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Abstract

:

Many factors affect energy demand, and knowing their impact is very important for being able to design a low-energy building. In this group of factors, there are those that cannot be changed and improved after the building is constructed, so taking them into account when choosing a project is important for energy savings. This group includes geometric parameters. We propose a geometric method of assessing the energy demand of a single-family house. The idea is to predict the level of energy demand by calculating the values of simple geometric parameters in the first stage of design. Based on the analysis of 30 realistically designed single-family houses, we show that the geometric indicators expressed by the base area Af, and perimeter P at a fixed building wall height h, perfectly characterize the amount of energy, both usable and final. Moreover, we show linear relationships between the nominated A/V and non-nominated EWA/FA, RCcd compactness ratios. This relationship allows one indicator to be measured with another. As a result, we show how a designer can use a simple calculated index RCcd to find out the level of energy demand.
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1. Introduction


Energy consumption by housing in EU countries in 2016 reached 25.71% of the total energy consumed in the EU; it is the second-highest sector in terms of energy consumption, after transport [1]. In the context of carbon dioxide emissions, this consumption has a significant impact on the pollution of the atmosphere [2].



The energy consumption of housing in the EU is as follows: 57% for heating (and ventilation), 25% for water heating, 7% for cooking, and 11% for lighting and household appliances [3]. In Poland, due to the harsh climate, as much as 65.1% of energy is used for heating [4,5].



There are three main groups of factors influencing energy consumption, including building characteristics, equipment and technologies, and user behavior [6]. While the last two factors can be relatively easily changed during the lifetime of a building, the first should be carefully analyzed at the design stage [7]. Design in terms of a building’s energy efficiency should be carried out in such a way as to capture the basic problems of various effective design measures [6,8].



The authors in [9] state that the energy consumption of a building is determined by six factors: climatic conditions, geometric features of the building, scope of construction services and the quality of energy systems, the operation and maintenance of the building, the style of operation and user behavior, and the quality of the microclimate. In this study, the authors specifically looked at the three human factors, which have just as important an impact as the other three factors.



The amount of energy consumed by an individual household is determined by many factors. Significant influences are: geographical location and climate; cardinal orientation; type of house and its physical and geometric features (building shape); the number, type, and capacity of household energy-consuming appliances and their duration of use, as well as the number of inhabitants [1,10,11,12]; and freedom in arranging the interior and adapting the building [13].



The authors of the work in [14] emphasized that the shape of the building envelope, its structural arrangement, surroundings, and location in relation to the surroundings, positioning in relation to cardinal directions, and the ratio of the dimensions of individual elements of the building’s partitions, are of great importance in the energy consumption of the building. Only a thorough analysis of all architectural and location conditions of the building will enable the search for a solution aimed at reducing the consumption of both types of energy (final and primary) to the assumed limits. Increasing the energy efficiency of devices and installations used is only part of the solution to the problem of energy reduction [14].



Comprehensive and interdisciplinary consideration in the energy context of all stages of the building’s lifetime, i.e., the process of design, construction, and use, will provide solutions to the problem of real life reduction in energy consumption. The decisive and important action is to determine the geometric shape of the house in the first design stage. The variation in the shape of the building (measured with appropriate indicators), with the building area assumed in advance at the initial design stage, shows how to reduce the consumption of materials and, consequently, the embodied energy [7].



In order to fully present the relationship between energy demand (both built-in and that needed for the operation of the facility in the process of its use), an analysis of energy demand should be carried out. We therefore conduct an analysis based on the designs of 30 single-family residential houses analyzed in [7].



From the very beginning, the building designer should predict to what extent the adopted first assumptions regarding the geometric shape of the building will result not only in the complexity of the structure, construction costs, and aesthetics, but also operating costs and aesthetics manifested mainly in energy demand. Therefore, there is a need to examine the relationship between the geometrical form of the solid house described by appropriate indicators and energy demand. It seems that a sensible approach is to propose to the designer simple mathematical formulas convenient for checking the relationship between the geometric shape of the building’s solid components and the energy demand at the time of adopting the outline of house. The attempts to geometrically characterize the energy demand of residential buildings can be found in the literature. In [15], we can find the discussion of several proposed geometric solid models of buildings [15], and in [16], 14 diagrams of buildings created from the same cellular network are considered. An example of the multi-criteria optimization of the shape of a selected building can be found in [17], and the analysis of seven cuboidal shapes of buildings with different A/V proportions is presented in [18]. The analysis of 54 shapes of cuboidal figures and the simulation of 12 selected shapes of the 54 is conducted in the paper of [19]. The study of several versions of the geometry of an office building, the type and area of glazing, the nature of climatic conditions, where a direct correlation was established between the indicator of the relative compactness of the solid building and the energy consumption of this building, we find in [20]. In the article by [21], energy consumption in multi-family dwellings with different form factors in Canadian cities is considered. Finally, the most interesting, comprehensive analysis of the impact of six indicators on the geometry of the building (Cf = S/V, Cs = Sswall/V, RC = 6V2/3/S, WWR = Swin/Swall, WFR = Swin/Sfloor, WSR = Swin/S) in the context of eight different climatic areas in seven European countries (hot desert, cold semi-arid, hot-summer Mediterranean, warm-summer Mediterranean, humid subtropical, oceanic, humid continental, subarctic) is examined in [22].



In the last analysis [22], the types of materials, construction solutions, thickness of insulation layers, etc., were treated individually in relation to the building performance requirements of the respective country. A total of 500 versions of building models were analyzed.



As a result of this research, in the great number of cases, a weak or very weak correlation between the values of geometric indicators and energy consumption of buildings was obtained [22]. In the opinion of the authors of the present paper, a relationship between the values of a given geometric indicator and energy consumption of buildings should be investigated assuming that:




	
The other indicators are fixed;



	
The elements (parameters related to materials, construction solutions, thickness of insulation layers, etc.) are the same for all tested buildings.








In this paper, with just such assumptions, we analyze the relationship between selected geometric indicators and energy demand in buildings. The results of the analysis are intended to explain the gap described above. The lack of the relationships mentioned in [22] gives a misleading view on the significance of the geometrical parameters of a building in the context of energy consumption. Moreover, a novelty of this work is the use of the RCcd compactness index, introduced in [23], to assess the level of energy demand at the initial stage of building design.



The architect designs an object with a given (approximately constant) base area, and the height of the external walls is also assumed in advance. The relationships RCcd, EWA/FA and RCcd, V/A are therefore linear because the ratio      4 h    4    A f        has a constant value. Thus, the RCcd ratio can be used as a measure of the values of EWA/FA and V/A ratios calculated according to Equations (7) and (8). The RCcd indicator expresses a readable measure for the designer. Namely, the index value is greater than 1 when the building plan is a rectangular non-square polygon, and equal to 1 when the building plan is square (reference building shape). If the obtained results are multiplied by 100%, we obtain the percentage deviation from the reference dimensions of the building.



In this study, which is a continuation of the article by [7], we analyze 30 single-family house catalog designs, introducing the necessary unification, including glazing, construction solutions, thickness of insulation layers, etc. As a result of simulation calculations of energy demand for individual buildings, and subsequently the correlation coefficients between the selected geometric indicators, we prove their strong dependence. Regardless of numerical analyzes and simulation tests, we derive mathematical relationships between the indicators. The ease of use of these indicators is due to the simplicity of their calculations (only the building plan and the height of the external walls are required). We propose the use of indicators that are easy to determine at the beginning of the design process, and that are intended to help the designer.



The present paper consists of four parts, and an Appendix A and a reference list. In the above, introductory section, we provided an overview of the literature on the issues of building compactness indicators. The second section is devoted to the methodology of the conducted research, divided into the following five subsections: the general characteristics of single-family houses (Section 2.1); a description of the compactness indicators used in the work and formulation of research hypotheses (Section 2.2); the general characteristics of the projects of 30 single-family houses, with the calculated values of geometric indicators and the properties of thermal insulation materials (Section 2.3); the general characteristics of 30 single-family house designs in terms of glazing size (Section 2.4); the calculation methodology for energy demand indicators and DesignBuilder validation notes (Section 2.5). The third section contains the results of calculations (simulations) made using EnergyPlus; this includes Section 3.1, which contains an overview of the calculated energy indices for individual buildings; and Section 3.2, which is devoted to the analysis of the relationship between geometric and energy indices. Section 4 provides conclusions. The Appendix A contains simplified drawings of polygons for building plans.




2. Materials and Methods


The essence of the research methodology applied here consisted of: (1) the unification of material and technological assumptions regarding the percentage of glazing of 30 real life projects on single-family residential houses; (2) the development of 3D models of analyzed buildings, taking into account the adopted modifications of window openings; (3) performing simulation calculations of energy demand using EnergyPlus software; (4) describing the relationship between the level of energy demand and the values of geometric indicators. The modification of the designs consisted in standardizing the structural layout, the type of materials used for the construction, and the percentage of glazing in the external walls of the houses. In our opinion, only such a unification of projects enables an objective comparative analysis.



2.1. Selection of a Group of Buildings for Analysis


The present article deals with single-family houses, as these constitute a significant share in all residential buildings. In 2019, more than one third (34.8%) of the EU population lived in detached houses, almost one fifth (18.5%) lived in semi-detached or terraced houses, and 46.1% lived in flats [24]. In Poland, in 2020, single-family buildings constituted 96.8% of all completed residential buildings [25]. Most of the new residential buildings were built using traditional methods [25], and were equipped with a gas boiler for heating [25]. The average usable floor area of houses in Poland was 134.4 m2 [26].



An additional argument for conducting the analysis on this group of buildings is the possibility of erecting small single-family buildings without the need to obtain a building permit, enforced in Polish law from January 2022 [27]. Such buildings should be one-story, without a basement, and with an unoccupied attic.



To carry out the analysis, it was decided that the houses will be located in the city of Białystok in northeastern Poland, i.e., under the conditions of a temperate continental climate according to the Köppen–Geiger climate classification system [28]. The geographic coordinates of the selected city are longitude 23.17° and latitude 53.1°.




2.2. Definitions of Geometric Indicators and Research Hypoteses


In a previous article [7], definitions of indicators were provided. Assuming that Af is the area of the plan of a house, P is the perimeter of the plan of a house, and h is the height of the external wall:


  EWA / FA =   Ph    A f    ,  



(1)




then expressing the ratio of external wall area to floor area;


   RC cd  =      2 A   f  + Ph      2 A   f  + 4    A f    h   ,  



(2)




which is the relative compactness indicator with respect to a cuboid;


  A / V =   Ph + 2  A f     A f  · h   ,  



(3)




and, finally, expressing the quotient of the total area (in terms of external walls) and the volume of the solid building.



The commonly used A/V ratio has the disadvantage that it is not a dimensionless quantity, and depends on the measurement unit adopted. It turns out that at a constant height h of a building, we have a direct linear relationship between A/V and EWA/FA. Namely, from Equation (3), we have a simple relationship:


  A / V =  P   A f    +  2 h  .  



(4)







However, from Equation (1) it can be seen that EWA/FA is a function of the quotient    P   A f     , such that:


  EWA / FA =  P   A f    · h ,  



(5)







Finally, with constant h, a linear relationship is obtained:


   A / V =  1 h    · ( EWA / FA ) +  2 h  .   



(6)







The indicators (1) and (3) are linearly dependent. Assuming that we are considering buildings with a constant base area Af, a linear relationship between EWA/FA and RCcd is obtained, namely:


   RC cd  =   2    A f      2    A f    + 4 h   +      A f      2    A f    + 4 h     E W A / F A   ,  



(7)







Consequently, from Equations (6) and (7), we can determine the dependency between RCcd and A/V:


   RC cd  =      A f    · h   2    A f    + 4 h     A / V   ,  



(8)




and from this, we make the following hypotheses:



Hypothesis 1 (H1). 

Between the geometrical indicators EWA/FA, A/V, and RCcd, the definitions of which are given above, and the demand for useful energy (HOI—indicator of annual demand for utility energy for heating, and OEI—indicator of annual demand for utility energy, taking into account not only heating, but also the preparation of domestic hot water), and finally, HFI (indicator of the annual demand for final energy for heating) and FEI (indicator of the annual demand for final energy, taking into account not only heating, but also the preparation of domestic hot water and the operation of electrical devices) of a single-family house, there is a significant correlation.





Hypothesis 2 (H2).

Assuming that the built-up (building base) areas of single-family houses are equal (in practice: similar), the indicators (RCcd and HOI, RCcd and OEI, RCcd and HFI, RCcd and FEI) are strongly correlated.






2.3. Selected Designs of Single-Family Houses—The General Characteristics


In this article, we discuss the design class of 30 single-family houses. These are single-story, detached houses with a multi-slope roof, and with a range of 112–170 m2 of usable area.



Schematic plans of the buildings with cardinal directions are shown in Figure A1 and Figure A2 of the Appendix A. We have marked the collection of 30 single-family houses as H1, H2, …, H30; similar to [7], in which these projects were used for analysis in terms of construction costs. Basic geometrical parameters (usable heated area Ah, shape factors A/V and EWA/FA, as well as compactness indicator RCcd) of the analyzed buildings are presented in Table 1a,b.



The present article assumes that parameters related to materials, construction solutions, thickness of insulation layers, etc., are the same for all tested buildings, and typical for current Polish conditions. The thermal properties of materials of the building components are provided in Table 2.



The types of materials listed in Table 2 and their thicknesses were adopted based on catalog projects. Thermal transmittance coefficients of the building envelope were the following: external walls, 0.162 W/(m2·K); celling under an unoccupied attic, 0.143 W/(m2·K); pitched roof under over unoccupied attic, 0.195 W/(m2·K); floor on the ground, 0.243 W/(m2·K). The values of this coefficient met the current requirements for new buildings in Poland [29]. In the case of the ceiling under the unheated attic, the thermal transmittance coefficients turned out to be 5% lower than the maximum permissible value, and in the cases of the external walls and the floor on the ground, this difference was almost 20%.



In addition, painted wooden windows with the coefficients 0.474 (solar heat gain coefficient) and 0.661 (radiation transmittance coefficient) were adopted. Thermal transmittance coefficients were as follows: glass, 0.780 W/(m2·K); frames, 0.881 W/(m2·K); external door, 1.157 W/(m2·K).



The linear thermal transmittances of the thermal bridges, modeled using THERM 6.3 software [30], were the following: roof–wall junction Ψ = 0.017 W/(m∙K); wall–ground floor junctions Ψ = 0.048 W/(m∙K); wall–wall (corner) Ψ = −0.076 W/(m∙K); and wall–window junction Ψ = 0.025 W/(m∙K).



It was assumed, in accordance with the catalog projects, that the buildings had a natural ventilation system, similar to the majority of currently constructed single-family houses in Poland.




2.4. Detailed Assumptions Regarding the Glazing Size in Analyzed Buildings


We conducted our research study on the same H1–H30 buildings (Figure A1 and Figure A2), the catalog designs of which were analyzed in [7], but in a different aspect. In order to achieve the aim set in this article, we made a few additional restrictions, which later allowed us to objectively compare the energy demand of 30 objects in light of changes in their geometric features.



According to Pacheto et al., among the parameters of residential buildings, shape, glazing, and orientation have the greatest impact on reducing energy demand [31]. Goia investigated the optimal window-to-wall ratio (WWR) in office buildings, and its impact on energy savings [32]. Therefore, in order to reliably compare buildings of different shapes, one should pay attention to the relationship between the building’s glazing (the amount of glazing per façade) and its geographical orientation.



In order to assure the homogeneity of the building’s glazing system, we assumed that the ratio of the glazing area to the floor area (referred to in this paper as building area) is constant, and amounts to 0.15 (the minimum in Polish standards is 1/8, i.e., 0.125). According to the actual design assumptions of the H1–H30 buildings, this coefficient is between 0.18 (project H17) and 0.33 (project H17), and on average amounts to 0.25.



We designed the location in such a way that most of the glazed area is on the S side, on average, on the E and W sides, and the least of it on the N side. In particular, we assumed that:




	
The window-to-wall ratio is constant for a given façade in all buildings in the collection H1–H30;



	
Specific window-to-wall ratios are assigned to the different directions of a compass: E—22%, S—40%, W—30%, N—8%;



	
There is a constant ratio of the height (hw) to the width (w) of the window;



	
The windows are single-leaf, three in all directions except the northern N, where we have provided one window.








The calculated glazing areas for the considered buildings are presented in Table 3, where Aw represents the window opening area of the building in a given façade (E, S, W, N).



Assuming the value of k is:


  k =    h w   w  ,  








where hw is window height, w is window width, and n is the number of windows. With k set to 1.2, the window dimensions hw and w are obtained from the following system of equations:


hw = k·w,



(9)






n·w·hw = Aw,



(10)







Substituting for hw from Equation (9) into Equation (10) we get:


n·k·w2 = Aw,



(11)




and subsequently determine the value of w, as follows:


  w =      A w    n · k     .  



(12)







Applying k = 1.2, n = 3 for the E, S, W directions, and n = 1 for the N direction, following the Equations (9)–(12), we obtain the dimensions of windows at particular elevations (Table 4).



After the window dimensions were unified in the analyzed catalog building designs, models of all buildings were made using DesignBuilder (version 6.1.7.007), developed by the DesignBuilder Software in Stroud, Gloucestershire, UK. [33]. The visualization of four exemplary buildings is shown in Figure 1.



For the calculations, we assumed that buildings had a roof and a base adjusted to the outline (four- or multi-slope).




2.5. Methodology for Calculating Energy Demand, Program Validation, and Calculation Assumptions


The DesignBuilder program [33] version 6.1.7.007 was also utilized to perform the energy simulations. It is based on a calculation engine EnergyPlus. When dealing with buildings at the design stage, it is not recommended, or even possible, to perform real life interventions for research purposes; therefore, only numerical simulations were used in this study to examine the influence of geometrical parameters on energy demand. DesignBuilder has been validated in various studies [34,35,36,37,38] and, additionally, was approved by LEED and meets the Performance Rating Method requirements of the ASHRAE standards [39]. The validation of the simulation results produced with DesignBuilder software in terms of annual energy consumption showed very low levels of error: up to 1.6% [34] or 3.17% [39].



The basis of the method adopted for the determination of heat and mass transport is the formulation of energy and moisture balances in a separate zone of the building, and solving the obtained ordinary differential equations. Heat transport through building partitions is calculated based on the CTF (Conduction Transfer Function). Heat gains from solar radiation through glazed partitions are determined taking into account direct, diffuse, and reflected solar radiation.



We provide the calculation scheme of EnergyPlus™ version 9.3.0 documentation, the basis of which is the differential equation [40]:


   C z    d  T z    d t   =   ∑   i = 1    N  s l       Q ˙  i  +   ∑   i = 1    N  s u r f a c e s      h i   A i  (  T  s i   −  T z  ) +   ∑   i = 1    N  z o n e s       m ˙  i   C p  (  T  z i   −  T z  ) +   m ˙   inf    C p     T ∞  −  T z    +   Q ˙   s y s    



(13)




the parameters of this equation are as follows:




	
    ∑   i = 1    N  s l       Q ˙  i    = totalized loads of internal convection;



	
    ∑   i = 1    N  s u r f a c e s      h i   A i    (Tsi − Tz) = convective heat dissipation from the zone surfaces;



	
    ∑   i = 1    N  z o n e s       m ˙  i   C p    (Tzi − Tz) = heat exchange as a result of inter-zone air mixing;



	
    m ˙  inf   C p    (T∞ − Tz) = heat exchange as a result of infiltration of external air;



	
    Q ˙   s y s     = output of air systems;



	
   C z    d  T z    d t   =   energy hidden in the air zone;



	
Cz =    ρ  a i r    C p   C T   ;



	
   ρ  a i r     = density of zone air;



	
Cp = specific heat of zone air;



	
CT = multiplier of sensible heat capacity [40].








In the calculations, we did not divide the building into rooms, as this would be an additional differentiation between the buildings, and would disturb the homogeneity of the examined objects. We were only interested in differentiating the shape of the building enclosure. We therefore divided the building simply into the ground floor (heated) and the unheated attic. We adopted the hourly balance methods in the calculations. Standard annual meteorological data for Bialystok (Poland) station. We used the search function ‘Weather Data by Location’ [41] in EnergyPlus.



The following assumptions were made for the calculations: the temperature during the heating season is 20 °C, natural ventilation (air exchange) was determined at 0.5 ac/h, all parameters and usage profiles of the building are constant, and only the shape of the building changes.



Occupancy schedules and heat loads in accordance with NCM (National Calculation Method) were applied.



Other assumptions for the calculations include:




	
The average efficiency of the heating system is 0.77 (as a heat source, a gas condensing boiler, and a plate radiator system);



	
There is no building cooling system;



	
The consumption rate of domestic hot water is 1.4 L/(m2day), mains supply temperature is 10 °C, delivery temperature is 55 °C;



	
The average efficiency of the hot water preparation system is 0.43.










3. Results and Discussion


As a result of the calculations (simulations) carried out (using the DesignBuilder program), we obtained the usable and final energy values for individual buildings (Table 5).



3.1. Analysis of Energy Indicators


The HOI energy indices obtained as a result of the simulation, which mainly depends on the thermal quality of the building envelope, the ventilation system, and climatic conditions, ranged from 51.59 kWh/(m2 year) to 56.85 kWh/(m2 year). There are no requirements for an HOI indicator in Polish law. Comparing the obtained results for the group of buildings analyzed in this article with other simulation results for conventional single-family houses (with natural ventilation systems) located in conditions of moderate continental climate [42], similar results were obtained. The thermal quality of the analyzed buildings, expressed by the HOI indicator, was also compared with the levels of indexes required by the Polish energy-saving NF40, NF15 standards [43] and passive standard [44]. The analyzed buildings turned out to be 29–42% worse than the NF40 standard, and more than two times worse than the NF15 and passive standards.



The obtained HFI indicators, referring to the amount of energy supplied to the building as electricity or heat, or as fuel processed for the needs of heating installations (in this case gas), ranged from 67.00 kWh/(m2 year) to 73.83 kWh/(m2 year). The amount of final energy is higher than the amount of usable energy, which results from the energy losses of the building on the way from the place of energy supply to the place of its use (losses related to the efficiency of production systems, transmission, storage, and use of heat). However, these values of final energy are important as they determine the cost of heating and are responsible for pollutant emissions related to heating buildings.




3.2. Analysis of the Dependence of Indicators


We will now discuss the results. The research hypothesis based on the supposition that there are strong linear dependencies between the values of the parameters EWA/FA and OEI, A/V, and OEI, and similarly between EWA/FA and FEI, and A/V and FEI. For this purpose, we performed a regression analysis. Selected results of the analysis are presented in charts (Figure 2, Figure 3, Figure 4, Figure 5, Figure 6 and Figure 7). Indeed, strong linear relationships confirm the research hypothesis that by reducing the EWA/FA parameter, we reduce the size of OEI energy demand (Figure 2). Similarly, a reduction in the OEI size was obtained as a result of the reduction in the A/V parameter (Figure 3); this is not surprising, because with the adopted assumption h = const, we proved a direct mathematical relationship (6). The confirmation of this fact was also obtained as a result of our calculations, where the coefficient of determination R2 = 1 (Figure 4).



The calculation results obtained with DesignBuilder in relation to the fit of the regression lines for EWA/FA and A/V to the final energy demand of FEI are almost identical. The determination coefficient R2 even turned out to be the same (Figure 5). For obvious reasons, due to the nature of the concepts of operational energy and final energy, the OEI and FEI values are respectively different (Table 5). As we have already said, the EWA/FA and A/V parameters have the disadvantage that their values for the reference building, which is a square with a square base (square with side a) and height h, are, respectively,     4 h  a   , and    4 a    +    2 h   , and depend on the value of a. Thus, it is not possible to unequivocally establish a meaningful comparative threshold. The relative compactness index RCcd does not have this disadvantage. Its value for the reference solid is 1, while the value for any prism other than a cuboid is greater than 1. The indicator has another disadvantage, namely, it depends on the base area (building development area). Hence, in the discussed case study of 30 single-family houses with highly dispersed building area values, ranging from 134.41 m2 to 198.51 m2, we observed no correlation between RCcd and OEI, with R2 = 0.2123 (row 1 in Table 1 and row 8 in Table 5; Figure 6). However, the relationship between RCcd and OEI (R2 = 0.9728) appears relatively strong for buildings with a small spread of the built-up area, ranging from 161.17 m2 to 167.03 m2 (line 1 in Table 1 and line 8 in Table 5; Figure 7).



For example, let us assume that the building base area is fixed. In practice, this means that the architect intends to design a house with a predetermined building base area. Thus, the variants of the base polygon shape analyzed by the architect always have an area close to a predetermined size, e.g., 125 m2. As such, according to Equations (7) and (8), and the commentary following these formulas, the relative compactness index RCcd measures the OEI and FEI values very well. Figure 6 is a very good illustration of this measure, despite the relatively large span of the areas. (167.03 m2 − 161.17 m2 = 5.86 m2).



The low correlation coefficient between the indicators in the interval with too large a span (Figure 6), and the high correlation coefficient in the interval with a short span (Figure 7) provide a good explanation for the lack of correlation in paper [22] between the values of geometric indicators and the energy consumption of buildings. This means that the study of randomly selected buildings, where the range of various parameters is quite large, is doomed to failure. Therefore, in this study, the unification of many parameters was adopted to test only a select few.



Among the analyzed parameters EWA/FA, A/V, and RCcd, the RCcd index is the best measure of energy demand because it has a direct reference to the reference solid, which is a cuboid. Moreover, the RCcd index with values greater than or equal to one simply reflects the deviation of the shape of a building from the optimal value, which is 1. This deviation can be easily expressed in percentage points by multiplying the obtained value by 100. This gives the designer the ability to easily evaluate the adopted design concept in terms of energy demand.



The compliance of the discussed parameters with the energy demand is even easier to obtain if we use the correlation coefficient for the comparison. The indicators describing energy demand for the studied buildings, determined with the use of the DesignBuilder program (EnergyPlus), have now been compared with the shape indicators (EWA/FA and A/V) using the concept of correlation. We have included the results in Table 6. As you can see, the correlations 1 and 5; 2 and 6; 3 and 7; and 4 and 8 are identical. This is (of course) due to the fact that the EWA/FA and A/V parameters are linearly dependent (see (6), Figure 3). This proves the strong correlation of these indicators (see Figure 1, Figure 2, Figure 3 and Figure 4 and Table 7), which in turn proves the correctness of hypothesis 1.



According to Formula (8), assuming that h = const, we obtain identical relationships for cor(A/V, HOI), cor(A/V, OEI), cor(A/V, HFI), and cor(A/V, FEI).



This is an unexpected result, as the A/V (m−1) ratio, which depends on the adopted measurement units, so far considered imperfect, in this case fulfills its function well.



The disadvantage of the A/V ratio is still the lack of a natural, readable reference value.



The Af values (built-up areas) of buildings H12–H17 are close to each other, hence the correlations in the second column of Table 6 are high. This proves the strong correlation of these indicators (Figure 6 and Table 6), which in turn proves the correctness of Hypothesis 2.



Assuming that A = const (this is the case when the architect is looking for the shape of a building with a predetermined building area), on the basis of (12), the effective use of the indicator A/V is possible only with the natural RCcd indicator. The natural reference value of the RCcd indicator is 1.



Referring again to article [22], in the context of the research carried out in this paper, we believe that the impact of each indicator on energy demand should be analyzed while treating the others as constant. Then the test results will be more reliable.



An ideal confirmation of the research carried out in the present study would be to examine the actual energy consumption in several dozen built, inhabited, and operated buildings that are properly designed (the same building base area, different shapes of the building contour, the same materials and technologies used in the construction). This is an interesting problem to be solved in the future.





4. Conclusions


The present article contains research, unprecedented in the literature, carried out on a set of real life single-family house designs, slightly modified in terms of the conducted research. Therefore, our results should be considered extremely reliable. Assuming a constant building area and building height, linear relationships between the indicators EWA/FA and A/V and between RCcd and EWA/FA were derived. These results have interesting consequences in terms of the energy demand of a single-family house.



The geometric form of the house, expressed by the building compactness indicators presented in this paper, has an essential impact on the energy demand. The strong correlation between EWA/FA and A/V indicators and energy demand, obtained on the basis of the collection of actual construction projects, allows one to predict energy demand at the first stage of design.



RCcd is the best measure of energy demand because it has a direct reference to a cuboid building shape, and its value simply reflects the deviation of the building shape from the optimal value, which is 1. This deviation can be easily expressed in percentage points, which makes it easier for the designer to make a decision regarding the project concept in terms of energy demand.



The proposed system of EWA/FA, A/V, and RCcd indicators will be useful for the designer while optimizing the geometric form of a single-family house in terms of reducing energy demand. During the initial shaping of the building form with the assumed building area, the architect should choose the version of the RCcd indicator with the lowest value from among many attempts.



It is worth including the proposed system of EWA/FA, A/V, and RCcd indicators in the BIM description of the building. It is, in a way, a geometric building code, important in an operational aspect.



In fact, among the existing single-family houses, it is difficult to find buildings with the same built-up area, built with the same technology, located in the same climatic zone, with the same WWR ratio, etc. However, it would be valuable to confirm the results of the research presented in this paper with reference to real life single-family houses. This work is an excellent methodological study for conducting such research.
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Symbols and Abbreviations




	Symbol
	Abbreviation
	Unit



	Ah
	usable heated area of building
	m2



	Af
	base area of building
	m2



	P
	perimeter of the plan of building
	m



	h
	height of external wall
	m



	A
	total area of building
	m2



	Aw
	window opening area
	m2



	hw
	window height
	m



	w
	window width
	m



	k
	the ratio of hw and w
	-



	n
	number of windows
	-



	    c z    
	heat capacity of the zone
	J/K



	    T z    
	zone air temperature
	°C



	t
	time
	s



	Nl
	number of internal loads
	-



	      Q i   ˙    
	internal load
	W



	Ns
	number of zone surfaces
	-



	hi
	convective heat transfer coefficient
	W/(m2·K)



	Ai
	area of zone surface
	m2



	Tsi
	temperature of zone surface
	°C



	     m ˙  i    
	inter-zone mass flow rate
	kg/s



	cp
	air specific heat
	J/(kg·K)



	Tsi
	temperature of zone surface
	°C



	Nz
	number of adjacent zones
	-



	Tzi
	temperature of adjacent zone
	°C



	     m ˙   i n f     
	infiltration mass flow rate
	kg/s



	Tamb
	ambient air temperature
	°C



	     m ˙   s y s     
	HVAC system mass flow rate
	kg/s



	Ts
	supply air temperature
	°C
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Figure A1. Building plans of the H1–H15 collection with cardinal directions. 
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Figure A2. Building plans of the H16–H30 collection with cardinal directions. 






Figure A2. Building plans of the H16–H30 collection with cardinal directions.
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Figure 1. Visualization of example buildings: (a) H3; (b) H13; (c) H19; (d) H29. 
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Figure 2. High degree of regression line fit as an approximation of the linear dependence of the OEI dependent variable on the independent EWA/FA variable. 
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Figure 3. High degree of regression line fit as an approximation of the linear dependence of the OEI dependent variable on the independent A/V variable. 
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Figure 4. Perfect fit of the regression line for EWA/FA and A/V parameters as an illustration of their mutual linear relationship (6). 
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Figure 5. High degree of regression line fit as an approximation of the linear dependence of the FEI dependent variable on the independent EWA/FA variable. 
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Figure 6. Weak correlation between RCcd and OEI in the case study of 30 single-family houses with highly dispersed building base area values ranging from 134.41 m2 to 198.51 m2. 
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Figure 7. The relative compactness index RCcd measures the size of OEI very well. 
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Table 1. (a) Basic geometrical parameters of the buildings H1–H15 [7]. (b) Basic geometrical parameters of the buildings H16–H30 [7].
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(a)




	
Parameter

	
Unit

	
Building Number




	
H1

	
H2

	
H3

	
H4

	
H5

	
H6

	
H7

	
H8

	
H9

	
H10

	
H11

	
H12

	
H13

	
H14

	
H15




	
Ah

	
m2

	
112.28

	
115.06

	
121.74

	
121.64

	
123.32

	
122.67

	
127.84

	
130.99

	
132.62

	
134.85

	
136.94

	
138.49

	
136.37

	
137.23

	
138.98




	
A/V

	
m−1

	
1.12

	
1.11

	
1.09

	
1.10

	
1.10

	
1.15

	
1.07

	
1.10

	
1.08

	
1.07

	
1.07

	
1.06

	
1.10

	
1.10

	
1.09




	
EWA/FA

	
-

	
1.02

	
0.99

	
0.95

	
0.96

	
0.96

	
1.10

	
0.90

	
0.97

	
0.92

	
0.89

	
0.89

	
0.87

	
0.98

	
0.98

	
0.94




	
RCcd

	
-

	
1.032

	
1.023

	
1.018

	
1.022

	
1.024

	
1.073

	
1.004

	
1.036

	
1.020

	
1.011

	
1.011

	
1.008

	
1.046

	
1.048

	
1.033




	
(b)




	
Parameter

	
Unit

	
Building Number




	
H16

	
H17

	
H18

	
H19

	
H20

	
H21

	
H22

	
H23

	
H24

	
H25

	
H26

	
H27

	
H28

	
H29

	
H30




	
Ah

	
m2

	
141.58

	
142.55

	
142.31

	
148.09

	
152.19

	
152.12

	
154.08

	
155.41

	
156.58

	
157.57

	
156.22

	
158.53

	
160.76

	
167.83

	
169.98




	
A/V

	
m−1

	
1.08

	
1.08

	
1.09

	
1.07

	
1.06

	
1.06

	
1.07

	
1.07

	
1.07

	
1.06

	
1.08

	
1.06

	
1.08

	
1.08

	
1.07




	
EWA/FA

	
-

	
0.92

	
0.91

	
0.95

	
0.88

	
0.85

	
0.87

	
0.90

	
0.89

	
0.88

	
0.85

	
0.91

	
0.87

	
0.91

	
0.93

	
0.89




	
RCcd

	
-

	
1.031

	
1.026

	
1.042

	
1.021

	
1.013

	
1.021

	
1.034

	
1.030

	
1.029

	
1.020

	
1.040

	
1.027

	
1.044

	
1.058

	
1.043
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Table 2. Thermal properties of materials of components in the buildings being studied.
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Material Layers

	
Thickness (m)

	
Thermal Conductivity (W/m K)

	
Density (kg/m3)






	
External walls

	
EPS Expanded polystyrene

	
0.20

	
0.04

	
15




	
Aerated concrete block

	
0.24

	
0.24

	
750




	
Plastering

	
0.01

	
0.82

	
1680




	
Celling under an unoccupied attic

	
Mineral wool

	
0.24

	
0.036

	
99




	
Reinforced concrete slab

	
0.15

	
1.70

	
2200




	
Plastering

	
0.01

	
0.82

	
1680




	
Pitched roof—unoccupied attic

	
Clay tile—roofing

	
0.025

	
1.00

	
2000




	
Mineral wool

	
0.24

	
0.036

	
99




	
Plasterboard

	
0.025

	
0.25

	
2800




	
Floor on the ground

	
Floor screed

	
0.05

	
0.41

	
1200




	
EPS Expanded polystyrene

	
0.15

	
0.04

	
15




	
Cast concrete

	
0.10

	
1.13

	
2000
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Table 3. (a) Determination of the glazing area of the walls of individual façades of buildings H1–H15. (b) Determination of the glazing area of the walls of individual façades of buildings H16–H30.
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(a)




	
Areas [m2]

	
Building Number




	
H1

	
H2

	
H3

	
H4

	
H5

	
H6

	
H7

	
H8

	
H9

	
H10

	
H11

	
H12

	
H13

	
H14

	
H15




	
Base area (Af)

	
134.41

	
136.84

	
143.79

	
143.96

	
145.91

	
149.08

	
149.35

	
155.29

	
155.79

	
157.44

	
159.74

	
161.17

	
162.02

	
163.15

	
163.73




	
Total glazing area

(0.15 Af)

	
20.16

	
20.53

	
21.57

	
21.59

	
21.89

	
22.36

	
22.40

	
23.29

	
23.37

	
23.62

	
23.96

	
24.18

	
24.30

	
24.47

	
24.56




	
Window opening area (Aw)

of individual façades

	
E

	
4.44

	
4.52

	
4.75

	
4.75

	
4.82

	
4.92

	
4.93

	
5.12

	
5.14

	
5.20

	
5.27

	
5.32

	
5.35

	
5.38

	
5.40




	
S

	
8.06

	
8.21

	
8.63

	
8.64

	
8.75

	
8.94

	
8.96

	
9.32

	
9.35

	
9.45

	
9.58

	
9.67

	
9.72

	
9.79

	
9.82




	
W

	
6.05

	
6.16

	
6.47

	
6.48

	
6.57

	
6.71

	
6.72

	
6.99

	
7.01

	
7.08

	
7.19

	
7.25

	
7.29

	
7.34

	
7.37




	
N

	
1.61

	
1.64

	
1.73

	
1.73

	
1.75

	
1.79

	
1.79

	
1.86

	
1.87

	
1.89

	
1.92

	
1.93

	
1.94

	
1.96

	
1.96




	
(b)




	
Areas [m2]

	
Building Number




	
H16

	
H17

	
H18

	
H19

	
H20

	
H21

	
H22

	
H23

	
H24

	
H25

	
H26

	
H27

	
H28

	
H29

	
H30




	
Base area (Af)

	
166.42

	
167.03

	
168.19

	
172.66

	
176.40

	
176.96

	
180.27

	
181.42

	
182.59

	
182.78

	
183.22

	
184.45

	
188.48

	
197.62

	
198.51




	
Total glazing area (0.15 Af)

	
24.96

	
25.05

	
25.23

	
25.90

	
26.46

	
26.54

	
27.04

	
27.21

	
27.39

	
27.42

	
27.48

	
27.67

	
28.27

	
29.64

	
29.78




	
Window opening area (Aw)

of individual façades

	
E

	
5.49

	
5.51

	
5.55

	
5.70

	
5.82

	
5.84

	
5.95

	
5.99

	
6.03

	
6.03

	
6.05

	
6.09

	
6.22

	
6.52

	
6.55




	
S

	
9.99

	
10.02

	
10.09

	
10.36

	
10.58

	
10.62

	
10.82

	
10.89

	
10.96

	
10.97

	
10.99

	
11.07

	
11.31

	
11.86

	
11.91




	
W

	
7.49

	
7.52

	
7.57

	
7.77

	
7.94

	
7.96

	
8.11

	
8.16

	
8.22

	
8.23

	
8.24

	
8.30

	
8.48

	
8.89

	
8.93




	
N

	
2.00

	
2.00

	
2.02

	
2.07

	
2.12

	
2.12

	
2.16

	
2.18

	
2.19

	
2.19

	
2.20

	
2.21

	
2.26

	
2.37

	
2.38
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Table 4. (a) Dimensions of the windows on the individual façades of buildings H1–H15. (b) Dimensions of the windows on the individual façades of buildings H16–H30.
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(a)




	
Dimension of the Windows of Individual Façades (m)

	
Building Number




	
H1

	
H2

	
H3

	
H4

	
H5

	
H6

	
H7

	
H8

	
H9

	
H10

	
H11

	
H12

	
H13

	
H14

	
H15




	
E façade

	
hw

	
1.11

	
1.12

	
1.15

	
1.15

	
1.16

	
1.17

	
1.17

	
1.19

	
1.20

	
1.20

	
1.21

	
1.22

	
1.22

	
1.22

	
1.23




	
w

	
1.33

	
1.34

	
1.38

	
1.38

	
1.39

	
1.40

	
1.40

	
1.43

	
1.43

	
1.44

	
1.45

	
1.46

	
1.46

	
1.47

	
1.47




	
S façade

	
hw

	
1.50

	
1.51

	
1.55

	
1.55

	
1.56

	
1.58

	
1.58

	
1.61

	
1.61

	
1.62

	
1.63

	
1.64

	
1.64

	
1.65

	
1.65




	
w

	
1.80

	
1.81

	
1.86

	
1.86

	
1.87

	
1.89

	
1.89

	
1.93

	
1.93

	
1.94

	
1.96

	
1.97

	
1.97

	
1.98

	
1.98




	
W façade

	
hw

	
1.30

	
1.31

	
1.34

	
1.34

	
1.35

	
1.37

	
1.37

	
1.39

	
1.40

	
1.40

	
1.41

	
1.42

	
1.42

	
1.43

	
1.43




	
w

	
1.56

	
1.57

	
1.61

	
1.61

	
1.62

	
1.64

	
1.64

	
1.67

	
1.67

	
1.68

	
1.70

	
1.70

	
1.71

	
1.71

	
1.72




	
N façade

	
hw

	
1.16

	
1.17

	
1.20

	
1.20

	
1.21

	
1.22

	
1.22

	
1.25

	
1.25

	
1.25

	
1.26

	
1.27

	
1.27

	
1.28

	
1.28




	
w

	
1.39

	
1.40

	
1.44

	
1.44

	
1.45

	
1.47

	
1.47

	
1.50

	
1.50

	
1.51

	
1.52

	
1.52

	
1.53

	
1.53

	
1.54




	
(b)




	
Dimension of the Windows of Individual Façades (m)

	
Building Number




	
H16

	
H17

	
H18

	
H19

	
H20

	
H21

	
H22

	
H23

	
H24

	
H25

	
H26

	
H27

	
H28

	
H29

	
H30




	
E façade

	
hw

	
1.24

	
1.24

	
1.24

	
1.26

	
1.27

	
1.27

	
1.29

	
1.29

	
1.29

	
1.29

	
1.30

	
1.30

	
1.31

	
1.35

	
1.35




	
w

	
1.48

	
1.48

	
1.49

	
1.51

	
1.53

	
1.53

	
1.54

	
1.55

	
1.55

	
1.55

	
1.56

	
1.56

	
1.58

	
1.62

	
1.62




	
S façade

	
hw

	
1.67

	
1.67

	
1.67

	
1.70

	
1.71

	
1.72

	
1.73

	
1.74

	
1.74

	
1.75

	
1.75

	
1.75

	
1.77

	
1.81

	
1.82




	
w

	
2.00

	
2.00

	
2.01

	
2.04

	
2.06

	
2.06

	
2.08

	
2.09

	
2.09

	
2.09

	
2.10

	
2.10

	
2.13

	
2.18

	
2.18




	
W façade

	
hw

	
1.44

	
1.44

	
1.45

	
1.47

	
1.48

	
1.49

	
1.50

	
1.51

	
1.51

	
1.51

	
1.51

	
1.52

	
1.53

	
1.57

	
1.58




	
w

	
1.73

	
1.73

	
1.74

	
1.76

	
1.78

	
1.78

	
1.80

	
1.81

	
1.81

	
1.81

	
1.82

	
1.82

	
1.84

	
1.89

	
1.89




	
N façade

	
hw

	
1.29

	
1.29

	
1.30

	
1.31

	
1.33

	
1.33

	
1.34

	
1.35

	
1.35

	
1.35

	
1.35

	
1.36

	
1.37

	
1.41

	
1.41




	
w

	
1.55

	
1.55

	
1.56

	
1.58

	
1.59

	
1.60

	
1.61

	
1.62

	
1.62

	
1.62

	
1.62

	
1.63

	
1.65

	
1.69

	
1.69
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Table 5. Usable and final energy demand for buildings H1–H15. End use (kWh/year): (1) heating; (2) DHW; (3) sum total (OE), (4) usable heated area Ah (m2); (5) shape factor A/V (m−1); Operational Energy Indicators (utility use per conditioned floor area (kWh/m2·year): (6) heating (gas), EUH (HOI); (7) DHW (gas), EUW; (8) sum total (OEI). Final use (kWh/year): (9) heating (gas); (10) DHW (gas); (11) auxiliary equipment (electricity); (12) room appliances (electricity); (13) sum total (FE) (kWhyear); Final Energy Indicators: (kWh/m2·year): (14) heating (gas) (HFI); (15) DHW (gas); (16) auxiliary equipment (electricity); (17) room appliances (electricity); (18) sum total (FEI); (19) shape factor EWA/FA; (20) compactness indicator RCcd. (a) values for buildings H1–H15 (b) values for buildings H16–H30.
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(a)




	

	
Building Number




	
H1

	
H2

	
H3

	
H4

	
H5

	
H6

	
H7

	
H8

	
H9

	
H10

	
H11

	
H12

	
H13

	
H14

	
H15




	
1

	
6223.47

	
6300.67

	
6567.16

	
6546.40

	
6630.77

	
6974.10

	
6802.19

	
7062.08

	
7083.25

	
7146.96

	
7240.44

	
7215.11

	
7405.89

	
7447.18

	
7445.68




	
2

	
2015.37

	
2065.31

	
2185.17

	
2183.36

	
2213.53

	
2201.85

	
2294.62

	
2351.15

	
2380.35

	
2420.45

	
2457.93

	
2485.75

	
2447.69

	
2463.20

	
2494.58




	
3

	
8238.84

	
8365.98

	
8752.33

	
8729.76

	
8844.30

	
9175.95

	
9096.81

	
9413.23

	
9463.60

	
9567.41

	
9698.37

	
9700.86

	
9853.58

	
9910.38

	
9940.26




	
4

	
112.28

	
115.06

	
121.74

	
121.64

	
123.32

	
122.67

	
127.84

	
130.99

	
132.62

	
134.85

	
136.94

	
138.49

	
136.37

	
137.23

	
138.98




	
5

	
1.12

	
1.11

	
1.09

	
1.10

	
1.10

	
1.15

	
1.07

	
1.10

	
1.08

	
1.07

	
1.07

	
1.06

	
1.10

	
1.10

	
1.09




	
6

	
55.43

	
54.76

	
53.94

	
53.82

	
53.77

	
56.85

	
53.21

	
53.91

	
53.41

	
53.00

	
52.87

	
52.10

	
54.31

	
54.27

	
53.57




	
7

	
17.95

	
17.95

	
17.95

	
17.95

	
17.95

	
17.95

	
17.95

	
17.95

	
17.95

	
17.95

	
17.95

	
17.95

	
17.95

	
17.95

	
17.95




	
8

	
73.38

	
72.71

	
71.89

	
71.77

	
71.72

	
74.80

	
71.16

	
71.86

	
71.36

	
70.95

	
70.82

	
70.05

	
72.26

	
72.22

	
71.52




	
9

	
8082.43

	
8182.69

	
8528.78

	
8501.82

	
8611.39

	
9057.27

	
8834.01

	
9171.53

	
9199.03

	
9281.77

	
9403.17

	
9370.27

	
9618.04

	
9671.66

	
9669.71




	
10

	
4686.91

	
4803.05

	
5081.79

	
5077.58

	
5147.74

	
5120.58

	
5336.33

	
5467.79

	
5535.70

	
5628.95

	
5716.12

	
5780.81

	
5692.30

	
5728.37

	
5801.35




	
11

	
347.15

	
355.75

	
376.39

	
376.06

	
381.28

	
379.27

	
395.25

	
404.98

	
410.01

	
416.92

	
423.37

	
428.17

	
421.61

	
424.28

	
429.69




	
12

	
1638.32

	
1678.89

	
1776.35

	
1774.88

	
1799.40

	
1789.91

	
1865.33

	
1911.28

	
1935.05

	
1967.61

	
1998.08

	
2020.69

	
1989.76

	
2002.37

	
2027.87




	
13

	
14,754.81

	
15,020.37

	
15,763.31

	
15,730.34

	
15,939.81

	
16,347.03

	
16,430.92

	
16,955.58

	
17,079.78

	
17,295.25

	
17,540.74

	
17,599.95

	
17,721.71

	
17,826.68

	
17,928.62




	
14

	
71.98

	
71.12

	
70.06

	
69.89

	
69.83

	
73.83

	
69.10

	
70.02

	
69.36

	
68.83

	
68.67

	
67.66

	
70.53

	
70.48

	
69.58




	
15

	
41.74

	
41.74

	
41.74

	
41.74

	
41.74

	
41.74

	
41.74

	
41.74

	
41.74

	
41.74

	
41.74

	
41.74

	
41.74

	
41.74

	
41.74




	
16

	
3.09

	
3.09

	
3.09

	
3.09

	
3.09

	
3.09

	
3.09

	
3.09

	
3.09

	
3.09

	
3.09

	
3.09

	
3.09

	
3.09

	
3.09




	
17

	
14.59

	
14.59

	
14.59

	
14.59

	
14.59

	
14.59

	
14.59

	
14.59

	
14.59

	
14.59

	
14.59

	
14.59

	
14.59

	
14.59

	
14.59




	
18

	
131.41

	
130.54

	
129.48

	
129.32

	
129.26

	
133.26

	
128.53

	
129.44

	
128.79

	
128.26

	
128.09

	
127.08

	
129.95

	
129.90

	
129.00




	
19

	
1.02

	
0.99

	
0.95

	
0.96

	
0.96

	
1.10

	
0.90

	
0.97

	
0.92

	
0.89

	
0.89

	
0.87

	
0.98

	
0.98

	
0.94




	
20

	
1.032

	
1.023

	
1.018

	
1.022

	
1.024

	
1.073

	
1.004

	
1.036

	
1.020

	
1.011

	
1.011

	
1.008

	
1.046

	
1.048

	
1.033




	
(b)




	

	
Building Number




	
H16

	
H17

	
H18

	
H19

	
H20

	
H21

	
H22

	
H23

	
H24

	
H25

	
H26

	
H27

	
H28

	
H29

	
H30




	
1

	
7528.96

	
7591.50

	
7610.67

	
7769.71

	
7907.92

	
7891.23

	
8050.62

	
8129.73

	
8154.85

	
8131.25

	
8251.53

	
8179.12

	
8419.77

	
8899.09

	
8911.83




	
2

	
2541.17

	
2558.69

	
2554.36

	
2658.10

	
2731.69

	
2730.43

	
2765.65

	
2789.41

	
2810.40

	
2828.34

	
2803.99

	
2845.52

	
2885.51

	
3012.45

	
3051.00




	
3

	
10,070.13

	
10,150.19

	
10,165.03

	
10,427.81

	
10,639.61

	
10,621.66

	
10,816.27

	
10,919.14

	
10,965.25

	
10,959.59

	
11,055.52

	
11,024.64

	
11,305.28

	
11,911.54

	
11,962.83




	
4

	
141.58

	
142.55

	
142.31

	
148.09

	
152.19

	
152.12

	
154.08

	
155.41

	
156.58

	
157.57

	
156.22

	
158.53

	
160.76

	
167.83

	
169.98




	
5

	
1.08

	
1.08

	
1.09

	
1.07

	
1.06

	
1.06

	
1.07

	
1.07

	
1.07

	
1.06

	
1.08

	
1.06

	
1.08

	
1.08

	
1.07




	
6

	
53.18

	
53.25

	
53.48

	
52.47

	
51.96

	
51.88

	
52.25

	
52.31

	
52.08

	
51.60

	
52.82

	
51.59

	
52.37

	
53.02

	
52.43




	
7

	
17.95

	
17.95

	
17.95

	
17.95

	
17.95

	
17.95

	
17.95

	
17.95

	
17.95

	
17.95

	
17.95

	
17.95

	
17.95

	
17.95

	
17.95




	
8

	
71.13

	
71.20

	
71.43

	
70.42

	
69.91

	
69.82

	
70.20

	
70.26

	
70.03

	
69.55

	
70.77

	
69.54

	
70.32

	
70.97

	
70.38




	
9

	
9777.87

	
9859.09

	
9883.99

	
10,090.53

	
10,270.03

	
10,248.35

	
10,455.35

	
10,558.09

	
10,590.71

	
10,560.06

	
10,716.27

	
10,622.23

	
10,934.77

	
11,557.26

	
11,573.81




	
10

	
5909.70

	
5950.44

	
5940.37

	
6181.63

	
6352.77

	
6349.84

	
6431.74

	
6487.00

	
6535.81

	
6577.53

	
6520.91

	
6617.49

	
6710.49

	
7005.70

	
7095.35




	
11

	
437.71

	
440.73

	
439.98

	
457.85

	
470.53

	
470.31

	
476.38

	
480.47

	
484.09

	
487.18

	
482.98

	
490.14

	
497.03

	
518.89

	
525.53




	
12

	
2065.75

	
2079.99

	
2076.47

	
2160.80

	
2220.62

	
2219.60

	
2248.23

	
2267.54

	
2284.61

	
2299.18

	
2279.39

	
2313.16

	
2345.67

	
2448.85

	
2480.20




	
13

	
18,191.03

	
18,330.25

	
18,340.81

	
18,890.81

	
19,313.94

	
19,288.10

	
19,611.70

	
19,793.10

	
19,895.23

	
19,923.96

	
19,999.55

	
20,043.02

	
20,487.95

	
21,530.70

	
21,674.88




	
14

	
69.06

	
69.16

	
69.45

	
68.14

	
67.48

	
67.37

	
67.86

	
67.94

	
67.64

	
67.02

	
68.60

	
67.00

	
68.02

	
68.86

	
68.09




	
15

	
41.74

	
41.74

	
41.74

	
41.74

	
41.74

	
41.74

	
41.74

	
41.74

	
41.74

	
41.74

	
41.74

	
41.74

	
41.74

	
41.74

	
41.74




	
16

	
3.09

	
3.09

	
3.09

	
3.09

	
3.09

	
3.09

	
3.09

	
3.09

	
3.09

	
3.09

	
3.09

	
3.09

	
3.09

	
3.09

	
3.09




	
17

	
14.59

	
14.59

	
14.59

	
14.59

	
14.59

	
14.59

	
14.59

	
14.59

	
14.59

	
14.59

	
14.59

	
14.59

	
14.59

	
14.59

	
14.59




	
18

	
128.49

	
128.59

	
128.88

	
127.56

	
126.91

	
126.80

	
127.28

	
127.36

	
127.06

	
126.45

	
128.02

	
126.43

	
127.44

	
128.29

	
127.51




	
19

	
0.92

	
0.91

	
0.95

	
0.88

	
0.85

	
0.87

	
0.90

	
0.89

	
0.88

	
0.85

	
0.91

	
0.87

	
0.91

	
0.93

	
0.89




	
20

	
1.031

	
1.026

	
1.042

	
1.021

	
1.013

	
1.021

	
1.034

	
1.030

	
1.029

	
1.020

	
1.040

	
1.027

	
1.044

	
1.058

	
1.043
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Table 6. The correlation coefficients of the EWA/FA and A/V (shape parameters) with HOI, OEI and HFI, FEI (demand energy parameters) of buildings belonging to H1–H30.
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	No.
	Correlation Coefficient
	Value of Correlation Coefficient





	1
	cor(EWA/FA, HOI)
	0.971238166



	2
	cor(EWA/FA, OEI)
	0.971245364



	3
	cor(EWA/FA, HFI)
	0.971238166



	4
	cor(EWA/FA, FEI)
	0.971255187



	5
	cor(A/V, HOI)
	0.971238166



	6
	cor(A/V, OEI)
	0.971245364



	7
	cor(A/V, HFI)
	0.971238166



	8
	cor(A/V, FEI)
	0.971255187
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Table 7. The correlation coefficients of the RCcd (shape parameter) with HOI, OEI and HFI, FEI (demand energy parameters) of buildings belonging to H12–H17.






Table 7. The correlation coefficients of the RCcd (shape parameter) with HOI, OEI and HFI, FEI (demand energy parameters) of buildings belonging to H12–H17.





	No.
	Correlation Coefficient
	Value of Correlation Coefficient





	1
	cor(RCcd, HOI)
	0.926253214



	2
	cor(RCcd, OEI)
	0.926285641



	3
	cor(RCcd, HFI)
	0.986353334



	4
	cor(RCcd, FEI)
	0.986271961
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