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Abstract

:

Expectations of traditional and contemporary buildings are different in terms of thermal comfort. Traditional buildings mostly achieve comfort through passive means, without HVAC support, but old levels of thermal satisfaction do not meet today’s expectations, although their passive thermal performances are notable for contemporary building designs. In this regard, the current study tries to investigate the possibility of comparing traditional and contemporary buildings’ construction techniques to achieve thermal comfort from an architectural point of view. In other words, is it possible to achieve passive building design by considering vernacular architecture principals as a reference? Likewise, how well can architects define insulation layers in contemporary construction surfaces in hot and humid climates? To this end, a dynamic, numerical, thermal calculation case study has been modeled in Famagusta, Northern Cyprus, to answer the above-mentioned questions. A mixed-use mode benefitting free-run periods is proposed and compared with a mode providing 24 hours of air-conditioning in different scenarios using the same initial settings. Thus, different floor-to-ceiling heights, insulation placements and indoor conditions have been tested separately in both winter and summer periods. The results show that thermal comfort can be achieved in free-run periods only during a limited percentage of the year. Furthermore, although increasing building heights may lead to a rise in the free-run periods, in contemporary buildings it increases the total energy usage of the buildings between 6% and 9% in the mixed mode. Therefore, vernacular architecture strategies are proper in their own context. However, this energy usage can still be controlled and optimized by such considerations as insulation material placement. In this regard, the best envelope properties for different building functions are proposed for application in hot and humid climates.
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1. Introduction


Buildings are expected to create permanent healthy and comfortable indoor conditions, regardless of outdoor climate conditions. Apart from the high energetic performance of building envelopes, this issue places certain demands on heating and cooling energy to make a building thermally comfortable, and a building’s energy consumption comprises 20–40% of total energy demand [1,2,3,4,5,6].



In general, buildings absorb thermal energy through convection and radiation from the outdoor environment [7]. Its intensity depends on several parameters, such as number of surfaces and their area, materials’ heat capacities and massiveness, thermal conductivity, density, and thickness, and so on [8,9]. In this regard, one of the most effective parameters is a building’s surface dimensions. In other words, based on heat transfer principles, the thermal inertia of a building is directly dependent on its volume [7,10]. Therefore, for this reason, building standards and regulations allow designers to reduce ceiling heights and decrease surface sizes [11], while influencing indoor air temperature and reducing the indoor environment’s thermal inertia.



However, this is in contrast with vernacular architecture [12]. According to empirical observations, building height has a direct effect on indoor air temperature [11], since in higher environments, the air volume is greater. This law of physics is especially beneficial in hot and humid climates such as Northern Cyprus, which suffers from hot seasons. In other words, this principal leads hot weather away from building occupants. Furthermore, the sizes and heights of fenestrations are another consideration for ventilating and subtilizing internal temperature [13].



Different aspects of human comfort conditions have been investigated previously [8,13,14,15]. Therefore, this paper commences by exploring the influence of changing the floor-to-ceiling height on occupants’ thermal satisfaction for displacement ventilation under certain indoor conditions. The initial hypothesis is that higher ceilings create more vertical temperature differences [9], which has a positive effect on the sense of thermal comfort in summer, especially in hot and humid climates. On the other hand, this increment leads to more thermal comfort satisfaction due to natural displacement ventilation and increasing free-run periods [16]. A free-run period is a time period in which no energy is supplied by heating/cooling systems, and the air change rate is considered to be at its nominal value [17]. In other words, the building reaches a comfort level just by virtue of its natural ventilation, without any air conditioning system. Thus, higher ceilings might save more energy by reducing the air supply volume to an equal internal load. However, based on recent developments in construction techniques, an improved level of comfort satisfaction has been achieved. Therefore, instead of using massive thermal masses, insulation properties can be applied. Thus, the next step is testing the best place for insulation materials to be applied in the aforementioned climate.



To sum up, this research attempts to evaluate the applicability of vernacular architecture principals in contemporary buildings as a construction technique. The study attempts to compare Cypriot vernacular architecture with contemporary architecture, and cases of floor-to-ceiling height and insulation placement, in order to develop material properties and improve indoor thermal conditions by proposing applicable free-run periods and evaluating different air-conditioning scenarios in hot and cold seasons separately.



One of the main concerns of human beings presently is global warming and the decrease of natural resources [18]. These concerns are intensified by population growth, which also leads to an increase of CO₂ emissions [19]. On the other hand, in developed countries, inhabitants spend almost 90% of their time indoors [20], which shows the importance of creating comfortable conditions in buildings. In other words, today’s world faces serious energy problems. In this regard, the building industry plays a significant role. It accounts for more than 40% of the world’s total energy consumption [21,22]. One of the main aims of this vast usage is to provide satisfying thermal comfort and an acceptable indoor air quality for residents. However, several field studies have recorded considerable rates of thermal comfort dissatisfaction [23,24,25]. This dissatisfaction may be caused by thermal discomfort of the whole body, which can be expressed further with the predicted mean vote (PMV) and predicted percentage of dissatisfied (PPD) indices. It may also be caused by unwanted heating/cooling of a particular part of the body [26,27].



For a long time, minimizing buildings’ energy consumption while maximizing comfort conditions has been a serious goal in architecture and urban planning. Designs in different climate zones have been developed in order to gain maximum solar exposure for buildings located in cold climates, and reducing solar exposure and increasing natural ventilation for buildings in hot climates [28,29,30]. In this regard, Cypriot vernacular architecture has achieved a reliable means of countering local climatic situations by shaping buildings and city textures.



Cyprus is the third-largest island in the Mediterranean Sea, located in its north-eastern corner. It is estimated that the creation of the earliest settlements on the island dates back to the 8th century B.C. [31]. Generally, the island climate is Mediterranean with local variations, which can be categorized as a hot and humid climate with hot summers and cold winters. In this case, the climate has been one of the most influential elements in forming cities and their architectures in this region [32]. Therefore, the response of Cypriot ancestors has been reflected in their vernacular architecture.



Although it seems obvious, comfort does not have a specific definition. Unfortunately, it is somehow a nebulous concept and can change from one person to another. Thermal comfort is a kind of condition in which a person subjectively feels satisfaction with their thermal environment [33]. It can be understood from this definition that the terms satisfaction and mind (subjective feelings) are somehow unpredictable variables. According to these types of uncertainty, the kernel of comfort can be considered as a phenomenological notion [34]. However, simultaneously, it also emphasizes that assessing thermal comfort is a cognitive process involving several parameters, and which is also influenced by physiological, psychological, physical and other processes [35].



In the case of assessing thermal indoor comfort, it should be considered that an occupant does not feel the room temperature; he/she feels the loss of body heat. Thus, the environmental parameters affecting the energy loss are those that must be measured. The main environmental parameters can be identified as air temperature, air flow/movement, humidity, and radiation or mean radiant temperature. The effect of the mentioned parameters is not equal on the body’s energy loss, so when assessing thermal comfort, it is not adequate to only consider and evaluate one parameter [36].



In the 1960s, bioclimatic design was innovated by the Olgyay brothers. They combined bioclimatology with architecture by considering users’ thermal comfort. In the case of adapting architects to the climate, they also developed a bioclimatic diagram [37]. Later, based on psychometrics principles, Givoni tried to correct Olgyay’s diagram limitations and redeveloped the diagram [11].



Olgyay’s bioclimatic chart has a constant comfort in the range from 20 to 30 °C. This level of comfort can be applied to indoor spaces with an indoor level of clothing. The maximum and minimum air temperatures and the corresponding minimum and maximum relative humidity values are the necessary climatic data to design the bioclimatic charts, either monthly, daily or hourly [38]. The resultant graphs display the external conditions. Even though the indoor environmental conditions of the building are influenced by many other factors, such as building size, material thermal inertia and so on, the charts clearly demonstrate whether indoor conditions are comfortable or not. The most efficient role of this chart and its graphs is that the heating and cooling design strategies are determined so as to be able to restore comfort throughout the whole year [39].



At the center of the bioclimatic chart, the comfort zone is presented. The chart considers the levels of comfort that are combined with ranges of other climatic factors, such as wind speed, solar radiation and mean radiant temperature, which can be felt outside the comfort zone. To maintain an acceptable level of comfort, shading is necessary above the boundary of the zone. As long as there is enough solar radiation to offset the decrease in temperature, comfort can be retained at up to 10 °C below the comfort zone. Furthermore, wind speed can compensate for an increase in temperature to retain comfort at up to around 10 °C above the comfort zone. According to this chart, evaporative cooling is another means to retain comfort at high temperature and low humidity [40].



Additionally, it should be mentioned that various methods have been applied in order to achieve comfortable indoor environments. The most acceptable is based on the 1960s doctoral thesis of Danish scientist, Ole Fanger [41]. He tried to consider all relevant physical factors in his studies, in order to enhance knowledge about individuals’ thermal comfort. According to laboratory steady-state conditions, he claimed that parameters such as mean radiant temperature (Tᵣ), air temperature (Tₐ), air velocity around the human body (Vₐ), ambient water vapor pressure or relative humidity (RH), which can be combined with activity level (M) and thermal resistance of inhabitants’ clothing (Icl), are the main factors. Overall, these factors can make approximately 90% of occupants comfortable and can be combined to generate one variable named the PMV [42]. The first four variables are environmental factors, while the last two variables are personal factors [43,44,45].



The heat-balance equation and empirical studies regarding skin temperature are utilized by the PMV to define thermal comfort. Subjects are asked about their thermal sensation on a seven-point scale from cold (−3) to hot (+3) in standard thermal comfort surveys. In this case, zero demonstrates thermal neutrality, which is the idle value. PMV is determined through the following equation [46]:


    PMV= [0.303e−0.036M+0.028][(M−W)− 3.96E−8fcl[(tcl+237)4−(tr+237)4]−  fclh(tcl−ta)− 3.05[5.73−0.007(M−W)−ρa] −0.42[(M−W)−58.15]− 0.0173M (5.87−ρa)−0.0014M(34−ta)]



(1)




where e is Euler’s number (2.718), hc is the coefficient of convective heat transfer, ρa is air vapor pressure and W is external work (0).



Therefore, the comfort zone is defined by the combinations of the mentioned six parameters for which the PMV is within the recommended limits (−0.5 < PMV < +0.5). Meanwhile, this experiment is based on the fact that individuals feel their indoor environment differently. However, although a steady-state situation is assumed, the minority experience is less than a comfortable state [43].



Likewise, he found that the predicted vote was merely the mean value, which is expected from a group of people, and he extended the PMV to predict the ratio of different populations who may not be content with the environment. A person’s comfort was defined through dissatisfaction. On ASHRAE, the people who voted outside the central three scaling points were counted as discontent. PPD does not add any information to that already available and is defined in terms of PMV. The observations from climate chamber experiments, rather than field measurements, are the basis of the distribution of PPD [23,46].



Thermal comfort is measured by PPD through the prediction of the percentage or number of occupants who will not be satisfied with the thermal conditions of the room. Thus, PPD is a function of PMV and is directly calculated from PMV [47]. The process for determining PPD is almost the same as for PMV. In other words, this process involves selecting the ranges of each independent variable, choosing input values for each independent variable, selecting the independent variables’ distribution, then selecting a sample for the chosen distributions, and finally putting the values of each independent variable into the PMV model. When carrying out the research, this process will be followed. After specifying the PMV value, PPD can be calculated by using the equation below [46]:


PPD= 100−95e−(0.3353PMV4+0.2179PMV2)



(2)







After Fanger’s hypothesis, the evaluation of indoor thermal comfort is mainly based on his method, by measuring the PMV and, as a result, the PPD indices. This method is also accepted by several building standards, such as ISO 7730 and ASHRAE 55 [33,48,49,50,51,52]. In this case, when PMV is in the range of −0.5 to 0.5 and PPD is less than 10%, the thermal acceptability comfort situation can be reached in an air-conditioned building. However, the comfort situation in different regulations is classified in different groups, such as A, B and C in European regulations [33,35,50,53].



Furthermore, another way of evaluating thermal comfort is by using an adaptive method. Such methods are mainly used for areas with a monthly mean radiant temperature between 10 and 33.5 °C. For naturally ventilated spaces, the model can be defined as; Tcomf=0.31×Tref+17.8, in which Tcomf is the indoor comfortable operative temperature and Tref is the prevailing mean outdoor temperature for the past 30 days. Meanwhile, similar to the Fanger model, ASHRAE accepts 80% (Tcomf ± 2.5 °C) for typical applications, which theoretically increases the range of acceptable thermal comfort in comparison to the Fanger model [54]. However, observations of authors displayed that this new range is not acceptable in Cypriot culture [13]. Another limitation of this model is that it is mainly applicable to daytime period evaluations [33].



Based on the mentioned regulations, some researchers undertook evaluations by testing full-scale case studies. Huang Zhijun et al. [55] evaluated a gymnastics stadium in three different summer, winter and transitional season days with 221 temperature sensors. Krüger and Givoni [56] followed the thermal behavior throughout the year in a residential home. Both studies show the relationship between internal and external temperatures, which relates to other variables such as climate and materials.



These studies have been continued and developed by recent computer-aided techniques in order to generate more detailed and accurate results. In this regard, Hashimoto and Yoneda [57] compared various ceiling heights and their effects on thermal loads. This study showed that buildings with higher ceilings are much closer to the comfort zone [57]. AlOtaibi [46] used a computational fluid dynamics (CFD) software method in his research in order to model and simulate the thermal comfort in an office building. There, he concluded that altering ceiling height (by lowering the ceiling 2.4 m) has a significant effect on the temperature distribution and thermal comfort level in an office building by utilizing an underfloor air distribution system.



Other relevant research with CFD-based analysis shows the direct relationship of temperature stratification with increasing the floor-to-ceiling height [11,36,37]. Aflaki et al. [58] studied the effect of total building heights on the indoor air temperature and velocity in high-rise buildings, and indicated how building height may influence indoor thermal conditions. They showed that indoor wind in the upper floor is almost four times higher than in the lower floor. Other researchers investigated the effect of building height on outdoor thermal comfort during the daytime in order to mitigate heat stress in summer [59,60]. However, although several conclusions may be applied to other cases, the results of each one represents a specific context.



In this regard, in order to create an architectural space, floor and ceiling are two indispensable parameters. In the formation of vernacular architecture, the floor-to-ceiling height and ceiling form are influenced by several variables, such as climate, natural environment, local materials, construction technologies, and so on [61]. Moreover, in order to achieve thermal comfort in the construction sector, thermal insulation is one of the most important factors [62,63]. Thermal insulation can lower heat transfer rates between controlled indoor areas and uncontrolled outdoor environments, leading to a significant reduction in building heating and cooling energy demands. However, previous studies have mainly been limited to considering insulation materials, such as cellulose, glass wool, rock wool, polystyrene, urethane foam and so on [64], or materials with low thermal conductivity coefficients or that are diffusivity adapted for reducing energy consumption [65,66]. For instance, Stazi et al. [67] and Hens et al. [68] studied the energy performance of cavity walls in a hot and humid climate.



Furthermore, some studies have considered the optimization of the building envelope construction type and the selection of the insulation level for walls, roofs, floors [69,70] and/or chimney–roof penetrations [71,72,73,74]. Some of these researchers also discussed insulation thickness [75,76,77,78,79]. Neri et al. [80] analyzed the effect of phase change materials (PCM) on indoor temperatures. Moreover, Sambu et al. [81] studied the effect of wall thickness on energy efficiency, while Abanto et al. [82] tested this effect in adobe as a traditional material. Thus, research to date has mainly concentrated on selecting insulation materials [83], and a lack of information about proposing a method to select insulation placement can be considered a gap for designers.



Additionally, intense solar radiation, which causes high temperatures along with a high rate of humidity, are the main source of thermal discomfort in Cyprus. Therefore, in order to create a comfort zone, protecting a building and its elements from direct solar radiation with shading devices to avoid heat gain within the building envelope is one of the main considerations [84]. On the other hand, a case study of Famagusta, a coastal city in Cyprus with a high percentage of humidity, highlighted the need to create proper air circulation by using natural ventilation as another important factor.



Meanwhile, in the vernacular architecture of hot climates, such as in Cyprus, the walls are built very thick with special materials with low thermal conductivity, such as mud and limestone (Table 1). Therefore, there are some benefits for these considerations. For instance, low thermal diffusivity and low thermal conductivity increase the delay between absorbing heat from the outside surface of a wall and conducting it to the other side, leading to more comfortable interior conditions in the buildings. This is particularly significant given the 9–11 °C yearly diurnal temperature variations in Famagusta, which shows the necessity of indoor temperature stability for creating a comfort zone [61,85]. For this reason, using low thermal conductivity and diffusivity materials helps to reduce the temperature swing between day and night. Because of this transformation, walls are cooler than human skin during the day. Hence, the human body will radiate in outside weather conditions [86].



However, over the centuries, building heights were lowered, opening sizes were reduced and materials were changed (Table 1). Unfortunately, these limestone and adobe houses are currently facing oblivion due to changes in lifestyle and shifting priorities. They, however, present a case from which lessons can be learnt and adopted in modern contexts for a meaningful and appropriate architecture in the region.




2. Methodology


In general, this research is based on a theoretical approach supported mainly by the outcomes of a literature review and case study analysis. On the other hand, it involves simulation analysis and, more particularly, a literature survey as a combination of two main phases, namely, the qualitative and quantitative methods of data collection (Figure 1). Generally, the integration of building information modeling (BIM) with other tools has major potential for sustainability assessment of buildings and is a subject addressed by numerous authors. However, this integration faces several barriers, such as the lack of interoperability between the different approaches and the need for a common data format. Thus, several distinctive energy simulation programs can be tested, each using a different level of modeling complexity. Unfortunately, however, not all the tests match these energy simulation programs. Thus, related to this issue, the Standard Method of the Test (SMOT), suggested by the ASHRAE, is utilized here in order to distinguish predictive differences of the DesignBuilder energy simulation software.



DesignBuilder 3.1.0.080 Beta is the software selected for this study, and it benefits from the EnergyPlus 7.2 simulation engine and the standard k-ɛ turbulence model for CFD calculation. In this case, several studies have used and been advised by EnergyPlus in various fields [87,88,89,90,91]. There are various methods to examine the simulation program’s validation, such as full-scale experimental study, small-scale experimental study, numerical methods, and so on. However, comparison between computational results and experimental data is the common validation method. If the simulation results generally agree with the experimental data, the results are declared as validated [92,93].



It should be mentioned that the validation of the simulated program had been tested in previous research [13]. The authors examined indoor natural ventilation experimentally and numerically, thus it can be an acceptable experimental test to evaluate software results in terms of natural ventilation. The results of comparing the simulated results with physical on-site measurements show a difference of approximately 3%, which is acceptable for the simulation software. In this research, all initial simulation inputs and settings are also considered to be the same as in a previous study, which investigated the annual energy consumption of an office building in Iran using the same version of DesignBuilder, and which validated the results using the actual values. The comparison of actual energy usage and program estimation in 2015 showed a 1.6% difference, which is acceptable [94].



A method testing the evaluation calibration methods (SMOT) was applied to adjust building energy models along with measured energy consumption data. This process also uses calibration methods by applying computer software, which predicts the energy performance of buildings. This makes it possible for the users to construct their own test models and specifications. The test model can be useful in several ways, such as: (1) It tests a single calibration method to find out how well it works under different test conditions; (2) it tests several calibration methods to see when each one gives the best result under different conditions; (3) it investigates the type and quantity of information content that is needed in the synthetic data in order to achieve better calibrations using different calibration methods (e.g., monthly vs daily vs hourly data, and availability of disaggregated data or different types of sub-metered data); (4) it tests different kinds and amounts of noise in the synthetic data; and (5) diagnostic testing.



In this case, a method was characterized with the aim of creating a model without furniture in Famagusta, Northern Cyprus. As is illustrated in the next figure, the research started with modeling the case studies (Figure 2). This was also the case for defining the simulation model border and height. Then, in order to be able to compare the vernacular and contemporary buildings, a case study with vernacular materials (adobe) and techniques was modeled. This model was compared with four different models, which were designed based on contemporary construction techniques. In this regard, one case was modeled without insulation, which is more common in Cyprus, and the others were modeled with the same materials and wall thickness, insulated in different layers (Figure 3).



The next step was to define the optimum thermal comfort situation for each model and to calculate their energy performance in different ventilation scenarios. These scenarios were 24 h air-conditioning, day-time ventilation and night-time ventilation. This was done in order to understand the effect of free-run periods in different types of buildings with different functions, which need to be air-conditioned at different times. Here, it should be mentioned that based on Northern Cyprus regulations, the acceptable range of ceiling height for a one-story building is 2.6 to 3.5 m. Therefore, in this research, these two heights were considered as the minimum and maximum building heights, and the described process was tested for both heights to analyze the effect of height on creating a more sustainable thermal zone. Then, the optimum energy performance for each of the mentioned conditions was selected. This process is explained completely in the next section. Finally, the results are presented for both summer time and winter time to evaluate the effectiveness of the research hypothesis in heating and cooling periods separately, as well as for a whole year, and then the results are compared. Furthermore, this research tried to identify a model to investigate the certain times of a year in which a free-run period should occur for energy consumption. To achieve this purpose, the authors simulated a whole year to find the thermal conditions of the building. Then, the possibility of achieving thermal comfort by using free-running was evaluated. Later, these periods are eliminated in the energy calculations.




3. Case Study Analysis


This research focuses on Famagusta’s buildings as a case study. This city, with a population of about 54,000 [85], is the third-biggest city of Northern Cyprus. Famagusta is located at 35°7′ N and 33°55′ E, and is 25 m above sea level. According to the Köppen–Geiger climate classification, it has a hot Mediterranean/dry-summer subtropical climate that is mild with moderate seasonality. In other words, due to the systems of subtropical high pressure, it is hot and dry in summer and, due to the polar front, it has rainy and moderate weather. Furthermore, the average maximum temperature in the hot season is approximately 33 °C in the city. Meanwhile, the average minimum temperature for the cold season is about 17 °C [95].



Currently, the Cypriot chamber of architects considers a building with a floor-to-ceiling height of 2.6 to 3.5 m to be a one-story building. Building contractors prefer to use the minimum height of 2.6 m, which they believe leads to lower construction expenses, lower building energy usage and improved comfort conditions when in operation. However, traditionally, Cypriot architecture followed the reverse logic, such as during the Ottoman period. However, this floor-to-ceiling height was reduced over time during the British period and even more in contemporary architecture, mostly because of expenses (Table 1).



There is no doubt that solar radiation is very intense in Northern Cyprus. This intense radiation and high air temperature are the main reasons for discomfort in summer, which may have led to designing buildings with lower heights. However, But as this city is a coastal city, in order to create more comfortable zones, the humidity factor should be also controlled by natural ventilation. This factor needs a greater building height with bigger openings. In addition, traditional Cypriot architects understood the fact that by air convection, through natural air movement, hot masses with lower densities tend to rise. Temperatures in the higher levels tend to be higher within the space. Thus, this research attempted to evaluate the trustworthiness of the hypothesis that increasing the building height may lead to increasing the distance of the hot air layers from the building occupants, requiring less energy consumption to make a comfortable zone for users in summer, which is more critical rather than winter (Figure 3).



As was mentioned, five types of case studies have been modeled in this study (Figure 4 and Figure 5). These cases considered as medium prototypes 3 m by 5 m rectangular single enclosed perimeter rooms (15 m²). Their orientations were on the south–north axis, with a 40% window-to-floor ratio in the south façade, which was assumed to be an opening without any shading devices and exterior obstructions. It should be mentioned that in all evaluations, different factors and parameters, such as the 40% window-to-floor ratio, PMV and PPD were set and evaluated based on the ASHRAE 55: 2009 (Table 2). In the first phase, all case studies were considered to have a 2.6 m height, which is the minimum acceptable height in the North Cyprus regulations. In this regard, different ventilation scenarios, which are 24 h air-conditioning, day-time ventilation and night-time ventilation, were evaluated. Then, in order to have a comparison, these processes were repeated for the 3.5 m height, which is the maximum acceptable height (Table 3 Table 4 Table 5).



Although vernacular architecture was based on the free-run period, currently, with the improvement of residents’ lifestyles, it seems almost impossible to achieve thermal comfort without mechanical systems. Therefore, a mixed-use mode is proposed for this model, based on the ASHRAE 55: 2009; if the PMV ranged between −1 and +1, this free-run period can be accepted as the thermal comfort period. Therefore, in these times, mechanical ventilation can be eliminated. It should be mentioned that the evaluation method is based on the hourly results. From these hourly results, the total percentage of acceptable hours that are in the PMV range have been calculated for each day.



As was presented, recent studies have mainly tried to investigate the energy efficiency in buildings by calculating energy consumption and evaluating building performance accordingly, as a kind of single variable analysis. However, in this study, the evaluation process was done based on the sense of thermal comfort satisfaction in two different stages, which were with an air conditioning system and without it, which is called free-running. Then, these two were combined as a mixed mode. Afterwards, in order to see the effectiveness of this method, it was applied in buildings with different construction techniques to provide a comparison between contemporary and vernacular architecture with different ventilation scenarios, such as day-time ventilated, night-time ventilated and 24 h mechanically air conditioned. Therefore, this study tries to investigate the model to present applicable free-run periods for the mixed-mode at certain periods of a year, rather than simply suggesting that building users open windows at different times of each day to benefit from natural ventilation as a mixed mode. In other words, this study tries to investigate a model to redefine the concept of mixed mode.



The main concept of mixed-mode (MM) or so-called hybrid ventilation is to provide satisfactory indoor environments by alternating between and combining natural and mechanical systems. A preference for free-running or a naturally ventilated mode create the appropriate air quality and thermal comfort for buildings, while keeping down costs and reducing the carbon footprint. Meanwhile, these buildings will revert to mechanical systems for heating, cooling, ventilation and air conditioning (HVAC) whenever external conditions make the natural ventilation option untenable for occupants [96]. Previous studies show the disparities between steady state and adaptive comfort models in air conditioned and naturally ventilated buildings [34]. In this regard, ASHRAE’s Standard 55 (2010) classifies mixed-mode buildings as air-conditioned ones and, as such, increases the limits of the operation of these buildings to the more acceptable PMV–PPD range of indoor thermal conditions (−1 < PMV < +1) [35].



However, authors believed that applying the mentioned scenario for 24 h of the day may lead to imprecise results. Therefore, results were taken for day-time ventilation and night-time ventilation separately, and then compared with 24 h results. This is because in summer, for example, we may reach a comfort zone at night-time, but not at day-time, and vice versa in winter, which will be really meaningful in the case of office buildings.



The next step is evaluation of mechanical system (HVAC) performance. In this regard, again the three described scenarios—day-time, night-time and 24 h operation-based evaluation—were tested. Here, in order to achieve optimum energy consumption, it was attempted to run the simulation program for the advised acceptable range of thermal comfortable temperatures in ASHRAE 55: 2009 separately. In other words, the acceptable range of comfort hours must be more than 80–90% (adoptive—with HVAC system) for mechanical or mixed-mode systems. Then, the minimum temperature that is able to create a comfort zone in winter, and the maximum temperature in summer, were selected to perform energy consumption calculations. This aimed to create an optimum status in which both thermal comfort satisfaction and minimum energy usage were achieved.



Based on the above data, the mixed-mode system was developed. In this scenario, the times that national ventilation can create a comfort zone are presented as free-run periods without energy consumption and, for the rest of the year, air-conditioned systems create the thermal comfort zone. Since displaying all the results of the different scenarios tested here is outside of the scope of this paper, only one chart is presented as a sample (Figure 6), and the results are presented below.



From these results, it can be seen that, as was predicted, in the hot summers of Cyprus, it is almost impossible to reach 100% thermal comfort with natural ventilation. However, it can be seen that there is a potential for benefiting from the free-run periods in heating times, such as in November, December and even January. This period can be increased by improving the material properties and/or increasing thermal diffusivity or conductivity. For instance, as was predicted, the longest free-run periods are derived from the traditional model, and this period grows around 7% by increasing the model height. This issue is highlighted in summer night-times. On the other hand, in contrast with the vernacular case study, increasing the building height does not have a significant effect on increasing free-run periods in contemporary cases. However, changing the position of insulation layers shows that in case of day-time ventilated buildings, insulating a building from the exterior layers increases the free-run periods, especially with height increment. For other scenarios, a middle layer of insulation is suggested. However, it should be mentioned that it does not have a significant effect on total free-run periods. The next charts (Figure 7) present the sum of the hours in a year, in which each of the cases can benefit from free-running in summer, winter and the whole year. These charts are used in order to understand the potential effectiveness of each case for saving energy in heating and cooling periods (Figure 7 and Figure 8).



To have a better comparison among these free-run periods in different seasons, all the previous charts (Figure 7) are combined in Figure 8. Furthermore, it is illustrated that in the case of vernacular architecture, increasing the floor-to-ceiling height has positive effects in the form of increasing free-run periods (6%). This was an effective factor in the period in which there were no mechanical systems. However, in order to evaluate the effectiveness of these buildings, the same type of HVAC system was added to the traditional models as well. As a result, the amount of energy consumption was reduced by increasing the height. The reduction is maximized in case of the night-time ventilated model in the summer time, which shows a 21% reduction in total energy consumption. However, this rule cannot be applied for the other cases. In models that are constructed with contemporary materials, increasing the height leads to an increase in total energy consumption of between 6 and 9% in mixed-mode scenarios. Therefore, although increasing building height may increase the free-run periods, in contemporary buildings, it increases the total energy usage of the buildings in mixed mode. On the other hand, if these types are compared with the 24 h air-conditioned buildings, they show up to 64% energy savings in similar cases (Figure 9 and Figure 10).



Figure 9 and Figure 10 display building energy consumption in the mixed mode. In other words, after calculating the free-run periods, these times are considered as zero energy consumers for heating and cooling. Then, the building energy performance for the rest of the year is calculated. This has been done to present the effect of free-run periods on total energy performance of the building. Although increasing building height facilitates reaching a thermal comfort zone in free-run periods, it increases the total energy consumption at other times. However, this energy usage can still be controlled and optimized by such considerations as insulation material placement.



In this regard, the model without any insulation materials with a 2.6 m height, which is a more common type of contemporary construction technique in Northern Cyprus, is considered to be a base point for comparison. Then the following results (percentages) are concluded from the comparison between the base model and different case studies in different scenarios. These results are presented graphically in Figure 11. To sum up, according to materials’ condensation, it is demonstrated that in hot and humid climates, during hot summers the best placement of the insulation layer is in the exterior layer. In this way, energy usage can be reduced by 64–71%. Furthermore, if the insulation material is located in the middle of the wall, it has a better performance in winters, which leads to energy saving of 74–80% in different functional types of buildings. Additionally, insulating the inner layer of the walls reduced energy usage of the day-time ventilated buildings by 78% and can be proposed for office buildings, which are only used in day-times. Finally, due to the 67% saving for the whole year, both inner and exterior layer insulation can be recommended for day-time ventilated buildings. For 24 h ventilated buildings such as residential buildings, insulation in the middle layer is suggested (69% reduction). Furthermore, this saving can be 71% in the case of the 3.5 m height vernacular case study in night-time ventilated mode, which shows the effectiveness of traditional buildings considerations (Figure 11).




4. Conclusions


The main aim of designing buildings is to create a comfortable environment for residents. Currently, there is an argument that by using the passive design principals of traditional architecture, more thermal comfort can be achieved in buildings. In vernacular architecture, it was not possible to create a 100% thermal comfort zone, so the attempt was made instead to reduce the amount of dissatisfaction. Therefore, architects tried to use thick walls, high ceilings and big openings to gain more benefit from natural environments in hot summers, with spaces heated by fire in winters. However, in recent times, by using mechanical ventilation systems, achieving comfort zones is easier. Based on the results, although increasing height leads to increasing the free-run periods in traditional buildings and at the same time increasing the sense of thermal comfort, it does not affect insulated contemporary buildings. Increasing height can only increase the free-run times of uninsulated buildings. However, this increment leads to an increase in total building energy performance in all cases.



Therefore, except for a period from December to March and in the middle of May, the mechanical systems might work to create a comfort zone. Furthermore, this issue can be more beneficial in summer night-times. However, in this case, energy performance should be considered. Thus, this research proposed and analyzed different scenarios to evaluate this performance. In other words, it is demonstrated that vernacular architecture construction techniques were successful in their context and time. In the case of considering buildings that are totally naturally ventilated without using air-conditioning systems, they may be applicable. However, as peoples’ current lifestyles and expectations of their thermally comfortable environments have increased, it seems that it is not a proper solution to apply vernacular architecture constructional techniques to contemporary buildings.



To summarize, in contrast with vernacular buildings, increasing the building height does not have a significant effect on increasing free-run periods in insulated contemporary constructions. However, changing the placement of insulation layers, illustrated by the case of daytime ventilated buildings such as offices, and insulating buildings from exterior layers, increases the free-run periods, especially with height increment in mixed mode. For the remaining scenarios, middle-layer insulation is suggested. On the other hand, this height increment leads to an increase of total energy consumption between 6 and 9% in mixed-mode scenarios. However, these scenarios nonetheless save up to two times more energy in comparison with the 24 h air-conditioned buildings.



Although increasing building height facilitates reaching a thermal comfort zone in free-run periods, it increases the total energy consumption at other times. However, this energy usage can nonetheless be controlled and optimized by such considerations as insulation material placement. In this regard, in hot summers, the best placement of the insulation layer is in exterior layers. Furthermore, if the insulation material is installed in the middle of the wall, it has a better performance in winter in different functional types of buildings. Insulating the inner layer of walls provides the best performance for day-time ventilated buildings and can be proposed for office and educational buildings, which are only used in day-times. Finally, for the whole year, both inner and exterior layer insulation can be recommended for day-time ventilated buildings. For 24 h ventilated buildings such as residential buildings, insulation in the middle layer is suggested. Therefore, it can be claimed that at the present time, by changing building entities, it is not necessary to blindly repeat previous work. However, architects should design for the present with an awareness of the past. In this way, by considering new construction techniques and insulation materials, the approach to facing traditional problems may change. Currently, by developing technology, a large number of simulation programs have been produced in order to analyze building performance. However, the creation of additional modules to identify free-running periods should be a further development.
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Figure 1. Research methodology assessment. 
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Figure 2. Evaluation process. 
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Figure 3. Position of hot air layers in the environment in the upper region. 
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Figure 4. Different types of case studies’ schematic wall system details. 
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Figure 5. Different types of case studies’ schematic ceiling system details (thermal properties of labeled construction materials are presented in Table 5). 
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Figure 6. Yearly energy consumption of 2.6 m height, day-time ventilated inner layer insulated model. 
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Figure 7. Building free-run hours in different scenarios. 
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Figure 8. Building total free-run hours in different scenarios. 
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Figure 9. Building energy consumption in different scenarios. 
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Figure 10. Building energy consumption in different scenarios. 






Figure 10. Building energy consumption in different scenarios.



[image: Sustainability 11 03582 g010]







[image: Sustainability 11 03582 g011 550]





Figure 11. Energy consumption in different scenarios in comparison to the 2.6 m traditional model as the origin of evaluation. 
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Table 1. Cypriot vernacular architecture through time.
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Time Periods

	
Venetian

	
Ottoman

	
British Colonial Period

	
Contemporary




	
1192–1571

	
1571–1878

	
1878–1960

	
From 1983




	
Outdoor View
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Indoor view
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Construction materials

	
Adobe, Sandstone, Limestone, Timber

	
Sandstone, Limestone, Timber

	
Sandstone, Limestone, Timber, Concrete

	
Reinforced Concrete, Break




	
Approximate Ceiling to Ground Height

	
~5.9 m

	
~4.7–5.4 m

	
~4.1 m

	
2.6–3.5 m




	
Materials

	
Conductivity (W/m-K)

	
Specific Heat (J/kg-K)

	
Density (kg/m3)

	
Thermal Absorptance (Emissivity)

	
Thermal Diffusivity (m²/s)




	
Adobe (Soil, Earth, Common)

	
1.280

	
880

	
1460

	
0.900

	
9.9 × 10−7




	
Adobe with Straw

	
1.800

	
609

	
1640

	
0.910

	
1.8 × 10−6




	
Sandstone

	
2.320

	
710

	
2150

	
0.970

	
1.17 × 10−6




	
Limestone

	
1.280

	
909

	
2750

	
0.960

	
6.2 × 10−7




	
Timber

	
1.300

	
2500

	
850

	
0.870

	
8.2 × 10−8




	
Concretes

	
2.270

	
837.36

	
2321.40

	
0.920

	
1.2 × 10−6




	
Brick

	
0.840

	
800

	
1700

	
0.860

	
6.1 × 10−7
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Table 2. Thermal comfort parameter setting.






Table 2. Thermal comfort parameter setting.





	
Thermal Comfort Parameters Setting




	
Activity Factor

	
1.00




	
Winter Clothing

	
1.00 clo




	
Summer Clothing

	
0.50 clo




	
Heating Set-point Temperature

	
20.00 °C




	
Cooling Set-point Temperature

	
26.00 °C




	
Winter Operative Temperature Range

	
14–20 °C




	
Summer Operative Temperature Range

	
23–26 °C




	
Heating Comfort PMV Set-point

	
−0.5/−0.7




	
Cooling Comfort PMV Set-point

	
0.5/0.7




	
Indoor Air Quality Parameters Setting




	
RH Humidification Set-point

	
10.00%




	
RH Dehumidification Set-point

	
90.00%




	
Minimum Fresh Air

	
2.50 L/s-person




	
CO₂ Set-point

	
900 ppm




	
Minimum CO₂ Concentration

	
600 ppm
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Table 3. Different types of case studies’ wall materials.






Table 3. Different types of case studies’ wall materials.





	
Wall Structure




	
Traditional

	
Without Insulation

	
Inner Layer Insulated

	
Middle Layer Insulated

	
Outer Layer Insulated






	
1.5 cm Gypsum Plastering

	
1.5 cm Gypsum Plastering

	
1.5 cm Gypsum Plastering

	
1.5 cm Gypsum Plastering

	
1.5 cm Gypsum Plastering




	
12.5 cm Brickwork, Outer Leaf

	
25 cm Brickwork, Outer Leaf




	
40 cm Adobe (Soil, Earth, Common)

	
30 cm Brickwork, Outer Leaf

	
5 cm depth metal framing, R-13 Insulation, Expanded polystyrene, molded beads (Effective Insulation/Framing layers added to Above-Grade Mass walls & Below-Grade walls)




	
Framing and cavity insulation




	
Rigid foam insulation




	
Wood structural sheathing




	
Water Resistant Barrier




	
1 cm Plaster (Dense)

	
1 cm Plaster (Dense)

	
25 cm Brickwork, Outer Leaf

	
12.5 cm Brickwork, Outer Leaf

	
1 cm Plaster (Dense)




	
1 cm Plaster (Dense)

	
1 cm Plaster (Dense)
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Table 4. Different types of case studies’ ceiling materials.






Table 4. Different types of case studies’ ceiling materials.





	
Ceiling Structure




	
Traditional

	
Without Insulation

	
Inner Layer Insulated

	
Middle Layer Insulated

	
Outer Layer Insulated






	
1.5 cm Plaster (Lightweight)

	
1.5 cm Plaster (Lightweight)

	
1.5 cm Plaster (Lightweight)

	
1.5 cm Plaster (Lightweight)

	
1.5 cm Plaster (Lightweight)




	
15 cm Adobe (Soil, Earth, Common)

	
15 cm Concrete

	
5 cm Concrete

	
7.5 cm Concrete

	
10 cm Concrete




	
5 cm depth metal framing, R-13 Insulation, Expanded polystyrene, molded bead




	
5 cm Clay Tile

	
10 cm Concrete

	
7.5 cm Concrete

	
5 cm Concrete




	
3.5 cm Asphalt

	
3.5 cm Asphalt

	
3.5 cm Asphalt

	
3.5 cm Asphalt

	
3.5 cm Asphalt
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Table 5. Thermal properties of construction materials.






Table 5. Thermal properties of construction materials.





	
Materials

	
Conductivity (W/m-K)

	
Specific Heat (J/kg-K)

	
Density (kg/m3)

	
Thermal Absorptance (Emissivity)

	
Embodied Carbon (kgCO2/kg)

	
Thermal Diffusivity (m²/s)






	
1

	
Gypsum Plastering

	
0.400

	
1000

	
1000

	
0.900

	
0.38

	
4 × 10−7




	
2

	
Brick

	
0.840

	
800

	
1700

	
0.900

	
0.22

	
6.1 × 10−7




	
3

	
Insulation

	
0.355

	
1470

	
10.00

	
0.900

	
-----

	
2.4 × 10−7




	
4

	
Plaster (Dense)

	
0.500

	
1000

	
1300

	
0.900

	
0.12

	
3.8 × 10−7




	
5

	
Adobe (Soil, Earth, Common)

	
1.280

	
880

	
1460

	
0.900

	
0.02

	
9.9 × 10−7




	
6

	
Plaster (Lightweight)

	
0.160

	
1000

	
600

	
0.900

	
0.12

	
2.6 × 10−7




	
7

	
Concretes

	
2.270

	
837.36

	
2321.40

	
0.900

	
-----

	
1.2 × 10−6




	
8

	
Asphalt

	
0.700

	
1000

	
2100

	
0.900

	
0.05

	
3.3 × 10−7




	
9

	
Clay Tile

	
1.000

	
800

	
2000

	
0.900

	
0.46

	
6.2 × 10−7
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