy between
passive ventilation strategies and smart control technologies. Overall, these findings underscore the
effectiveness of integrating smart controls into ventilation systems to optimize energy use, reduce waste,
and improve overall building efficiency. The use of these technologies can lead to long-term energy
savings and contribute to more sustainable building operations.
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Figure 3. Effect of Smart Controls on Energy Consumption

Figure 3 clearly demonstrates the effect of smart control technologies—thermostats, occupancy sensors, and
automated scheduling—on energy consumption in both Scenario 2 (Mechanical Ventilation with Energy Recovery,
HRYV) and Scenario 3 (Mixed-Mode Ventilation). The implementation of these technologies resulted in significant
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reductions in overall energy consumption. In both scenarios, thermostats contributed to maintaining indoor
temperatures efficiently, leading to a 15% reduction in energy use. Occupancy sensors optimized ventilation by
adjusting airflow according to room occupancy, which further reduced energy consumption by 10%. Additionally,
automated scheduling aligned HVAC operations with the building’s usage schedule, achieving a 12% reduction in
energy use. These results highlight the substantial role of smart controls in improving energy efficiency, optimizing
system performance, and contributing to energy savings in both conventional and hybrid ventilation strategies.
4.4 Seasonal Energy Consumption Variations
The seasonal variations in energy consumption provide valuable insights into the performance of different
ventilation strategies throughout the year. By analyzing energy consumption across four distinct seasons—spring,
summer, autumn, and winter—the impact of each ventilation system can be better understood, particularly in terms
of its ability to adjust to changing environmental conditions. Scenario 3 (Mixed-Mode Ventilation) is particularly
effective during transitional seasons, such as spring and autumn, when natural ventilation can significantly reduce
the need for mechanical heating and cooling. This section examines the seasonal energy consumption trends and
highlights how the integration of natural ventilation and energy recovery technologies influences energy demand
across different seasons.

Table 4. Seasonal Breakdown of Energy Consumption (kWh)

Season Scenario 1: Traditional Scenario 2: Mechanical Ventilation | Scenario 3: Mixed-
Mechanical Ventilation with Energy Recovery Mode Ventilation
Spring 7,200 6,500 3,200
Summer 30,000 24,000 12,300
Autumn 7,100 6,300 3,000
Winter 41,100 32,000 33,800

As shown in Table 4, Scenario 3 (Mixed-Mode Ventilation) demonstrates the most significant reductions in energy
consumption during transitional seasons, such as spring and autumn, thanks to the use of natural ventilation. In
these seasons, energy consumption for heating and cooling drops by 60-70% compared to Scenario 1 (Traditional
Mechanical Ventilation), where systems are continuously running regardless of outdoor conditions. This highlights
the efficiency of Mixed-Mode Ventilation in optimizing energy use by taking advantage of favorable outdoor
conditions to minimize mechanical intervention. In Scenario 1, energy consumption remains high during both
summer and winter, as the heating and cooling systems must operate continuously to maintain indoor comfort. This
constant reliance on mechanical systems results in the highest energy use, especially during extreme seasons when
temperature regulation demands are highest.

Scenario 2, which integrates a Heat Recovery Ventilation (HRV) system, benefits from reduced energy consumption
for both heating and cooling during winter and summer. The HRV system recovers heat from outgoing air and uses
it to precondition incoming air, reducing the load on the heating and cooling systems. However, despite these
benefits, Scenario 2 still requires significant energy, particularly during the summer and winter months, where the
demand for temperature control remains high compared to Scenario 3. Overall, the seasonal analysis reveals that
the use of natural ventilation and energy recovery systems significantly enhances energy efficiency, especially in
transitional seasons. Mixed-Mode Ventilation, in particular, stands out as the most efficient strategy for reducing
energy consumption throughout the year.
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Seasonal Energy Consumption Comparison
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Figure 4: Seasonal Energy Consumption Comparison

Figure 4 visually illustrates the seasonal variation in energy consumption across the three ventilation scenarios.
Scenario 3 (Mixed-Mode Ventilation) demonstrates a clear reduction in energy consumption during the transitional
seasons of spring and autumn, where natural ventilation plays a key role in minimizing the need for mechanical
heating and cooling. The significant drop in energy usage during these seasons reflects the system's ability to take
advantage of favorable outdoor conditions, reducing reliance on energy-intensive mechanical systems.

In contrast, Scenario 1 (Traditional Mechanical Ventilation) shows consistently high energy consumption
throughout all seasons, particularly during summer and winter, when heating and cooling systems are continuously
required to maintain indoor comfort. Scenario 2 (Mechanical Ventilation with Energy Recovery) shows some
reduction in energy consumption compared to Scenario 1, especially during the winter and summer months, due to
the energy recovery capabilities of the HRV system. However, despite these benefits, its energy consumption
remains higher than Scenario 3, highlighting the advantages of integrating natural ventilation during transitional
periods. Overall, the data presented in Figure 4 underscores the seasonal efficiency of Mixed-Mode Ventilation,
emphasizing its capacity to achieve significant energy savings by adjusting to seasonal variations and leveraging
natural ventilation.

4.5 Summary of Key Findings

This analysis of the three ventilation scenarios reveals several key insights regarding energy consumption, CO-
emissions, thermal comfort, and the role of smart control technologies in enhancing system performance. The
findings emphasize the substantial benefits of Mixed-Mode Ventilation (Scenario 3) in terms of both energy
efficiency and environmental impact.

Energy Consumption: Among the three ventilation strategies, Scenario 3 (Mixed-Mode Ventilation) emerges as the
most energy-efficient system. With a total annual energy consumption of 52,300 kWh, Scenario 3 achieves a 38.7%
reduction in energy use compared to Scenario 1 (Traditional Mechanical Ventilation), which requires significantly
more energy to maintain indoor comfort. The combination of natural ventilation during transitional seasons and the
selective use of mechanical systems in extreme conditions allows Scenario 3 to substantially lower energy demand,
making it the most cost-effective and sustainable option.

CO: Emissions: Scenario 3 not only demonstrates the lowest energy consumption but also results in the least CO:
emissions. With a total of 14,200 kg of CO: emitted annually, Scenario 3 reduces carbon emissions significantly
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compared to Scenario 1. The reduced reliance on energy-intensive mechanical systems, particularly during
transitional seasons when natural ventilation can be utilized, contributes to the system's lower environmental impact.
This highlights the environmental benefits of using Mixed-Mode Ventilation, which supports the reduction of
greenhouse gas emissions in buildings.
Thermal Comfort: Thermal comfort is a crucial factor in evaluating ventilation systems, as it directly impacts
occupant satisfaction and health. Scenario 3 consistently provides the highest thermal comfort, with 92% of the
hours in the year falling within the desired comfort zone. This is a significant improvement compared to Scenario
1, where only 60% of hours met thermal comfort requirements. The ability of Scenario 3 to naturally regulate indoor
temperatures through ventilation based on outdoor conditions, along with efficient mechanical backup, ensures that
occupants experience a comfortable environment year-round. This feature underscores the potential of Mixed-Mode
Ventilation systems in maintaining optimal indoor conditions while minimizing energy consumption.
Role of Smart Controls: The integration of smart control technologies, such as thermostats, occupancy sensors, and
automated scheduling, played a critical role in further reducing energy consumption. In both Scenario 2 (Mechanical
Ventilation with Energy Recovery) and Scenario 3, the implementation of smart controls led to a reduction of up to
15% in energy use for heating, cooling, and ventilation. These technologies optimize system operations by ensuring
that energy-intensive systems are only active when needed, thus minimizing waste and improving overall energy
efficiency. The use of smart controls demonstrates the potential for combining advanced technologies with energy-
efficient ventilation systems to achieve even greater savings and operational optimization.
In conclusion, the analysis demonstrates that the Mixed-Mode Ventilation system (Scenario 3) offers the greatest
advantages in terms of energy efficiency, CO2 emissions reduction, and thermal comfort. The combination of natural
ventilation and selective mechanical support, alongside the integration of smart control technologies, positions this
system as an ideal solution for sustainable building management. Additionally, the findings emphasize the critical
role of smart controls in enhancing system performance, contributing to both energy savings and improved indoor
environmental quality.
5. Discussion and Conclusion
The findings of this study highlight the significant impact of ventilation system type on energy performance, thermal
comfort, and environmental emissions in educational buildings. Among the three evaluated ventilation scenarios—
Traditional Mechanical Ventilation, Mechanical Ventilation with Energy Recovery (HRV), and Mixed-Mode
Ventilation—it was observed that the Mixed-Mode approach demonstrated superior performance across most key
indicators. In accordance with Clause 19 of the Iranian National Building Regulations, the design and operation of
building service systems must aim to reduce energy consumption while maintaining the Energy Use Intensity (EUI)
within standardized limits. For educational buildings, the regulation sets a target of approximately 15 kWh/m?/year.
In this study, only Scenario 3 (Mixed-Mode Ventilation) achieved this benchmark, with an EUI of 14.5
kWh/m?/year. In contrast, Scenario 1 (Traditional Mechanical Ventilation), with an EUI of 23.7 kWh/m?*/year, failed
to meet the prescribed efficiency threshold. From an international perspective, standards such as ASHRAE 90.1 and
ASHRAE 55 offer clearly defined criteria for energy efficiency and thermal comfort. ASHRAE 90.1 recommends
an EUI below 20 kWh/m?/year for educational buildings—a criterion met by both Scenario 2 (HRV) and Scenario
3 (Mixed-Mode). Additionally, ASHRAE 55 stipulates that at least 80% of occupied hours should fall within the
thermal comfort zone. The results of this study indicate that only Scenarios 2 and 3, with 85% and 92% of hours
within comfort limits respectively, comply with this requirement, while Scenario 1, at just 60%, performs
inadequately in terms of occupant comfort.
Numerical analysis further reveals that Scenario 3 consumes 33,100 kWh less energy annually compared to Scenario
1. Assuming an average electricity cost of 250 Iranian Tomans per kWh, this translates to an annual savings of
approximately 8,275,000 Tomans for an educational building with a floor area of 3,580 m2. Environmentally, this
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energy savings corresponds to a reduction of 8,500 kg of CO- emissions per year, contributing significantly to
carbon reduction targets. From a technical standpoint, the Coefficient of Performance (COP) for ventilation systems
under Scenarios 2 and 3 was found to be 5.1 and 4.7 for cooling, and 4.5 and 3.8 for heating, respectively. These
figures represent a substantial improvement over Scenario 1, which had COP values of 3.2 for cooling and 2.8 for
heating. Overall, the results of this study demonstrate that the proper design of ventilation systems in educational
buildings can have a profound impact on energy consumption, occupant comfort, and environmental sustainability.
Among the three scenarios, Mixed-Mode Ventilation emerged as the most effective option in terms of energy
efficiency, environmental performance, and thermal comfort. Given its compliance with both national and
international standards, Scenario 3 offers a compelling model for sustainable educational buildings. The integration
of natural ventilation during suitable seasons, in combination with mechanical systems, presents one of the most
effective strategies for achieving high-performance, low-energy buildings. Additionally, the use of energy recovery
systems (HRV) also represents a viable mid-term solution, offering considerable benefits in improving energy
performance and reducing environmental impact.
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