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Abstract

:

In this study a system constituted by seven double skin facades (DSF), three equipped with venetian blinds and four not equipped with venetian blinds, applied in a virtual chamber, is developed. The project will be carried out in winter conditions, using a numerical model, in transient conditions, and based on energy and mass balance linear integral equations. The energy balance linear integral equations are used to calculate the air temperature inside the DSF and the virtual chamber, the temperature on the venetian blind, the temperature on the inner and outer glass, and the temperature distribution in the surrounding structure of the DSF and virtual chamber. These equations consider the convection, conduction, and radiation phenomena. The heat transfer by convection is calculated by natural, forced, and mixed convection, with dimensionless coefficients. In the radiative exchanges, the incident solar radiation, the absorbed solar radiation, and the transmitted solar radiation are considered. The mass balance linear integral equations are used to calculate the water mass concentration and the contaminants mass concentration. These equations consider the convection and the diffusion phenomena. In this numerical work seven cases studies and three occupation levels are simulated. In each case the influence of the ventilation airflow and the occupation level is analyzed. The total number of thermal and indoor air quality uncomfortable hours are used to evaluate the DSF performance. In accordance with the obtained results, in general, the indoor air quality is acceptable; however, when the number of occupants in the virtual chamber increases, the Predicted Mean Vote index value increases. When the airflow rate increases the total of Uncomfortable Hours decreases and, after a certain value of the airflow rate, it increases. The airflow rate associated with the minimum value of total Uncomfortable Hours increases when the number of occupants increases. The energy production decreases when the airflow increases and the production of energy is higher in DSF with venetian blinds system than in DSF without venetian blinds system.
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1. Introduction


A double skin facade (DSF) is usually made up of a transparent glass envelope that overlaps the building’s common envelope, leaving an air cavity between these two facades (“skins”). In this air cavity, shading devices (usually of venetian-type blind) or systems that produce electrical energy such as photovoltaic cells can be installed. The air ventilation in the cavity can be controlled by natural processes or by mechanical or hybrid (using fans) processes [1]. The characteristics of the DSF depend on the facade typology, skin coverage, air ventilation strategies, shading devices integration, and use and location of the building, among others [2].



In recent years, much research has been conducted on DSF; namely, on its characteristics, use, performance, efficiency, and economic benefits. In the well-detailed work of Ghaffarianhoseini et al. on the benefits and economic feasibility of the DSF use [1], the impact on thermal behavior, energy efficiency, and daylighting performance of the buildings of several DSF technical characteristics were analyzed. The authors concluded that, in general, DSFs are a technical option that create energy savings and improve the energy performance of buildings in a sustainable way, as well as contributing to the architecture of buildings being more pleasant [1]. Referring to other articles, Ghaffarianhoseini et al. [1] point out the environmental and economic benefits achieved with the use of DSF; namely, the energy consumption reduction, airflow and thermal comfort enhancement, daylighting and glare control, sound insulation, noise reduction and acoustic enhancement, visual and aesthetic quality enhancement, and reduced long term-cost. However, these benefits are not easily accounted for, depending essentially on having a very well designed and ventilated DSF, and largely depending on climatic conditions. The authors also note that there is still little knowledge about the overall performance of DSF, especially with regard to strategies for controlling their thermal behavior [1].



The efficacy of DSF depends on the detailed conditions of each specific situation in which it is applied, and its evaluation must be done for that specific case. In the design of the DSF it is impossible to define general rules for its optimization in relation to the entire building energy concept, which makes it important to numerically study the performance of DSF before their implementation in buildings. Thus, the performance of the DSF integrated in the performance of the building itself can be evaluated, in terms of energy efficiency, throughout the design project by the architects and engineers involved. The simulation of DSF performance can be done by using building energy simulation tools such as those presented in the review work of Lucchino et al. [3]. These building energy simulations are relatively flexible tools for the analysis of DSF systems, as different configurations can be modelled and simulated within the same environment. Regarding the DSF, the characteristics of these simulation tools were compared in their most relevant aspects (airflow, coefficients, and shading devices within, among others) in detail in the work of Lucchino et al. [3].



In naturally ventilated DSF it is very important to have an accurate assessment of the airflow for an adequate design and performance evaluation. For example, Xue and Li [4] developed a new fast and accurate computational fluid dynamics model which can be applied in optimal design of a DSF with natural air ventilation and in the analysis of its thermal performance. In order to have a better understanding of the thermal behavior of a DSF naturally ventilated with an incorporated venetian blind, a simple method based on tracer gas measurements and so-called determined “global discharge coefficients” was experimentally developed [5].



The use of shading devices within the air cavity of the DSF can provide protection against direct solar radiation and some isolation from the transmission of sound into the building [6,7]. The work of Hazem et al. [6] shows that, for a slat angle of the shading device of 0°, the direct solar radiation varies between 40 W/m2 and 340 W/m2 for an incidence angle of, respectively, 60° and 0°. For a slat angle of the shading device of 45°, the direct solar radiation varies between 20 W/m2 and 140 W/m2 for the same range of incidence angle. For a slat angle of the shading device of 85°, the direct solar radiation is around 20 W/m2 for the same range of incidence angle. The work of Lee and Chang [7] shows that vertical shading devices with 30 mm thick and 75° worked as an efficient acoustic barrier at high frequencies with a transmission loss between 80 dB and 120 dB. The blinds’ geometry influences the DSF cavity air temperature, air velocity, and airflow behavior, which in turn will affect the thermal and energy saving DSF performance [7,8]. Air cavity dimensions, orientation, and material properties (reflection, absorbance, and transmission) are aspects that determine the geometry of the blinds. The DSF thermal performance can be improved by using materials such as dielectric film coatings or pastel paints [9] and the insertion of Phase Change Materials (PCM) in the construction of the blinds [10]. These blinds with embodied phase change materials are thermally more efficient than aluminum blinds, with an outlet temperature difference of about 2.6 °C [10]. In the blinds can also be applied photovoltaic cells. As an example, see the work of Luo et al. [11], which proved that it is possible to have significant heating energy gains in winter conditions with the use of a DSF system with photovoltaic cells blinds embedded. The heat gain of this system could be on average 73.74% higher than conventional DSF in winter. The article of Xu et al. [12] presents the advantages of combining DSF with photovoltaics cells and the impacts of ventilation strategies on DSF with photovoltaic performance. For example, in winter conditions, with no ventilation the average heat gain U is 3.4 W/m2K and the electric efficiency is 5.3%, with natural ventilation U is 3.8 W/m2K and the electric efficiency is 5.5%, and with mechanical ventilation U is 4.6 W/m2K and the electric efficiency is 5.6%. The authors also pointed out that climate and regional adaptability of this kind of system should be taken into account [12].



The thermal and energy performance of DSF buildings are influenced by some parameters such as building orientation, glazing type, cavity width, and climatic conditions, as well as by the use of photovoltaic cells, phase change materials or venetian blinds, and by air ventilation mode option [13,14,15,16,17,18]. Proper DSF integration with PCM leads to up to 10.38% of building energy savings [13]. In the work of Fazelpour et al. [14], it was found that with the increase in cavity width from 0.4 to 1.2 m, the annual electricity consumption is reduced by 5.88, 5.19, and 7.49 MWh for Tehran, Tabriz, and Kish, respectively. When the slat angle is adjusted from 0° to 90° the temperature of the inner glazing reduces 1 °C at least [16]. For air layers intending to improve ventilation capacity, the channel width should not be higher than 0.6 m, while for those with the purpose of supplying warm air, the width should be lower than 0.2 m [17]. Increments between interior and surface temperatures of around 10 °C were observed for perforated layers [18]. Regarding the work of Kim et al. [19], it was shown that energy consumption and thermal loads in buildings can be reduced by around 52% and 27%, respectively, by applying adequate control strategies (as simple as blind raise/lower controls and daylight-based dimming) to DSF with external or internal incorporated blinds. Lee and Park [20] proposed to use the response factor in the numerical prediction calculation of cooling or heating load of a building with DSF with accurate results on the case of cooling load. The authors show that the DSF with the blind system can save about 70.9% of the cooling load compared with the single skin façade [20]. Kuznik et al. [21] presented a numerical modelling of a DSF used to study the influence of airflow rates and venetian-type blind blades angles on heat transfer in DSF. The idea was to optimize both parameters to obtain the lowest possible value of the interior glazing temperature.



The comfort indexes PMV (Predicted Mean Vote) and PPD (Predicted Percentage of Dissatisfied), developed by Fanger [22], can be used to define the thermal comfort requirements for occupied rooms equipped with heating, ventilation, and air conditioning systems. These indexes were adopted by the international standards ISO 7730 [23] and ASHRAE Standard 55 [24], where three thermal comfort categories are defined: category A (−0.2 ≤ PMV ≤ +0.2), category B (−0.5 ≤ PMV ≤ +0.5), and category C (−0.7 ≤ PMV ≤ +0.7). As an example, the PMV and PPD indexes were applied to the multi-nodal human thermal comfort numerical model developed by Conceição et al. [25].



Usually, the assessment of indoor air quality and ventilation system is done by measurements of indoor CO2 concentrations [26,27]. The relationship between CO2 concentration and the airflow rate, under steady-state conditions, is presented in ASHRAE Standard 62.1 [28]. This standard refers to a value of CO2 concentration below 1800 mg/m3 as an acceptable level of indoor air quality [28]. As an example, see the works of Conceição et al. [29,30].



Warm and Cold Uncomfortable Hours are concepts that were introduced by Olesen and Parsons [31] and Van der Linden et al. [32]. They are used to compare indoor spaces with different thermal discomfort levels over a long period of occupation time. The parameters used to evaluate the long-term thermal comfort conditions are presented in the ISO 7730 standard [23]. Air Quality Uncomfortable Hours and Total Uncomfortable Hours due to thermal and air quality conditions are concepts that were introduced by Conceição et al. [33]. This long-term integral model, which aggregates the Warm Uncomfortable Hours, the Cold Uncomfortable Hours, and the Air Quality Uncomfortable Hours, is used to obtain the airflow rate that simultaneously provides the best indoor air quality and thermal comfort levels in an occupied space. It was applied in a numerical study done in a university library to obtain the optimal airflow rate in winter and summer conditions [33].



In order to guarantee improvements in thermal comfort and ventilation of interior spaces and gains in energy consumption from the use of DSF, the literature refers to the need to have well-designed and ventilated DSF and, therefore, its performance, integrated together with the thermal performance of the building, must be previously evaluated using whole building thermal behavior simulation tools [1,3]. In the revised literature, the researchers essentially evaluate the thermal behavior of the DSF itself, the effect of the type of ventilation used, or the energy consumption gains obtained by the building. There is a lack of investigation of an integrated assessment of these three aspects and its effect on the thermal comfort of the occupants. In this context, the authors propose, using a whole building thermal behavior simulation tool that has been developed by themselves over the past two decades, to numerically evaluate the thermal comfort of the occupants, the indoor air quality, and the energy gains obtained with the use of the designed DSF system.



The aim of this study is to develop a DSF system, based on seven DSF, three equipped with venetian blinds and four not equipped with venetian blinds, applied in an occupied virtual chamber. The energy produced and the airflow promoted in the DSF system is used to improve the thermal comfort and the air quality level in an adjacent and occupied chamber. The influence of the airflow rate in the DSF system, the influence of the occupation level in the virtual chamber, and the influence of the internal venetian blinds in the DSF on the internal air temperature, as well as energy production, occupants’ thermal comfort, indoor air quality, and total Uncomfortable Hours levels are analyzed.




2. Models and Methods


The numerical methods applied in this work, previously developed by the authors, are based on a building thermal response methodology [34,35]. In the work of Conceição and Lúcio [34], the building thermal response numerical model was presented and applied, while in the work of Conceição et al. [35], the solar radiation numerical model, the glass radiative proprieties numerical model, and the convection heat transfer coefficients were presented. The building thermal response numerical model was validated in winter conditions [36] and in summer conditions [37]. In these validations test buildings with complex topology were used.



This numerical model considers energy and mass balance linear integral equations, used in the calculation, in transient conditions, of the temperature field (of opaque and transparent bodies of the DSF system and virtual chamber) and of the mass field (of the air inside the DSF system and virtual chamber) for the water and contaminants.



The linear equations system, of first order integral equations, is resolved using the Runge-Kutta-Felberg method with error control.



In Figure 1, a scheme of the conductive (yellow), convective (orange), and radiative phenomena (red) verified in the DSF and virtual chamber is presented. It also shows the airflow topology with blue color.



The energy balance linear integral equations consider the convection, conduction. and radiation phenomena:




	
The heat transfer by convection is calculated by natural, forced, and mixed convection, through the use of dimensionless coefficients. These coefficients are used in the surfaces of the glasses and the opaque bodies;



	
The heat transfer by conduction is considered inside the opaque bodies’ layers. In the present work the conduction is verified in the opaque surfaces, between the different layers;



	
In the radiative heat exchanges, the incident solar radiation, the absorbed solar radiation (by glasses and opaque bodies), and the transmitted solar radiation (through the glass) are considered. In the radiation phenomena the shading devices are considered. More details can be seen in the works of Conceição and Lúcio [38,39]. In Conceição and Lúcio [38] a curtain of trees used to improve the comfort level was applied, while in Conceição and Lúcio [39], a building structure shading device was also used to promote the comfort level improvement.








The energy balance linear integral equations are used to calculate the temperature of:




	
The venetian blind, inner (window) and outer glass, surrounding structure of the DSF, and air inside the ventilated DSF;



	
The opaque bodies (such as door, walls, floor, and ceiling), transparent bodies (such as glasses), indoor bodies (such as seat and desks), and internal air of the virtual chamber.








The mass balance linear integral equations are used to calculate the water mass concentration and the contaminants mass concentration. These equations consider the convection phenomenon.



The mass balance linear integral equations will be used in the calculation of the mass concentration of:




	
Water vapor and contaminants concentration, such as the carbon dioxide concentration, inside the DSF;



	
Water vapor and contaminants concentration, such as the carbon dioxide concentration, inside the virtual chamber.








In the inner glass, used as window, located between the virtual chamber and DSF spaces, the following energy phenomena are considered (see Figure 1):




	
Convection between the glass surface and the air inside the DSF space and between the glass surface and the air inside the virtual chamber;



	
Incident solar radiation, reflected solar radiation (to the DSF space), glass absorbed, and transmission solar radiation to the chamber space.








In the outer glass, located between the DSF space and outdoor environment, the following energy phenomena are considered (see Figure 1):




	
Convection between the glass surface and the air inside the DSF space and between the glass surface and the outdoor environment;



	
Incident solar radiation, reflected solar radiation (to the outdoor environment), glass absorbed and transmission solar radiation to the DSF space.








In the venetian blind, located inside the DSF space, the following energy phenomena are considered (see Figure 1):




	
Convection between the venetian blind surfaces and the air inside the DSF space;



	
Conduction between the upper and lower venetian blind, between adjacent layers in contact;



	
Incident solar radiation, reflected solar radiation (to the DSF space), and absorption solar radiation.








In the opaque surface, as surrounding structure of the DSF and virtual chamber (door, walls, floor, and ceiling), the following energy phenomena are considered (see Figure 1):




	
Convection between the inner and outer opaque surfaces and the surrounding air (chamber, DSF, or outdoor environment);



	
Conduction in the opaque body between adjacent layers in contact;



	
Incident solar radiation, reflected solar radiation (to the DSF space or outdoor environment), and absorption solar radiation.








In the air inside the DSF space, the following energy phenomena are considered (see Figure 1):




	
Convection between DSF surrounding surfaces (DSF opaque structure, venetian blind, indoor window, and outdoor glass) system and the air inside the DSF space;



	
Airflow forced convection from the outdoor environment to the DSF space;



	
Airflow forced convection from the DSF space to the virtual chamber space.








In the air inside the virtual chamber spaces, the following energy phenomena are considered (see Figure 1):




	
Convection between the surrounding surfaces (door, walls, floor, ceiling, and window) of the virtual chamber and the air inside the virtual chamber;



	
Airflow forced convection from the DSF space to the virtual chamber space;



	
Airflow forced convection from the virtual chamber space to the outdoor environment.








In the carbon dioxide concentration and the water vapor concentration inside the DSF space, the following mass phenomena are considered (see Figure 1):




	
Airflow forced convection from the outdoor environment to the DSF space;



	
Airflow forced convection from the DSF space to the virtual chamber space;








In the carbon dioxide concentration and the water vapor concentration inside the chamber spaces the following mass phenomena are considered (see Figure 1):




	
Airflow forced convection from the DSF space to the virtual chamber space;



	
Airflow forced convection from the chamber space to the outdoor environment space.








This numerical model also allows the calculation, among other variables, of the DSF and virtual chamber bodies, the DSF and virtual chamber internal air temperatures, the PMV and PPD indexes, and the carbon dioxide concentration inside the DSF and virtual chamber. The PMV and the PPD indexes evaluation, used in this software, are applied in more detail in Conceição et al. [40].



The projected virtual chamber (see Figure 2) has the dimensions presented in Table 1. It is made of wood and insulated with extruded polystyrene material with a thickness of 40 mm. The virtual chamber, similar to the existing experimental chamber, is built with square-section bars that support square modules. It consists of 108 square modules of 60 × 60 cm2 distributed as follows: 28 modules in each side wall and ceiling; 16 modules in the rear wall; and 8 modules in the front wall. The virtual chamber is equipped with two doors, each one with 0.6 m by 2.5 m dimensions, and three windows installed inside the DSF system, each one with 0.6 m by 1.2 m dimensions.



The DSF system, built with seven DSF (see Figure 3), subjected to solar radiation, has the dimensions presented in Table 1. The DSF system is installed in the virtual chamber envelope facing south. Three DSF are equipped with a venetian-type blinds and four are not. The DSF consists of two transparent surfaces (glasses), each one with a thickness of 4 mm and a surrounding structure. It has an adjustable set of 24 aluminum lamellae located between the transparent surfaces. The dimensions of each lamella are presented in Table 1.



In the numerical simulation an outdoor air temperature, air relative humidity, wind velocity, and wind direction were considered as input conditions. The numerical external conditions were measured on a typical winter day, in the south region of Portugal, obtained experimentally by a weather station located in the region. In these conditions, it was considered that the outdoor air temperature varied between 4.5 °C and 13.5 °C, the outdoor air relative humidity varied between 37.2% and 65%, and the wind speed varied between 0.01 m/s and 6.25 m/s.



The simulation was performed for 24 h considering clear sky. In terms of the solar radiation, a typical winter day, such as the 21st December, was used.



In this work seven cases were studied using three occupation levels (4, 8, and 12 persons) and considering seven airflows suggested by the standards for an occupation of 4, 8, 12, 16, 20, 24, and 28 persons (see Table 2).



In Figure 2, the virtual chamber equipped with seven DSF installed in the south-facing envelope is presented, while in Figure 3 are presented the seven DSF installed in the south-facing envelope.



The virtual chamber has an occupation cycle between 8 (8 a.m.) and 12 h (12 p.m.) and between 14 (2 p.m.) and 18 h (6 p.m.) during the day. The metabolic rate of 1.2 met and the clothing insulation level of 1 clo were used in the determination of the PMV index [23].



In this simulation the perfect mixing system is considered. This type of system is associated with the outside air at the entrance mixing evenly with the air inside the compartment. Therefore, in the simulation, the exterior concentration of carbon dioxide at the entrance is uniformly mixed with the interior concentration of carbon dioxide and the concentration of carbon dioxide released by the occupants is also uniformly mixed with the concentration of carbon dioxide inside of the space. In this type of simulation, both the concentration of carbon dioxide and other variables, such as air temperature, air relative humidity, air velocity, and average radiant temperature, are uniform inside the compartment.




3. Results and Discussion


In this section the carbon dioxide concentration, the internal air temperature, the occupants Predicted Mean Vote, the Uncomfortable Hours, and the energy production are presented.



3.1. Indoor Air Quality


From Figure 4, Figure 5 and Figure 6, the evolution of carbon dioxide concentration, for seven cases studied, is presented. The Figure 4, Figure 5 and Figure 6 are associated with the virtual chamber occupied, respectively, by 4, 8 and 12 occupants.



In all figures, and in the next figures, the occupation time is represented, namely in the morning, between 8 a.m. and 12 p.m. and in the afternoon between 2 p.m. and 6 p.m.



The carbon dioxide concentration increases when the virtual chamber is occupied and decreases when the virtual chamber is not occupied. The carbon dioxide concentration increases when the occupation level increases and decreases when the airflow increases. When the virtual chamber is occupied by four occupants the carbon dioxide concentration is acceptable for all cases, when the virtual chamber is occupied by eight occupants the carbon dioxide concentration is not acceptable only for one case, while when the virtual chamber is occupied by 12 occupants the carbon dioxide concentration is not acceptable for two cases. All not acceptable cases are verified when the airflow rate is lower than the airflow rate suggested by the standards.




3.2. Indoor Air Temperature


From Figure 7, Figure 8 and Figure 9, the evolution of virtual chamber internal air temperature, for the seven cases studied, is presented. Figure 7, Figure 8 and Figure 9 are associated with the virtual chamber occupied, respectively, by 4, 8 and 12 occupants.



The virtual chamber internal air temperature increases in the morning and at lunch and decreases in the afternoon. The virtual chamber internal air temperature increase is associated with the increase of the solar radiation level and the decrease is associated with the decrease of the solar radiation level.



When the airflow rate increases the virtual chamber internal air temperature level also increases. When the occupants of the virtual chamber increase the virtual chamber internal air temperature level also increases.




3.3. Predicted Mean Vote Index


From Figure 10, Figure 11 and Figure 12, the evolution of Predicted Mean Vote index, for the seven cases studied, is presented. The Figure 10, Figure 11 and Figure 12 are associated with the virtual chamber occupied, respectively, by 4, 8, and 12 occupants. In the interrupted bold line is presented, from Figure 10, Figure 11 and Figure 12, the limits of acceptable thermal comfort (Category C of the ISO 7730 [23]), namely the −0.7 (minimum acceptable thermal comfort level) and the +0.7 (maximum acceptable thermal comfort level).



The Predicted Mean Vote index, in general, increases in the morning and during lunch time and decreases during the afternoon. The increase is associated with the increase of virtual chamber internal air temperature and the decrease is associated with the decrease of virtual chamber internal air temperature.



The lowest airflow rate is associated with uncomfortable thermal comfort levels, by positive Predicted Mean Vote index; however, the highest airflow rate is associated with uncomfortable thermal comfort levels, by negative Predicted Mean Vote index, in the morning and is associated with comfortable thermal comfort levels, in general, in the afternoon. Middle airflow rates are associated, in general, with comfortable thermal comfort levels.



When the number of occupants in the virtual chamber increases the Predicted Mean Vote index value increases.




3.4. Uncomfortable Hours


From Table 3, Table 4 and Table 5 are presented the values of Cold Uncomfortable Hours (CUH), Warm Uncomfortable Hours (WUH), Air Quality Uncomfortable Hours (AQUH), and Uncomfortable Hours (UH) for each case studied. Table 3 is associated with an occupation of 4 persons, Table 4 is associated with an occupation of 8 persons, and Table 5 is associated with an occupation of 12 persons.



When the virtual chamber is occupied by four occupants and when the airflow rate increases the Cold Uncomfortable Hours increase and the Warm Uncomfortable Hours decrease. As the Air Quality Uncomfortable Hours is null, when the airflow increases, the Uncomfortable Hours decrease and after increase. Thus, a minimum of Uncomfortable Hours is verified for an airflow rate of 0.1556 m3/s.



As was verified in the previous occupation level, when the virtual chamber is occupied by eight occupants, when the airflow rate increases the Cold Uncomfortable Hours decrease and the Warm Uncomfortable Hours increase. In the Air Quality Uncomfortable Hours only the first case is not null. Thus, the minimum of Uncomfortable Hours is verified for an airflow rate of 0.1944 m3/s.



When the virtual chamber is occupied by 12 occupants, the same results of the previous two tests are verified. However, in this case, the Air Quality Uncomfortable Hours for the two first cases are not null and the minimum of the Uncomfortable Hours is verified for an airflow rate of 0.2333 m3/s.



When the occupation in the virtual chamber increases, the Cold Uncomfortable Hours decrease, however the Warm Uncomfortable Hours and consequently the total Uncomfortable Hours increase. The airflow rate associated with the minimum value of total Uncomfortable Hours increases when the occupants number increases.



The Predicted Mean Vote index associated with low Uncomfortable Hours (see Table 2, Table 3 and Table 4 and Figure 10, Figure 11 and Figure 12) presents an evaluation in general inside the acceptable thermal comfort area: in Figure 10 the Case 4, in Figure 11 the Case 5, and in Figure 12 the Case 6.




3.5. Energy Production


From Table 6, Table 7 and Table 8, the distribution daily thermal energy production, for the seven cases studied, is presented. The Table 6, Table 7 and Table 8 are associated with the virtual chamber occupied, respectively, by 4, 8 and 12 occupants.



The calculation of the energy production is associated with the airflow rate in the DSF system, the air specific heat, and the difference of temperature between the outdoor environment and the DSF indoor air. During the day, for each case studied the airflow rate was constant, however the air specific heat, the outdoor environment temperature, and the DSF indoor air temperature change during the day.



The energy production increases during the morning and during lunch and decreases during the afternoon. This energy production is associated with the solar energy level. The energy production decreases when the airflow increases. The production of energy is higher in DSF equipped with a venetian blinds system than in DSF not equipped with a venetian blinds system.



The energy production increases slightly when the occupation increases. This fact is associated with the heat transmitted by conduction, through the wall, and between the DSF indoor air and the virtual chamber indoor environment. When the occupation level increases, the internal DSF indoor air temperature slightly increases and the energy production also slightly increases.





4. Conclusions


In this study the development of a DSF system applied in a virtual chamber is made. The DSF system is used in energy production, using the solar radiation, to improve the comfort level, namely the thermal comfort level, using the PMV index and the indoor air quality level, using the carbon dioxide concentration. This integral work considers seven airflow rates and three occupation levels.



When the number of occupants increases, the level of indoor air quality decreases. All unacceptable indoor air quality levels are verified when the airflow rate is lower than the airflow rate suggested by the standards.



When the number of occupants increases in the virtual chamber, the chamber internal air temperature level and the Predicted Mean Vote index value increases.



When the airflow rate increases the Cold Uncomfortable Hours decrease, the Warm Uncomfortable Hours increase, and the total Uncomfortable Hours decrease and then increase. The airflow rate associated with the minimum value of total Uncomfortable Hours increases when the occupants number increases.



The energy production decreases when the airflow increases. The production of energy is higher in DSF equipped with a venetian blinds system than in DSF not equipped with a venetian blinds system.



In accordance with the obtained results, the application of the DSF in the production of energy can be used to improve the indoor air quality and the thermal comfort levels to which the occupants are subjected. The indoor air quality is easier to guarantee, because it is only related to the airflow rate and the occupation level, rather than the thermal comfort level.



Thus, in order to guarantee an acceptable thermal comfort level in winter conditions during the entire day, it is necessary to apply control systems to the airflow rate or other variables. This is a new topic for future works. The application of the DSF system in summer conditions is also a new topic for future works.
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Figure 1. Scheme of the conductive (yellow), convective (orange) and radiative (red) phenomena and airflow (blue) topology verified in the double skin façades (DSF) and virtual chamber. 
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Figure 2. Virtual chamber equipped with seven DSF installed in the south-facing envelope. In blue are represented the transparent glasses, in green are represented the venetian blinds, in grey are represented the opaque walls, in red is presented the door, in orange is presented the ceiling, and in black is presented the floor. 
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Figure 3. Seven DSF installed in the south-facing envelope. In blue are represented the transparent glasses, in green are represented the venetian blinds, in grey are represented the opaque walls, and in black is presented the floor. 






Figure 3. Seven DSF installed in the south-facing envelope. In blue are represented the transparent glasses, in green are represented the venetian blinds, in grey are represented the opaque walls, and in black is presented the floor.



[image: Inventions 06 00017 g003]







[image: Inventions 06 00017 g004 550] 





Figure 4. Evolution of carbon dioxide concentration (CO2), for the seven cases studied, when the virtual chamber is occupied by four occupants. The red line represents the limit of acceptable indoor air quality [28]. 
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Figure 5. Evolution of carbon dioxide concentration (CO2), for the seven cases studied, when the virtual chamber is occupied by eight occupants. The red line represents the limit of acceptable indoor air quality [28]. 
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Figure 6. Evolution of carbon dioxide concentration (CO2) for the seven cases studied, when the virtual chamber is occupied by 12 occupants. The red line represents the limit of acceptable indoor air quality [28]. 
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Figure 7. Evolution of virtual chamber internal air temperature, for the seven cases studied, when the virtual chamber is occupied by four occupants. 
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Figure 8. Evolution of virtual chamber internal air temperature, for the seven cases studied, when the virtual chamber is occupied by eight occupants. 
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Figure 9. Evolution of virtual chamber internal air temperature, for the seven cases studied, when the virtual chamber is occupied by 12 occupants. 
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Figure 10. Evolution of Predicted Mean Vote (PMV) index, for the seven cases studied, when the virtual chamber is occupied by four occupants. The dashed lines represent the limits of Category C of ISO 7730 [23]. 
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Figure 11. Evolution of Predicted Mean Vote (PMV) index, for the seven cases studied, when the virtual chamber is occupied by eight occupants. The dashed lines represent the limits of Category C of ISO 7730 [23]. 
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Figure 12. Evolution of Predicted Mean Vote (PMV) index, for the seven cases studied, when the virtual chamber is occupied by 12 occupants. The dashed lines represent the limits of Category C of ISO 7730 [23]. 
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Table 1. Dimensions of the main elements.






Table 1. Dimensions of the main elements.





	Element
	Length (m)
	Width (m)
	Height (m)
	Thickness (mm)





	Virtual Chamber
	4.50
	2.55
	2.5
	-



	DSF
	0.60
	0.2
	2.5
	-



	Lamella
	0.60
	0.12
	-
	10
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Table 2. Cases studied: O refers to occupation and V to ventilation.
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Case

	
Airflow Rate (m3/s)

	
Number of Occupants




	
4

	
8

	
12






	
1

	
0.0389

	
O4V1

	
O8V1

	
O12V1




	
2

	
0.0778

	
O4V2

	
O8V2

	
O12V2




	
3

	
0.1167

	
O4V3

	
O8V3

	
O12V3




	
4

	
0.1556

	
O4V4

	
O8V4

	
O12V4




	
5

	
0.1944

	
O4V5

	
O8V5

	
O12V5




	
6

	
0.2333

	
O4V6

	
O8V6

	
O12V6




	
7

	
0.2722

	
O4V7

	
O8V7

	
O12V7
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Table 3. Values of Cold Uncomfortable Hours (CUH), Warm Uncomfortable Hours (WUH), Air Quality Uncomfortable Hours (AQUH), and Uncomfortable Hours (UH) for each case, when the virtual chamber is occupied by four occupants.
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	Case
	CUH
	WUH
	AQUH
	UH





	O4V1
	0.00
	28.74
	0.00
	28.74



	O4V2
	0.00
	12.66
	0.00
	12.66



	O4V3
	0.00
	5.95
	0.00
	5.95



	O4V4
	1.96
	3.00
	0.00
	4.96



	O4V5
	5.08
	1.56
	0.00
	6.65



	O4V6
	9.25
	0.76
	0.00
	10.01



	O4V7
	13.64
	0.41
	0.00
	14.05
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Table 4. Values of Cold Uncomfortable Hours (CUH), Warm Uncomfortable Hours (WUH), Air Quality Uncomfortable Hours (AQUH), and Uncomfortable Hours (UH) for each case, when the virtual chamber is occupied by eight occupants.
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	Case
	CUH
	WUH
	AQUH
	UH





	O4V1
	0.00
	44.23
	8.77
	53.00



	O4V2
	0.00
	25.01
	0.00
	25.01



	O4V3
	0.00
	12.70
	0.00
	12.70



	O4V4
	1.96
	6.48
	0.00
	6.48



	O4V5
	3.55
	1.85
	0.00
	5.40



	O4V6
	4.78
	2.00
	0.00
	6.78



	O4V7
	8.52
	1.08
	0.00
	9.60
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Table 5. Values of Cold Uncomfortable Hours (CUH), Warm Uncomfortable Hours (WUH), Air Quality Uncomfortable Hours (AQUH), and Uncomfortable Hours (UH) for each case, when the virtual chamber is occupied by 12 occupants.
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	Case
	CUH
	WUH
	AQUH
	UH





	O4V1
	0.00
	51.26
	11.02
	62.28



	O4V2
	0.00
	37.75
	7.56
	45.31



	O4V3
	0.00
	22.18
	0.00
	22.18



	O4V4
	0.00
	11.97
	0.00
	11.97



	O4V5
	0.00
	6.59
	0.00
	6.59



	O4V6
	1.85
	3.83
	0.00
	5.68



	O4V7
	4.54
	2.27
	0.00
	6.81
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Table 6. Values of daily thermal energy production, for the seven cases studied, when the virtual chamber is occupied by four occupants.
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	Airflow Rate (m3/s)
	Thermal Energy Production by DSF with Blinds (kWh)
	Thermal Energy Production by DSF without Blinds (kWh)
	Thermal Energy Total Production (kWh)





	0.0389
	3.441
	2.984
	22.259



	0.0778
	2.476
	2.166
	16.094



	0.1167
	2.032
	1.793
	13.268



	0.1556
	1.770
	1.573
	11.599



	0.1944
	1.595
	1.427
	10.492



	0.2333
	1.468
	1.321
	9.685



	0.2722
	1.370
	1.239
	9.065
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Table 7. Values of daily thermal energy production, for the seven cases studied, when the virtual chamber is occupied by eight occupants.
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	Airflow Rate (m3/s)
	Thermal Energy Production by DSF with Blinds (kWh)
	Thermal Energy Production by DSF without Blinds (kWh)
	Thermal Energy Total Production (kWh)





	0.0389
	3.504
	3.017
	22.578



	0.0778
	2.508
	2.178
	16.235



	0.1167
	2.056
	1.799
	13.365



	0.1556
	1.790
	1.579
	11.684



	0.1944
	1.611
	1.431
	10.558



	0.2333
	1.482
	1.324
	9.743



	0.2722
	1.383
	1.242
	9.118
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Table 8. Values of daily thermal energy production, for the seven cases studied, when the virtual chamber is occupied by 12 occupants.
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	Airflow Rate (m3/s)
	Thermal Energy Production by DSF with Blinds (kWh)
	Thermal Energy Production by DSF without Blinds (kWh)
	Thermal Energy Total Production (kWh)





	0.0389
	3.548
	3.035
	22.783



	0.0778
	2.538
	2.187
	16.361



	0.1167
	2.084
	1.810
	13.491



	0.1556
	1.810
	1.585
	11.768



	0.1944
	1.629
	1.436
	10.634



	0.2333
	1.498
	1.328
	9.806



	0.2722
	1.397
	1.246
	9.173
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