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Abstract: This paper is part of a series addressing the urgent need for effective technologies to reduce energy demand and mitigate climate impact. This study focused on the implementation and development of dynamic insulation technology for a sustainable and energy-efficient future in the region, especially in Iraq. The study assessed the energy efficiency of dynamic insulation technology by analyzing three wall models (static, dynamic, and modified) during the winter season. This paper expands the analysis to include a hot, dry summer scenario, providing valuable insights into the year-round performance of dynamic walls and enabling sustainable and energy-efficient solutions for Iraq’s climate. The study evaluates the thermal efficiency of the dynamic intake and exhaust facades during the cooling season for the city of Baghdad. The finding indicated that the dynamic intake facade reduces energy consumption by 16.3% for the dynamic wall and 17.2% for the modified dynamic wall. In addition, the dynamic exhaust front reduces energy consumption by 46% during the cooling season, with the maximum permissible exhaust air level. Dynamic insulation is suitable for hot and dry climates, improving energy consumption.
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1  Introduction

Indeed, the need to supply indoor spaces with larger quantities of fresh and clean air has become paramount. Adequate ventilation and air exchange play a crucial role in reducing the concentration of airborne pollutants and minimizing the risk of virus transmission in enclosed environments. By increasing the ventilation rates and ensuring a sufficient supply of fresh air, indoor air quality can be improved, creating a healthier and safer environment for occupants. However, this process results in a higher heat load that must be removed from the building, resulting in increased energy consumption [1–5]. Dynamic insulation is a type of insulation that takes advantage of the inherent air permeability in fabric buildings to recover heat loss through the active flow of fluid (usually air) against a thermal gradient. It is an effective method where part or all of the heat loss by conduction is reclaimed. This innovative approach is commonly known as dynamic insulation. The flow of fluid in dynamic insulation can be classified into two modes: counterflow and pro-flow. In the counterflow mode, the fluid moves in the opposite direction to the heat flow, facilitating efficient heat recovery. Dynamic insulation or dynamic facades allow for a significant volume of air to be drawn into the building at low air velocities when there is a pressure difference not exceeding 50 Pa between the outdoor and indoor environments. It is important to note that maintaining the pressure difference within this range is crucial to prevent difficulties in opening windows and doors [6–9].

The energy consumption of a region is greatly influenced by its geographical location and climate conditions. Iraq experiences hot and dry summers, as well as cold and wet winters. Situated between latitudes 30° and 37° North, Iraq is exposed to high solar radiation, leading to outdoor temperatures in the summer that can surpass 45°C [10]. To provide a visual representation of Baghdad’s climate trends from 2001 to 2019, Fig. 1 showcases the data generated by the Climate Consultant software (version 6.0, 2018). Due to Iraq’s hot and dry climate in summer, there is a necessity to condition outdoor air to the desired comfortable humidity and temperature before supplying it to indoor spaces. Iraq is recognized as one of the countries most susceptible to desertification and climate change. These factors underscore the immediate necessity to tackle climate change impacts and adopt effective measures for climate mitigation in Iraq [11–13]. In this regard, the use of dynamic facades (Dynamic Insulation) provides a solution by pre-cooling the air before it enters the building, thus reducing the overall cooling demand and energy consumption. This approach helps achieve a balance between ensuring adequate supplies of clean air and improving energy efficiency in Iraq’s climatic conditions [14,15]. Gan’s study [16] on dynamically insulated rooms using CFD found that hermetically closed rooms with controlled heat inlets can provide thermal comfort and energy savings. However, if the internal surface temperature is significantly lower than the room air temperature, thermal problems may arise. For leaky buildings, dynamic insulation or heat recovery may not be effective. Careful design is necessary to ensure the inner surface temperature of the insulation wall is close to the room temperature for optimal performance. Elsarrag et al. [14] introduced Energyflo™ Cell, a dynamic insulation product, and evaluate its performance in the hot, humid climate of the UAE. The study demonstrates cost reductions, improved ventilation, and the potential for reducing CO2 emissions. Dynamic insulation can enhance the built environment, lower energy demand, increase property values, and make air conditioning sustainable and affordable, benefiting high-rise buildings. The utilization of dynamic insulation (DI) in building facades offers a promising solution for enhancing energy efficiency. By implementing dynamic insulation, the demand for air conditioning energy can be reduced, all while ensuring the maintenance of indoor air quality and comfort. The integration of DI can lower overall energy consumption, enhance built environments, and contribute to a more sustainable and affordable air conditioning option [17,18]. In their study, Elsarrag et al. [19] focused on enhancing the energy efficiency of building fabric in hot and humid climates through the use of dynamic insulation. The study dealt with the establishment and monitoring of the villa’s environmental outcomes. The results showed that dynamic insulation reduced the increase in fabric conductivity by 41%, indicating its effectiveness in improving energy efficiency. The study proves the suitability of dynamic insulation in hot and humid climates, and has contributed to the development of optimal products for the Gulf region. Further trials are necessary to facilitate wider implementation of this technology. Imbabi [20] introduced Void space dynamic insulation (VSDI), a technology that combines conventional insulation materials with efficient ventilation to create thin wall constructions. VSDI eliminates condensation and overheating risks during the summer, offers energy efficiency, and works well in both hot and cold climates. It can be easily implemented in current building practices and used with other energy-saving technologies. The author recommended conducting research and construction experiments to further explore the practical potential of VSDI. Alongia et al. [21] conducted a study on rock wool samples, analyzing their microscopic geometry and using the volume averaging technique to study fibrous materials. Through numerical simulations, they evaluated thermal dispersion and thermal tortuosity. The results emphasized the significance of porosity in thermal tortuosity and its influence on effective thermal conductivity, providing valuable insights into the thermal behavior of dynamic insulation in building envelopes. Additionally, the study found that thermal dispersion was negligible compared to volume average thermal conductivity. Fantucci et al. [22] presented the results of an experimental campaign on a ventilated double-skin façade (supply air façade and exhaust air façade configuration) using hollow clay bricks. The dynamic insulated systems showed reduced heat losses and the ability to pre-heat supply air. The study highlights the potential of this technology, although further research and integration with HVAC systems are needed.
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Figure 1: Weather data summary for Baghdad’s climate for the past twenty years from 2001 to 2019 [23]

With increasing awareness of the environmental and economic benefits of dynamic insulation. There is importance in studying the effectiveness of dynamic insulation technology in diverse climatic conditions. Studies on dynamic insulation in hot climates are limited, and there is a lack of studies on its application in hot and dry climates. Iraq’s diverse climate offers a conducive environment for conducting tests and evaluating dynamic insulation performance. This research evaluates the energy efficiency achieved by implementing dynamic insulation at dynamic intake and exhaust facades, specifically during the cooling season. When performing dynamic insulation, it is necessary to ensure that the air drawn into the building does not have a high velocity. By carefully managing air velocity, dynamic insulation can effectively contribute to energy savings and thermal comfort in buildings.

2  Methodology

The study focuses on evaluating three typical facades and understanding the physical phenomena associated with the flow of fresh air or exhaust air through these facades. The analysis specifically examines thermal insulation, air movement, and energy efficiency to determine the effectiveness of dynamic insulation facades in the Iraqi climate. To predict the behavior and performance of these facades, numerical simulation using Solidworks Flow Simulation Software (2022) was conducted under specified conditions. The study includes an evaluation of the thermal performance of three models. The first model serves as a reference for comparison, representing a static insulation facade. The second model represents a dynamic insulation facade, while the third model proposes a design aimed at enhancing dynamic insulation performance. The impact of air flow rate on performance is examined through the use of mechanical ventilation. By employing these comprehensive methods, the study aims to provide guidance on construction and design considerations for dynamic insulating facades in the Iraq environment.

3  Indoor Air Quality

Ensuring high indoor air quality (IAQ) is a significant concern with social and economic implications. Various architectural approaches can contribute to achieving successful IAQ, especially in crowded spaces [24,25]. By integrating regulated ventilation, and careful planning for the use of suitable and safe building materials within a comprehensive design strategy, good indoor air quality can be achieved. An approach to consider is the implementation of porous walls or dynamic walls, which function to reduce interior humidity as part of an overall IAQ design strategy. These walls effectively prevent fungal growth on wall surfaces [3,26,27]. In addition to promoting excellent indoor air quality, especially in densely populated urban areas that suffer from air pollution. It serves as both an effective insulator and an exceptional air filter, meeting ventilation requirements outlined by the ASHRAE standard [27,28]. According to the ASHRAE standard, various studies have demonstrated that it is necessary to replace more than half of a home’s volume per hour with fresh air to maintain healthy indoor air quality. This percentage represents the minimum ventilation rates recommended for non-residential buildings [29,30]. Careful selection of porous insulating materials is necessary when using dynamic insulation facades to meet air quality and thermal performance requirements, ensuring optimal results.

4  Description of Models

Dynamic insulation facades typically adhere to a consistent design approach to ensure effective implementation of dynamic insulation technology. Dynamic wall design typically includes three distinct layers, separated by air cavities. The outer layer acts as insulation to protect against external environmental conditions. The middle layer acts as an insulating layer, often using a porous, air-permeable material. Finally, the inner layer acts as a heat storage layer, contributing to the overall thermal performance of the facade. On this basis, compatible wall materials and designs were carefully selected. The design proposed for this study incorporates an outer layer composed of hollow clay bricks, with a specific thickness of 100 mm. This choice was made to align with the urban character of the city of Baghdad and ensure compatibility with the local architectural context. The middle layer of the proposed insulating layer comprises polystyrene beads that are packed between two perforated wood panels. These perforated wood panels are specifically designed with a H/L ratio of less than 2, (More details in Appendix A) to ensure optimal performance at the panels [31]. The decision to employ polystyrene beads for dynamic insulation is based on the material’s permeability, ensuring it meets the necessary ventilation requirements. In hot climates like Iraq, the selection of insulating materials for dynamically insulated walls must consider permeability as a crucial factor. To prevent excessive heat accumulation and mitigate the impact of global warming during summer, it is preferable to opt for materials with high permeability [32]. Accordingly, this study proposes the use of polystyrene beads as insulating materials due to their wide availability in the Iraqi market. Moreover, polystyrene exhibits excellent insulation properties, effectively reducing heat transfer through the building envelope. The inner layer of the design comprises a gypsum board with a thickness of 80 mm, in compliance with the local building regulations in the city of Baghdad. Three models were proposed for the study: Model A (static wall), Model B (dynamic wall), and Model C (modified dynamic wall). Model A represents an airtight wall with constant thermal resistance. It serves as a reference point for evaluating the performance of other wall designs. The term “static wall” refers to a model where the thermal resistance remains constant, and the air inside remains at rest. Analyzing the performance of a fixed wall, particularly in terms of thermal resistance and heat transfer, allows for the evaluation of the effectiveness of alternative wall designs. The dynamic wall (Model B) in this study was designed based on insights from previous literature to evaluate the performance of dynamic insulation technology in the specific climate context. Model B includes a ventilation hole at the bottom of the outer layer, allowing fresh air to enter through the porous insulating layer and direct it toward the internal intake fan. The ventilation hole in the outer layer of this wall occupies approximately 0.088% of the total wall area [33]. The modisssfied dynamic wall (Model C), on the other hand, differs from the dynamic wall (Model B) solely in terms of the path through which fresh air enters the wall. Model C draws air directly through an opening in the window sill into the outer wall cavity, eliminating vents in the outer layer. In this modification, the outer layer of the wall does not contain an opening for air entry. This alteration allows for a comparative analysis to determine the impact of the air entry point on the overall performance of the dynamic insulation system. By employing these three distinct models, the study aims to provide comprehensive insights into the performance and effectiveness of static, dynamic, and modified dynamic wall designs in the context of thermal resistance, heat transfer, and energy efficiency. These design differences are represented visually in Figs. 2–4, which display the airflow paths and features of each model.
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Figure 2: Configuration of the static wall (Model A)
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Figure 3: Configuration of the dynamic wall (Model B) with dimensions
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Figure 4: Configuration of the modified dynamic wall (Model C)

5  Numerical Simulation

The study simulated three walls under specific conditions and operating modes. It aims to enhance the design and efficiency of dynamic facades through steady-state simulations. This allows for a detailed analysis of their behavior and performance, evaluating different design factors to improve efficiency and overall performance. Solidworks Flow Simulation Software (2022) was used for the simulations and supports dynamic turbulence modeling, heat transfer analysis, and coupled computational calibration of fluid dynamics, heat transfer, and moisture transfer. The average climatic conditions of Baghdad city, specifically the hot dry summer scenario, were considered. The indoor temperature was set to 20°C with 50% relative humidity, while the outdoor temperature was 35°C with 20% relative humidity. An adjustable airflow rate ranging from 0 to 5.5 cubic meters per square meter of wall per hour was achieved using an axial fan. To ensure the effective performance of dynamic walls, preventing excess air leakage is crucial. The building air leakage rate should be kept below 0.6 times the house volume per hour at 50 Pa to avoid impacting the dynamic functionality of the walls [34]. In this study, flow rates for the dynamic wall system were selected based on two conditions: maintaining healthy indoor air quality through required ventilation rates and limiting air velocity to prevent air leakage at a pressure difference not exceeding 20 Pa. This allowed for investigating the impact of different airflow rates on the thermal performance of the walls within the dynamic insulation system. Material properties, thermal boundary conditions, and climatic data were all integrated into the simulation model.

5.1 Geometry

The study involved developing three models (labeled A, B, and C) using Solidworks Flow Simulation Software (2022). Fig. 3 illustrates the airflow path for Model B, while Fig. 4 depicts the airflow path for Model C, specifically focusing on the intake façade configuration. Table 1 provides an overview of the thermal properties of the layers in the walls. These properties are essential in determining the overall thermal performance of the walls and their effectiveness in resisting heat transfer.
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5.2 Mesh

To ensure accuracy while minimizing calculation time, tetrahedral meshes were employed for all three models using Solidworks Flow Simulation Software (2022). The quality of the mesh is crucial in obtaining precise numerical solutions in the simulation study. Various mesh sizes were tested based on the U-value, evaluating their sensitivity at an airflow rate of 0.55 m3/(m2 ⋅ h) during the heating season for all models. Fig. 5 presents a summary of the conducted tests for the investigated models. After analyzing the results, an average mesh configuration was chosen for all models. Model A utilized 533,972 elements, Model B had 693,351 elements, and Model C employed 675,396 elements. The results indicated that the selected mesh configurations provided faster solutions with a modest percentage of error in the U-values. Model A exhibited an error of 2%, Model B had an error of 1.6%, and Model C demonstrated an error of 1.1%.
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Figure 5: The U-value vs. the number of elements

5.3 Governing Equations

To accurately simulate convective airflow and conductive heat transfer, it is essential to have a comprehensive understanding of dynamic insulation technology, which involves studying the simultaneous phenomena of fluid flow and heat transfer within porous media. This requires solving a system of simultaneous equations. The system comprises the continuity equation, momentum equation, and energy equation. The general forms of these equations are as follows:

∇.(ρu)=0(1)

Taking into account the continuity equation of the insulating layer (the porous material), it remains unchanged, except that it is formulated on the basis of its physical velocity.

ρ((u.∇)u)=−∇p+μ∇2u+ρg(2)

where: μ is the dynamic viscosity of the air, g is the acceleration due to gravity. When considering flow through a porous layer, Darcy’s Law is utilized to describe the airflow through the pore structure. The law can be expressed as follows:

∇p=−μkuf(3)

where: ∇p is the pressure gradient through the pore layer, uf is the Darcy velocity, and k is the permeability.

In its general form, the energy equation can be written as:

ρcp[(u.∇)T]=−p∇u+λ(∇2T)+X+SE(4)

where: cp is the specific heat capacity, T is the temperature. λ is the thermal conductivity. X is the dissipation term, and SE is the energy source term. The conduction equation is used to calculate energy transport within the solid layer of the wall.

λ(∇2T)=0(5)

Based on the modified energy equation, the transport of energy through the pore layer for fluid and solid can be described as follows:

(uρfcpf.∇)T=−p∇u+λeff(∇2T)+X+SE(6)

5.4 Boundary Conditions

To establish the boundary conditions for the wall, several factors need to be considered, including wind speed, outdoor temperature, and relative humidity. Collecting climate data in advance is necessary to determine these boundary conditions. Fig. 1 illustrates the determined scenarios for average temperatures, relative humidity, and wind speeds for Baghdad’s climate. Mean climatic conditions are selected for the summer season (June, July, and August). The convection coefficient depends on various factors, including air properties, flow conditions, and surface properties. To calculate the heat transfer coefficient of the surrounding air, the following equation can be used [35]:

h∞=5.7+3.8uw0.6(7)

where: h∞ is the heat transfer coefficient in W/(m2 ⋅ k), and uw is the average wind speed in m/s.

The indoor conditions were set to standard recommendations for the cooling season. These conditions include a temperature range of 20°C, relative humidity of 50%, and an air velocity not exceeding 1 m/s. These conditions align with a heat transfer coefficient for the walls that do not exceed 10 W/(m2 · k) [35]. The study did not include radiation in the simulation, which aims to enhance the efficiency of dynamic opaque facades under stationary conditions. Elsarrag et al. [19] focused on air conservation and recycling in a dynamically insulated building in the United Arab Emirates but did not address the specific impact of solar gain in hot and humid climates. Future studies could include radiation to comprehensively understand heat transfer phenomena and inform design decisions. The details of these scenarios are provided in Table 2. By incorporating these scenarios and examining different airflow rates, the study aimed to assess the performance and response of the models under the hot and dry climatic.

[image: images]

5.5 Validation

Validating digital accounts is crucial to ensuring accuracy and reliability. The code has been calibrated with the study in reference [20]. The boundary conditions and wall geometry were aligned with the description given in the cited reference, also taking into account the values and direction of the airflow. Fig. 6 shows a remarkable agreement between the results of the numerical solution (CFD) and the numerical work of Imbabi as seen in the comparison of U-values for different flow rates. The maximum observed discrepancy in U values is 4.9%. It is plausible that this difference can be attributed to differences in network quality. Based on these results, it can be concluded that the developed numerical approach shows sufficient accuracy.
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Figure 6: Validation of CFD results for U-dynamic at different air flow rates

6  Results and Discussion

6.1 Intake Façade

In dynamic insulation, an “intake facade” refers to a ventilated facade that provides fresh air. During the cooling season, the system utilizes parallel flow, where the incoming air moves in parallel with the heat transfer. Figs. 7 and 8 illustrated the temperature distribution profiles across the wall layers for models B and C at different airflow rates during the cooling season. When the airflow rate increases in the direction parallel to the heat flow, it gradually reduces the temperature gradient near the hot side of the wall (x/L = 0). On the other hand, at the cool side of the wall, higher airflow rates result in steeper temperature gradients. As the airflow rate increases, the temperature of the inner surface of the wall, specifically the gypsum board layer, also increases. This occurs because as the airflow accelerates, there is insufficient time for the air temperature to decrease to a level closer to the indoor temperature.
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Figure 7: The temperature distribution within the model B with different airflow rate
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Figure 8: The temperature distribution within the model C with different airflow rate

Eq. (8) allows for the determination of the pre-cooling efficiency of the dynamic wall [22].

ηpercooling=(T∞−Tin)(T∞−Ti)(8)

where: T∞ is the outdoor temperature (°C), Ti is the indoor temperature (°C), Tin is the inlet fresh air temperature to the indoor (°C).

Cooling requirements for each of the static and dynamic ventilation include lowering the fresh air temperature to match the indoor air temperature. Both static and dynamic walls necessitate the same ventilation heat to lower the incoming air temperature. This heat is represented by ρa u ca (T∞ − Ti), where ρa denotes air density, u represents air velocity, ca is the specific heat capacity of air, Ti represents the indoor air temperature, and T∞ represents the incoming air temperature. The total heat gain, taking into account both conduction and ventilation, can be calculated using the following equations:

q(total)s=qCond+ρauca(T∞−Ti)(9)

q(total)dy=qc(0)+ρauca(T∞−Ti)(10)

where: q(total)s is the total heat gain of the static wall, q(total)dy is the total heat gain of the dynamic wall, qCond is the heat gain by conduction of the static wall, qc(0) is the heat gain by conduction at x = 0 of the dynamic wall (outer surface of the brick layer).

The reduction in cooling requirement of the intake facade can be expressed using the following equation or relationship:

Reduction (\% )=q(total)st−q(total)dyq(total)st∗100(11)

Fig. 9 presents data regarding the percentage decrease in cooling requirements and precooling efficiency for Models B and C during the cooling season. An airflow rate of 1.1 m3/m2 per hour represents the maximum allowable value for both models, as indicated in the figure. Balance is crucial to maintain the benefits of dynamic insulation. It requires achieving an equilibrium between the required fresh air rates and system efficiency. During the cooling season, the precooling efficiency of Models B and C starts at their maximum values of 56% and 52%, respectively, which is achieved at an airflow rate of 0.55 m3/m2 per hour. However, as the airflow rate continues to increase beyond these values, there is insufficient conductive energy to lower the air temperature and match it with the indoor air temperature. Consequently, this situation places a burden on the internal environment, as the internal surface temperature exceeds the desired indoor temperature. Furthermore, for both Models B and C, the percentage reduction in cooling requirements reaches its peak value, equivalent to the heat lost due to conduction. At an airflow rate of 2.2 m3/m2 per hour, the maximum reduction rate in heat requirements was 16.3% for Model B and 17.2% for Model C. It is worth noting that the percentage decrease in cooling requirements and precooling efficiency is significantly lower during the cooling season compared to the heating season (as mentioned in the results of Part B). Dynamic insulation demonstrates greater effectiveness during the heating season due to the counter flow relationship between the heat flow direction and the airflow. Fig. 10 displays the values of (Ud(0)/Us) (on the hot side) for both Models B and C, as influenced by the air flow rate. The findings demonstrate that increasing the air flow rate enhances the insulation’s effectiveness in reducing heat transfer. However, it is crucial to consider the permissible air flow rate that ensures the insulation remains efficient while maintaining acceptable energy efficiency. For Model B, the reduction in U-value amounts to 24% at the maximum air flow rate of 1.1 m3/m2 per hour. On the other hand, Model C achieves a U-value reduction of 29% under the same conditions. These results highlight the superior performance of Model C over Model B.
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Figure 9: Reduction in cooling requirement and the pre-cooling efficiency vs.
air flow rates
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Figure 10: Ud(o)/Us vs. different air flow rates

Fig. 11 illustrates temperature contours for a side view of the wall in three models (A, B, C) during the cooling season. These curves represent the temperature gradient across the wall thickness at an air flow rate of 1.1 m3/m2 ⋅ h. On the other hand, Fig. 12 showcases the temperature contours specifically for the middle plane of the insulating layer in the same three models (A, B, C) during the cooling season. These lines provide valuable insights into the temperature distribution within the insulating layer. Moreover, they demonstrate the effectiveness of dynamic insulation in pre-cooling the air and reducing conduction losses. It provides a comparison of the performance of Models B and C, which include dynamic insulation, with the performance of a static wall.
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Figure 11: Temperature contours of a side view of the wall for the three models A, B, and C
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Figure 12: Temperature contours of the insulation layer of three models A, B and C

Fig. 13 illustrates the air flow velocity curves for the intake facade in Models B and C, considering an air flow rate of 1.1 m3/m2 ⋅ h. This figure provides valuable insights into the movement and flow of fresh air within the wall layers for both models. It specifically showcases the impact of changing the fresh air intake path from the front window sill in the modified model. Fig. 14 depicts the correlation between pressure loss and air flow rate, emphasizing the superior performance of the modified dynamic wall model (Model C). The results reveal a substantial 50% reduction in pressure loss compared to Model B. This information plays a crucial role in evaluating the effectiveness and performance of the modified model. The modification of the intake facade path had a noticeable effect in reducing pressure and improving efficiency by minimizing the energy consumed by the intake fan.
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Figure 13: Airflow velocity contours of the intake facades of the two models B and C
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Figure 14: Pressure drop vs. different air flow rates

6.2 Exhaust Facade

In dynamic insulation systems, the exhaust facade plays a vital role in recovering cooling or heating energy from the exhaust air. By extracting thermal energy from the exhaust air, which in turn affects the temperature conditions inside the wall or adjacent spaces. Incorporating an exhaust facade is beneficial in enhancing the overall energy efficiency and thermal performance of the building. Fig. 15 depicts the temperature distribution within the layers of the exhaust facade walls during the cooling season, considering different air flow rates. The figure illustrates the impact of varying the exhaust air flow rate on the temperature gradient inside the wall. Increasing the exhaust air flow rate counter to the heat flow gradually flattens the temperature gradient near the cold side of the wall (x/L = 1). On the other hand, higher air flow rates result in steeper temperature gradients observed on the hot side of the wall (x/L = 0). Additionally, raising the air flow rate causes a decrease in the temperature of the inner surface of the wall (gypsum board layer), bringing it closer to or equivalent to the indoor temperature. Fig. 16 displays the (Ud(in)/Us) values (on the cold side) in the cooling season for the exhaust facade, considering different exhaust air flow rates. The results indicate that at the maximum permissible exhaust air flow rate of 1.1 m3/m2 per hour, the U-value (representing the total heat transfer coefficient) decreases by up to 48% compared to the static facade. This highlights the improved performance of the exhaust facades during the cooling season, primarily due to the counterflow of airflow and heat. By facilitating the removal of heat from the wall system, the exhaust facade significantly reduces the overall heat transfer coefficient, leading to enhanced energy efficiency and cooling effectiveness.
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Figure 15: The temperature distribution within the exhaust façade with different airflow rate
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Figure 16: Ud(in)/Us vs. different air flow rates

The mathematical expression or equation that represents the reduction in cooling requirement of the exhaust facade can be expressed as follows:

Reduction (\% )=qcond−qc(in)qCond×100(12)

where: qCond is the heat gain by conduction of the static wall, qc(in) is the heat gain by conduction at x = L of the exhaust facade (inner surface of the gypsum board).

Fig. 17 presents data on the percentage reduction in cooling requirements and recovery efficiency during the cooling season for the exhaust facade. At the maximum permissible exhaust air flow rate of 1.1 m3/m2 per hour, the recovery efficiency at this air flow rate was found to be 64%. Furthermore, the reduction in heat requirements reached 46% at the maximum permissible exhaust air flow rate. This signifies a significant decrease in the amount of additional cooling needed, resulting in energy savings and improved cooling performance. This could be attributed to the counter flow of airflow and heat, which allows for efficient heat removal from the wall system.
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Figure 17: Reduction in cooling and the pre-cooling efficiency vs. air flow rates for exhaust façade

7  Conclusions

Based on the analyses conducted on three different wall models (Static wall (Model A), dynamic wall (Model B), and modified dynamic wall (Model C)) under the specific hot and dry climatic conditions of Baghdad city, several conclusions were drawn:

•   The modified design and use of polystyrene bead insulation have proven effective in Iraq’s hot and dry environment, enhancing performance and providing efficient thermal insulation.

•   Dynamic insulation significantly improves the dynamic U-value of the Intake facade. During the cooling seasons, the percentage reduction in its value, compared to the U-value of the static facade, reaches 24% for the dynamic wall, and 29% for the modified dynamic wall, at the maximum permissible level of fresh air.

•   The dynamic intake facade reduces energy consumption during the cooling season by up to 16.3% for the dynamic wall, and 17.2% for the modified dynamic wall.

•   The intake facade achieves a precooling efficiency of 56% for the dynamic wall, and 52% for the modified dynamic wall, at a flow rate of 0.55 m3/m2 ⋅ h of fresh air.

•   The dynamic U-value of the exhaust facade achieves a reduction of 48% during the cooling season compared to the static facade, at the maximum permissible exhaust air level.

•   The dynamic exhaust facade reduces energy consumption by 46% during the cooling season, at the maximum permissible exhaust air level.

•   The exhaust front achieves a maximum recovery efficiency of 73% for the cooling season at a flow rate of 0.55 m3/m2 ⋅ h of exhaust air.

•   Contrary to intake facades, the findings indicate that exhaust facades are particularly effective in the cooling season.

•   Dynamic insulation is suitable for hot and dry climates, offering significant energy efficiency benefits.

Finally, future developments for the use of dynamic intake and exhaust facades in Iraq could include integrating smart sensors and automation, exploring integration with renewable energy sources, and adapting the system to specific climatic conditions. Limitations include maintenance and durability, cost considerations, design and integration challenges, and occupant behavior and acceptance. To gain a comprehensive understanding of heat transfer phenomena and inform design decisions, future studies may consider including radiation. Addressing these aspects will contribute to the efficient and sustainable use of this technology in Iraq.
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Appendix A.Perforated Wood Panels

When designing perforated wood panels as part of a wall’s breathing layer to function as heat exchangers, the key principle involves incorporating air channels within the solid material and optimizing their size and spacing. This design enables efficient heat exchange, allowing incoming air to either loss or gain heat. In their work, Craig et al. [31] highlights the importance of improving the geometry of wooden panels to enhance their heat exchange capability. Fig. A1 visually illustrates the concept of heat exchange and showcases the principle of enhancing panel geometry. Their theoretical predictions accurately estimate the total heat transfer (q) between the wood panels and the incoming air. Their findings indicate that the maximum total heat transfer for perforated wood panels occurs when the H/L ratio is less than 2.

[image: images]

Figure A1: How to optimize the size and spacing of channels to design a mass timber panel as a heat-exchanger [31,32]

For example

The panels are meticulously perforated to ensure optimal performance, adhering to a specific ratio of H/L < 2.

where: H is the distance between two channels, L is the sheet thickness

Let the value of H/L = 1.8

L = 10 mm

That means L = 18 mm
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Table 1: Properties of layer wall materials

Material Thickness Density  Specific heat Thermal conductivity
(mm) (kg/m®)  capacity J/(kg:K)  (W/(m-K))

Outer layer (Hollow brick) 100 1700 800 0.84

Perforated wood boards 10 650 1200 0.14

Middle-layer Polystyrene beads 60 10 1400 0.04

Inner layer gypsum board 60 950 840 0.16

Window glass 4 2300 836 1.05

Window frame and sills 10 650 1200 0.14
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Table 2: Boundary conditions during cooling season

Outdoor conditions

Indoor conditions

Ventilation conditions

Wind speed = 2 m/s
T, =35°C
Relative humidity = 20%

h;,, = 10 w/(m? - k)
T, =20°C
Relative humidity = 50%

Air flow rates = 0 to 5.5 (m*/m? - h)
T, = 35°C
Relative humidity = 20%
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