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Abstract

:

Developing methodologies to accurately characterise the energy conditions of existing building stock is a fundamental aspect of energy consumption reduction strategies. To that end, a case study using a thermal information modelling method for existing buildings (as-is T-BIM) is reported. This proposed new method is based on the automatic processing of 3D thermal clouds of interior zones of a building that generates a semantic proprietary model that contains time series of surface temperatures assigned to its surface elements. The proprietary as-is T-BIM automatically generates an as-is BEM model with gbXML standards for energy simulation. This is a multi-zone energy model of the building. In addition, the surface temperature data series of the as-is T-BIM model elements permit the calculation of their thermal transmittances, increasing the calibration options of the obtained as-is BEM model. To test the as-is TBIM method, a case study compares the as-is BEM model obtained by as-is T-BIM methods with the one obtained by standard methods for the same building. The results demonstrate differences in geometry, transmittance, and infiltration values, as well as insignificant differences in annual air conditioning energy consumption or the comfort parameters tested. This seems to indicate shorter modelling times and greater accuracy of the as-is T-BIM model.
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1. Introduction


Buildings are a major contributor to climate change, accounting for one-third of global energy consumption and one-quarter of CO2 emissions [1]. Within the European Union, 40% of total energy consumption corresponds to the building sector. Approximately 35% of EU buildings are older than 50 years, and roughly 75% are energetically inefficient [2]. Energy efficiency regulations are imposing increasingly restrictive limitations intended to reduce such high levels of energy consumption. Very strict energy requirements are now imposed that guide the construction of nearly zero-energy buildings [3]. The justification of compliance with these standards is based on the use of building energy performance simulation (BEPS) procedures, which normally consist of the completion of a series of calculations that characterize the thermodynamic behaviour of the buildings at all hourly intervals over an annual period. At present, the generation of building energy modelling (BEM) is essential for energy simulation procedures to justify compliance with standards on building design, construction, and rehabilitation within the European Union [4,5].



In this scenario, building retrofitting is an important focus for the reduction of energy consumption. Consequently, developing methods to accurately characterise and represent the existing conditions of these buildings so as-is BEM is an important field of research. Building energy management is more effective with BEM integrated into building information modelling (BIM) methods [6]. However, it should be noted that the BIM to BEM process is a non-standard practise that produces building energy models that vary from user to user and from application to application [7]. Additionally, the energy modelling process is not fully incorporated into the digital process since the data acquisition and model implementation processes are tedious and require specialist operators [8]. It is therefore important to achieve greater automatization of BEM and better integration with the set of BIM management methods in building construction projects [8,9,10], taking into account that energy modelling is necessary for the initial phases of building projects [11,12,13]. In the field of energy modelling of existing buildings, a current topic of research and innovation is the incorporation of thermographic technologies that incorporate three-dimensional unstructured thermal point cloud data into processes [14,15,16,17]. Exploiting the dense thermal cloud information, i.e., geometry and temperature, is of great interest to the as-is BEM [18]. Thermal point clouds of as-is buildings have proved to be a relevant topic in as-is BIM research, especially in the last few years [17]. It can be stated that, to date, only simple thermal as-is BEM models of single constructive elements have been defined, and there is a long path to follow to automatically obtain a thermal as-is BEM model of a multi-story building [19]. In earlier research, we tested 3D thermal scanning platforms composed of a 3D laser scanner, an RGB camera, and a thermal camera that scans for 360° thermal data [20,21,22]. These works focused on the automation of the acquisition of 3D geometric and thermal clouds and the processing of this information. This technology has been successfully applied for monitoring the indoor temperatures of buildings, and detailed, remote, and precise analyses of the resulting 3D thermal visualization of surface temperature distributions and their variation over time can then be prepared [21]. The case study presented is based on obtaining a semantic as-is T-BIM proprietary model by processing a series of spatial and temporal thermal clouds of these spaces. The as-is T-BIM model has made it possible to automatically obtain a standard multi-zone gbXML file for energy simulation as well as an hourly series of surface temperatures for each of the classes of elements in each thermal zone.



The research interest in the use of building thermal clouds is based on the relevance of thermographic techniques for the qualitative and quantitative analysis of the thermal performance of buildings. In general, thermographic inspection requires adequate knowledge and control of the environmental parameters during the measurement tests due to the infrared configurations of most systems [23]. There are standardised procedures for that purpose [24], based on the qualitative analysis of the surface thermal maps shown in the thermographs, which, when properly analysed can indicate hidden or unexpected elements or certain pathologies to consider in as-is BEM. Infrared technology (IRT) is also used for quantitative purposes [25,26,27,28]. It is important to consider that the temperatures of indoor thermographic surface measurements present greater reliability than those measured outdoors. A difference is due to the variability of the air-convection effect, which influences indoor readings less than outdoor IRT readings [29]. In this way, the calculations of the Uvalue based on indoor IRT measurements are of greater reliability [28]. In our research, findings derived from the application of conventional thermography to building behaviour are considered both in the interpretation of the thermal point clouds and their processing for incorporation into the as-is BEM models.



Moreover, a specific issue with the as-is BEM addressed by our research is the need to calibrate these models with experimental data to reduce the uncertainty of the BEPS results. The parameters that define the energy efficiency of as-is buildings that are calculated through as-is BEM simulation models correspond to energy demand and consumption [4]. Likewise, as-is BEM has also been used to predict the thermal comfort of users through the calculation of the necessary environmental parameters, such as temperature, relative humidity, and air speed [30]. In any case, it should be noted that BEPS results will reflect a degree of uncertainty due to the difficulty of defining parametric models sufficiently adjusted to the reality of the building or the final conditions in service, according to the case. Normally, uncertainties are related to the material nature of the elements to be modelled and the service conditions envisaged for the building. On occasion, uncertainties can be due to the supply of weak meteorological information or difficulties with the estimation of air infiltration, surface thermal resistance, and the thermal performance of materials in a transitory regime [31,32,33]. The reduction of uncertainty is therefore an important field of research in relation to BEPS methods [34]. There are various calibration methods, among which the most frequently used are based on statistical comparisons between one or more parameters from the simulations and data from real measurements taken under the same environmental and service conditions as used in the simulation. The calibrations are achieved through the adjustment of these variables until the statistical values for comparison are within acceptable tolerance thresholds for each study [33]. Guidelines and protocols such as ASHRAE Guideline 14 (AG14) [35], the International Performance Measurement and Verification (IPMVP) [36], or theFederal Energy Management Program (FEMP) [37] provide recommendations on admissible tolerances and calibration criteria for models using statistical procedures applied to a comparative analysis of simulation results and sensor-monitoring data [33]. AG14 references are frequently used for the calculation of building energy demand and consumption in energy rehabilitation studies [38,39,40,41,42]. Some researchers have found that these acceptable ranges can be achieved even though there is a significant difference in the hourly distribution between the simulated and measured indoor temperature data. These authors base their calibrations on indoor temperature data with narrower tolerance ranges [40].



Another relevant aspect related to as-is BEM uncertainty is the determination of the thermal transmittance value (Uvalue) of the envelope elements of thermal zones. The Uvalue is defined as the quantity of heat that is transmitted through a certain material by a unit of area and time [43]. The nominal Uvalue of any constructive system may be calculated starting with values obtained from tables of physical and material properties and using calculations based on the principles of Fourier’s Law in stationary environmental conditions. Normally, the necessary physical parameters can be found in local [44] and international [45] standards, as is the case with the thermal resistance coefficient (R) and convection coefficients (hc). The Uvalue of a constructive system can also be measured by using heat flow measurements (HFM) [46], or through the simultaneous use of indoor and outdoor thermometers, in the same way, as indoor surface temperatures are monitored using surface sensors or by quantitative thermographic techniques [47,48,49]. When measuring the in situ thermal transmittance of some building elements and comparing the results with the theoretical values, a difference ranging from 14% to 43% has been found [50]. Therefore, the in-situ thermal property measurement of the elements is relevant for reducing performance gaps between the real buildings and the BEM as-is.



In this paper, the method that we have named the thermal building information models for existing buildings (as-is T-BIM) facilitates the modelling and calibration procedures of as-is BEM. The methodology is based on the use of data from three-dimensional thermographic scanning of indoor surfaces in the thermal zones of the building. This diagnostic system automatically generates as-is 3D-T thermographic point clouds of building zones, a proprietary semantic model (as-is T-BIM) with hourly surface temperature series associated with the elements of each thermal zone, and an as-is BEM gbXML standard schema for use with compatible energy simulation software. The research aims to integrate and test the acquisition of time series of thermal point clouds of the interior surfaces of buildings in both the automatic generation of multi-zone as-is BEM and the calibration of obtained thermal multi-zone BEM models, which are fundamentals in the simulation of existing building energy performance. To accomplish that, the as-is T-BIM method was tested with predictive thermal behaviour studies of a block of five thermal zones of a service-industry building. That same case study was also tested with a standard method (as-is STD) and simulated under the same predictive conditions. Finally, the results from the application of both methods, as-is T-BIM and as-is STD, to the same building were compared.



In the following section, the two methodological proposals of “as-is BEM” for simulations of existing buildings and “as-is STD” and “as-is T-BIM” are explained. In Section 2, the case study is also presented. Subsequently, in Section 3, the results of the predictive simulation of both models are presented and discussed. Finally, in Section 4, the conclusions of the investigation and expected future advances for the development of this research are provided.




2. Materials and Methods


In this section, the as-is T-BIM method and an existing building energy modelling standard that we refer to as as-is STD are explained. These methods are applied later in the case study. The STD method is a common approach based on the AG14 specifications [34] for existing buildings and tolerance values found in the literature regarding the calibration of models with indoor temperature data [40]. As shown in Figure 1, both methods, as-is STD and as-is T-BIM, provide semantic BEM models in standard schema (gbXML), which are imported to a standard energy simulation software package for performing predictive studies.



The diagram in Figure 1 depicts the phases of data collection, modelling, simulation, and results. There are different procedures during the data collection and modelling phases, as well as for inputs in the calibration phase procedures for Conduction Transfer Functions (CTF) simulations and contour parametrization in the Computational Fluid Dynamics (CFD) simulations. The differences arise mainly from the 360° data collection technique and the degree of modelling automatization and its procedures. In particular, the as-is STD method is based on manual data collection modelling procedures. In contrast, the as-is T-BIM method generates hourly series of point clouds and uses automatic procedures for modelling the geometry of elements and assigning temporal series to them with average surface temperature values. This information on surface temperatures facilitates the calibration of the models that are used in the heat transfer models with conduction transfer functions (CTF).



2.1. Building Survey


The generation of as-is STD models begins with the collection of data on the current state of the thermal zones of a building. Data collection consists of the identification of those thermal zones and the measurement of the constructive elements that constitute them. It also includes the compilation of data related to the available modes of usage and the service systems that are available. In the best of situations, the geometric and constructive information of the building can be found in existing documentation, although it will always have to be verified in situ. It will also be important to have monitoring systems in the indoor thermal zones of the buildings, as well as outdoor climate data for the same time period as the indoor monitoring.



The as-is T-BIM method provides an automated measurement system based on the use of a laser scanner and 360° thermographic camera, which provides the geometry of the zones and surface thermal information in the form of point clouds for each zone of the building. The surface thermal information of each thermal zone and its contours is complemented with information from the monitoring systems of atmospheric temperature (Tatm) and relative humidity (RHatm). The sensor system used for as-is T-BIM data collection is composed of a medium scan range 3D scanner, a high definition (HD) colour camera, and a thermographic camera. This system is successively applied to the different zones of a building. The XYZ coordinates of each zone generated by the sensor, a set of RGB images, and another set of IRT images are all stored. The processing of all this information generates a set of point clouds for each zone, or, in other words, a set of 3D coordinates referring to a shared system where each point has a red–green–blue (RGB) colour and an apparent associated temperature. In our case, the measurement frequency is 1 h intervals, completing one scan and five 360° thermographic snapshots per zone. The five snapshots are then synthesised into a unique average thermal point cloud with better precision. The apparent surface temperature values are in the order of 2 points/cm2 (Figure 2).



The apparent surface temperatures (Tapp.surf) of each point that the thermal system initially generates are corrected with the emissivity (ε) parameters of each material and the reflected temperature (Tref) recorded on each wall. A sealant tape and wrinkled aluminium foil are placed over the basic elements of the envelope, a blackbody and a Lambert stove, respectively (Figure 3). The apparent temperatures of these objectives will serve for the automatic calculation of indoor surface temperature and the real temperature of each point.



The corrected values of the point-cloud temperatures will be used for the calculation of the average surface temperatures (Tavg.surf). These average temperatures will be used to figure out the U value of the building envelope and its parts and to calibrate the T-BIM model for the CTF simulation of the rooms. Likewise, the average temperature calculated for each element of the thermal zones may be used as contour temperatures in the case of CFD simulations conducted for the study of the thermal comfort of the rooms.




2.2. Modelling


as-is BEM generates 3D geometric models of indoor building zones, formed of simplified surface elements, under the requirements of the energy simulation software. The data and properties required for the calculation of energetic balances are assigned to the geometric elements of the BEM models. In the case of an as-is STD method, the use of standard graphic environments (DesignBuilder) compatible with gbXML for generating the simulation models with EnergyPlus will be used as a calculation engine for CTF-type simulations. Standard BIM software will be used (Autodesk Revit) for modelling and the assignment of material and zone-related properties (air infiltration, internal loads, etc.) and to transfer them through the standard gbXML schema to the simulation software. This alternative may present problems of interoperationality.



The principal feature of the as-is T-BIM methodology is the storage of a temporal series of geometric point clouds (3D-T) with dense information on surface temperature, which will be synchronised with temperatures and atmospheric relative humidities of both the indoor and outdoor thermal zones. The 3D-T point clouds are compatible with mainstream visualisation or point-cloud processing software, such as CloudCompare in this case. Visual imaging of thermal zones and their elements, the establishment of colour scales for the temperatures, consulting specific temperatures and regional point-cloud averages, and the labelling of regions can be performed with these programs, among other options, and will be used to form a qualitative inspection of the 3D-T model. In addition, to obtain an as-is T-BIM model, 3D-T point-cloud segmentation, recognition, and classification of regions will be processed. Through data processing, a 3D semantic model will be generated where the geometries of the fundamental object classes of the building (walls, floors, ceilings, spaces, doors, and windows) are defined as they exist when capturing the images with the thermal scanner (see [22] for more information). These models are supplied with the temporal series of the average surface temperature values (Tavg,surf) of each element. The calculation of Tavg,surf is carried out after measuring each of the ortho-thermal images corresponding to each fundamental object.



Additionally, when adequate climatic conditions have been achieved at the time of collecting the data, the as-is T-BIM model can be complemented with the Uvalue corresponding to the opaque elements of the envelope. The method that Blanca Tejedor [42] proposed was used to calculate the transmittance values using Equation (1).


  U [ W /   m   2   K ] =   ε · σ · (     T   r e f     4   −     T   s u r f , i n d     4   ) + (   h   c   · (   T   i n d   −   T   s u f , i n d   )     T   i n d   −   T   o u t      



(1)




where U [W/m2 K] is the thermal transmittance Uvalue; Tref is the reflected temperature; Tsurf,ind is the indoor surface temperature; Tind is the indoor atmospheric temperature; Tout is the outdoor atmospheric temperature; hc is the convection coefficient; ε corresponds to the emissivity of the material; and σ is the Stefan-Boltzmann constant.



Finally, the data gathered with the as-is T-BIM method are transferred to the energy simulation software through conversion to BEM standard schema such as IDF and gbXML (Figure 4). The models that are generated contain geometric and semantic elements that meet BEM standards for average surface temperatures and thermal transmittance values. Adjacent properties are added to these contour and envelope elements, which are necessary to constitute the models of the building zones as a set of different thermal zones.




2.3. Simulation and Calibration


The simulation tests of building energy demand and consumption were performed with different commercial and CTF-type open-source numerical calculation software. Among them, Trnsys and EnergyPlus stand out because of their popularity when conducting tests for scientific, academic, and professional purposes. Different IDF and gbXML schemas enhance the inter-operationality of the models obtained with the as-is STD and as-is T-BIM methods and the simulation software. Therefore, the simulation phase is similar for both methods, given that the input is already the standard simulation model, whether obtained with either as-is STD or T-BIM. Differences are established in the calibration procedure, given that as-is T-BIM displays more thermal information, the Tavg.surf, and the Uvalues of envelope elements.



In general, a comparative analysis will be necessary between the simulation results and measurements completed in the monitoring phase for the calibration of any as-is BEM. As mentioned in Section 1, this type of study consists of the completion of statistical analyses that shed light on the deviations between the simulated results and the measurements. The indoor atmospheric temperature values of the thermal zones are frequently used for these calibrations. Others can also be used, such as energy consumption, as recommended in AG14-BCSA [35], IPMVP [36], or FEMP [37] when providing the statistical parameters and the limit deviations for the simulation results to be used in the calibration procedures. In our research, where the calibrations are based on indoor temperature data, we use narrower tolerance ranges based on the literature [40] (Table 1).



In calibration procedures, BEM parameter adjustments can be made to one or several parameters simultaneously. Normally, the parameters subject to these adjustments will be those that are difficult to establish, such as the albedo coefficient, soil temperatures, infiltration rates, transmittance coefficients of the envelope elements, and internal loads, among others.



The thermographic point clouds that are generated and synchronised with the indoor and outdoor atmospheric information open up new possibilities for the analysis of the most common data in the calibration procedures. It means that qualitative and quantitative thermal analysis of both contour elements and all the zones together can be performed in as-is T-BIM through the temporal series of surface temperatures. In particular, the temporal series of surface temperatures can be used in the calibration tasks of the models through the adjustment of transmittances of envelope elements, as explained in Section 3.2.



On the other hand, CFD-type simulations typical of studies of thermal comfort inside buildings can also be carried out. The spatial distribution of the comfort parameters may be calculated with this type of simulation, provided that the contour parameters of the area under simulation are known. Normally, the as-is STD methods will establish the contour parameters of the simulation domain, coupled with the simulation results of the calibrated as-is STD model. Those contour parameters are the Tatm of the simulation domain, the Tavg.surf of the simulation domain limits (i.e., the walls and ceilings), intake and outtake vents, infiltration heat loss, and the openings within the thermal zone that is to be simulated. as-is T-BIM, on the contrary, facilitates the generation of geometric models and the automatic establishment of measured surface temperature contour values. This information can be directly employed, without previous CTF simulation, when the information on the other contour parameters is available.




2.4. Analysing Results


Predictive tests are designed for the calibrated as-is BEM of the thermal zones of the buildings (calibrated as-is BEM is the modelling of energy that, when simulated under certain conditions, will produce the results within the admissible tolerances). Generally, those tests are intended to predict the energy behaviour of a calibrated as-is BEM whenever materials, utilization, or climatic conditions are modified to its calibrated conditions, normally for energy savings, and improved user comfort. The predictions will correspond to the difference between the thermal balances of the CTF simulation of the as-is zones of the model and those of the modified zones. These results are expressed in terms of energy demand (kWh/m2·year) and energy consumption (kWh/m2·year).



Tests were also conducted to predict degrees of user comfort. Those predictive studies can be based on the analysis of indoor atmospheric parameters—temperature (°C), relative humidity (%), air speed (m/s), rooms, and thermal zones—and on the application of methodologies to calculate comfort-related references. Among the various mathematical models used for the study of comfort, the Fanger mathematical model is often employed because of its ease of use and suitable graphic presentation. This method has been incorporated in ISO 7730 [30]. It must be accepted that if the results are not higher than the reference values in each evaluation, then the conditions for the user will be within the comfort range. The reference parameters are known as the predicted mean vote (PMV) and the predicted percentage dissatisfied (PPD). The range of results is between the values −2 < PMV < 2, and 5 < PPD < 100%. The values of admissible comfort are situated between −0.5 and +0.5 for the PMV and 5% and 10% for the PPD, with the end of each interval being the maximum admissible range.



To some extent, using calibrated as-is T-BIM as a foundation facilitates the completion of predictive BEM studies. The advantage that this method offers is based on the automatization of data collection processes for buildings and the automatization of the generation of input semantic models for energy simulations with greater geometric precision. Additionally, calibrated as-is T-BIM offers the possibility of conducting temporal surface temperature evolution analyses of thermal zones and, therefore, better knowledge of the thermal performance of the building. Calibration possibilities are of great importance, and they are presented based on a dense information series of the surfaces of the thermal zones. In general, it can be concluded that the increased precision of the base models, both in their geometry and in the values of their transmittance, reduces prediction uncertainties.



In Section 2.5, the application of both as-is BEM methods for obtaining two energy simulation models corresponding to the same building case study is described: a model generated with as-is STD methods (according to AG14 standards) and a second model generated according to the as-is T-BIM method. Both models will be used for the thermal characterization, heating and cooling (air-conditioning), and comfort demands of five zones of a building in a continental climate through simulations. With previously calibrated models, as-is STD and as-is T-BIM will be applied to various predictive studies: some based on CTF-type simulations, for predicting the air-conditioning and thermal comfort energy demands in stationary regimes for each zone; and others based on CFD simulations for calculating the spatial distribution of atmospheric comfort parameters in a thermal zone, in a stationary regime.




2.5. Case Study


This study aims to determine the scope of the T-BIM method. For this purpose, it is planned to compare the simulation results of the energy models generated with the as-is STD and as-is T-BIM methods. To accomplish this, two models of the same block of a building that differed in modelling and calibration methods were generated, as described in detail in Section 2.5.2 and Section 2.5.3. The five rooms that compose the block of the building were scanned with a 3D-T scanner to obtain the geometry of the as-is T-BIM model. The atmospheric temperature of Room W1 was monitored for 48 h, between the 17 and the 19 of November 2021. The 3D thermal scanner captured images of the room for 6 h, between 8:00 h and 14:00 h on 19 November, to characterise the indoor thermal evolution of the contour surfaces of the room up until the time it received direct sunlight. Having obtained them, the two models were first calibrated and later simulated using the meteorological climate data (TMY 2007–2021) corresponding to the locality of the building. The results were eventually analysed in a comparative study, forming the basis of the study’s conclusions.



2.5.1. Description of the Building


The building referred to as Espacio IDEAS-UCLM Emprende, which is located on the campus of the University of Castilla La Mancha, was constructed in 2016 with European Regional Development funds. The building project and its construction standards corresponded to the Código Técnico de Edificación (CTE)—Spanish Technical Building Code—in force that year [51]. Recommendations for HVAC may be found in the Reglamento de Instalaciones Térmicas de Edificios (RITE)—Building Thermal Installations Regulation—in force that year [51,52]. The building is within a Bsk climate zone according to the Köppen-Geiger climate classification [53].



The zones of the building that were analysed consisted of four office rooms distributed along a corridor, situated on the ground floor of the building and separated from the ground by a ventilated air chamber. The layout and dimensions of the five zones are shown in Figure 5. Two offices face an interior patio towards the east (Rooms E1 and E2), and another two face the grounds towards the west (Rooms W1 and W2), all interconnected along the interior corridor.



According to the data on the execution project of the building, the office zones have a height of 3.5 m and similar floor areas, between 36 and 40 m2, approximately. The interior volume of each of these rooms is therefore between 126 m3 and 140 m3. The set of zones, including the corridor that connects them, represents a useful total surface area of 236 m2 and a volume of approximately 826 m3. The constructive and thermal characteristics that constitute these spaces correspond to the standards for the place and date of construction of the building. The main characteristics of the envelope appear in Table 2.



The installations within these spaces consisted of fluorescent lighting tubes on the ceilings, electric power plugs on vertical walls, and mechanical ventilation and air-conditioning installations on the ceiling, in addition to emergency (lighting and fire detection) systems. The technical data of these installations can be consulted in Table 3.



Each room is intended to house four office workstations. The dimensioning of the ventilation and air-conditioning installations corresponds to an occupation ratio of 0.1 per/m2. Ventilation grilles are therefore installed with intake air vents and diffusers for indoor heating and air conditioning. In each room, there is a small 10 × 20 cm intake air vent in the ceiling for fresh air from outdoors, with a heat recovery temperature control system rated at an efficiency value of 0.7. A variable refrigerant flow (VRF) system provides air conditioning for each room. Its indoor unit, installed over the suspended ceiling, provides air conditioning flows of 9 m3/min that are circulated through three circular air diffusers aligned in the central zone of the ceiling of each room and an extractor grille of 50 × 50 cm, also in the ceiling, in an area close to the windows of each room. The air conditioning settings are 21 °C in the winter and 24 °C in the summer. The corridor is not directly regulated by the air conditioning system and only has one grille in the ceiling of the indoor air extraction system that extracts stale air flows by filtration through the openings of each office. In non-holiday periods, the building is used twenty-four hours a day, seven days a week.



The VRF air-conditioning system of the building is zoned by rooms and can be independently turned off in each room. It was decided to deactivate the air-conditioning system when capturing the 3D-thermal scanning imaging to prevent interference due to the flow of heating/air-conditioning on the indoor surface temperatures and to understand the behaviour of the constructive systems of the envelope. Nevertheless, it could not be performed in that way in the area of the corridor due to the design conditions of the rest of the air-conditioning system. Likewise, neither could the mechanical ventilation system be turned off in any of the rooms. The parameters that established these conditions were reflected in the models used for the calibration and the design of the base models for the predictive models that were subsequently employed in both methods.



It is important to point out that, given that the object of study is a part of the ground floor and not of the whole building, the elements adjacent to the parts of the building that were not modelled were considered adiabatic. In concrete, the elements adjacent to the parts of the building that were not modelled (ceilings, southern walls in rooms E1, W1, and Corridor, as well as northern walls of rooms E2, W2, and Corridor) were considered adiabatic for both models. While heat transfer will apply to the adjacent elements that separate each of the five zones and the outdoors. In particular, the temperature of the ground at 20 cm beneath the ventilated under-floor air chamber was obtained with Equation (2)


    T   g r o u n d   = 0.0068 ·     T   a t m     2   + 0.963 ·   T   a t m   + 0.6865  



(2)




where Tground is the temperature of the ground and Tatm is the outdoor atmospheric temperature. Equation (2) correlates the temperature of the ground with the average atmospheric temperature for each month of the year [54].



In our case, the average monthly environmental temperatures have been calculated from climate charts provided by the Agencia Estatal de Metereología (AEMET)—State Meteorological Agency—for Ciudad Real for November 2021 and the Typical Meteorological Year (TMY) 2007–21, respectively, employed for simulations of calibration and prediction of thermal behavior of the two models: as-i STD and as-is T-BIM.




2.5.2. Modelling as-is STD


The generation of the first simulation model, obtained with the as-is STD method, used project data validated in situ (Figure 4, Table 2 and Table 3), and the exterior climate provided by AEMET for Ciudad Real in 2021. The data for the operation of the building were provided by the building maintenance team and corresponded to the use of the building over the same period. The monitoring of indoor temperatures used for the calibration of the model was obtained after the installation of HEAT, a low-cost indoor monitoring system [55], based on SHT35 sensors [56], which recorded temperature and humidity values every 15 min. These data were converted into hourly temperature and relative humidity series for November 2021, which were used for as-is STD model calibration. The results are presented in Section 3.2.



The as-is STD energy model was generated for all five rooms by implementing the data with the modelling tools that provided the interface, DesignBuilder V6, for energy simulation with the EnergyPlus calculation engine. The STD model is shown in Figure 6a.




2.5.3. Modelling as-is T-BIM


During the data collection, the areas being studied were empty, so there were no shadows on the walls that could affect the data. The air conditioning system was, in addition, turned off during the 3D thermographic scanning hours, while the ventilation continued to function according to the programmed settings for the rooms (Table 3). The temperature of each point in the point cloud of each captured image corresponded to the value of the real temperature that had been calculated. Thus, the temperature maps obtained for each wall at each hour of the day consisted of dense surface temperature information that can be used both for qualitative and quantitative analyses (Figure 7).



The processing of the point clouds automatically generated the geometry of the rooms in gbXML, which is compatible with various simulation software [57]. The choice of room and W1 for capturing the series of 3D thermographic images was due to its westerly orientation, which received no direct solar radiation between 7 p.m. and 13 a.m., on the date when the images were scanned. This allowed us to calculate the heat transmittance of the wall (Uvalue), the exterior aluminium window frames, and the floor using Equation (1) in Section 2.2.



Additionally, the dense thermal maps of the walls may be analysed qualitatively with the thermal model to test the lack of heterogeneity in the distribution of their temperatures and the detection of thermal points that are not present in the nominal model generated with the project data. In this way, we were able to test the temperature differences of the zones with thermal breaks within the substructures of lightweight partitions, insulation heat loss through masonry filling between the exterior carpentry of the window frames (lintels and jambs), and thermal infiltration loss through those structures (see Figure 8).






3. Results and Discussion


Results of the geometry and the thermal behaviour of the as-is STD and the as-is T-BIM models are presented in this section. Specifically, we analyse the calibration results, the CTF predictive simulations, the energy behaviour of the building, and the comfort parameters. In addition, CFD simulation results in a stationary regime are also discussed.



3.1. Geometry of the Models


The geometric differences between the models obtained with the procedures corresponding to the as-is STD and the as-is T-BIM models were analysed. In the first case, the model was generated with the DesignBuilder modelling interface and the geometric data of the building project. In the second, the point clouds were automatically captured with the 360° thermographic scanner. Table 4 contains the surface values of the fundamental elements of the five zones for both models.



Once verified in situ, the geometric magnitudes generated through the as-is T-BIM could be confirmed as being precisely adjusted to the reality of the building. The concordances between the surface values of the elements that comprised each of the models were 97% except in the case of the façade wall and the glazing, in which the metric differences were greater. The analysis of the semantic structuring of the elements demonstrated that it was different between models. The three elements of the exterior vertical enclosure were clearly distinguishable in the as-is STD model: the surface of the wall, the window frames, and the glazing of the building.



However, the surfaces of the window panes and the wall were all that were distinguishable in the as-is T-BIM model, and the carpentry surfaces were assimilated in the imaging of the surface of the wall in such a way that 78% of the image corresponded to the surface of the wall and 22% to the window frames installed in it. This point must be taken into account to objectify the existing differences between both models and in the comparative analyses of the simulation results of both the as-is STD and the as-is T-BIM models. In this way, it was confirmed that the differences between walls and glazing in the as-is T-BIM images approximated 95% of the surface images of the as-is STD model and that a dispersion of similar surfaces for all the elements was maintained between both models.




3.2. Model Calibration


In the model calibration process, simulation and monitoring results have been matched. Given the constructive and functional similarity of the four rooms of the building, the calibrations were carried out with the simulation and monitoring data of a single zone of the model, the south-western room (room W1). To accomplish this, hourly data of the atmospheric temperature of the room were collected between 18 and 19 November 2021, for a total of 48 h. A data series was also collected from the 360° thermal scans every hour, between 8 h and 14 h, on November 19. The six 3D thermographic models that were generated recorded the apparent, reflected, and blackbody temperatures of each material for all elements within the contours of the thermal zone. The average surface temperatures were obtained from the aforementioned series of values, in accordance with procedures presented in Section 2.2.



For the calibration of the as-is STD model, the indoor atmospheric temperature data obtained when monitoring room W1 were applied. Successive simulations and parametrical adjustments of infiltration were then performed, until acceptable tolerance thresholds were reached, according to the range of admissible tolerances for this study, see Table 1.



For the calibration of the as-is T-BIM, the infiltration heat loss values of the model were adjusted similarly, although the thermal transmittance values of the envelope had previously been calculated and adjusted with the data series of surface temperature measurements of the envelope elements within the thermal zone. The choice of room W1 for the completion of these tests was due to the absence of direct solar radiation on the wall of the façade during the morning hours. During the as-is T-BIM thermal scanning test, conducted on 19 May 2021, the absence of direct solar radiation on the façade was confirmed between 8:00 h, the test start-up time, and 13:10 h, the time at which the first rays of sunlight fell on the outdoor surface of the wall. The average thermal jump between the outdoor and indoor environments during this period was 8.4 °C. With these conditions, the U values of the outdoor façade elements were calculated, employing Equation (1), in Section 2.2. The input values were the average surface temperatures, the emissivity values, and the reflected temperatures calculated with thermographic temperature measurements, and the results are presented in Table 5. In this way, a global transmittance for this enclosure of 0.925 w/k m2 was obtained, as against the calculated nominal value of 0.908 w/k m2.



Subsequently, a Uvalue was obtained for the floor (Ufloor). The outdoor temperature of this element was not monitored. In the models that were used, a monthly value was applied. The thermal variation obtained with this procedure was not very high with regard to the indoor temperatures for the calculation of the transmittance of the floor. As an alternative, the Uvalue was adjusted until the surface simulation temperature (Tsurf.floor) reached the value of the data that were monitored, yielding a Ufloor transmittance value of 0.896 w/k m2. Finally, having adjusted the surface temperatures, the infiltration value was then adjusted using the atmospheric temperature values as a reference. In this way, it could be confirmed that the transmittance values obtained for the outdoor wall and the floor, together with the atmospheric temperature, provided simulated temperature values that were very close to the monitored values (Figure 9).



The comparison yielded wall and floor transmittance values with differences of −0.017 w/k.m2 and 0.436 w/k.m2, respectively, and infiltrations of 0.3 ren·h−1 in calibration tests. Therefore, using the STD method as a reference, important differences are determined in the transmittance of envelope elements and the infiltration level of the model in the calibration process of the as-is T-BIM.



As recommended in [40], for indoor temperature as-is building model calibration, we have calculated statistical parameters as limit reference deviations for the simulation results obtained in the calibration procedures. The calibration procedures that were employed for each model (as-is STD and as-is T-BIM) yielded admissible atmospheric temperatures according to the statistical tolerance limits established for this study (Figure 10) (Table 6).




3.3. Predictive Tests


CTF predictive simulations were performed for all zones of both models (as-is STD and as-is T-BIM) under similar user and climatic conditions, yielding three types of results: energy demand and energy consumption for air-conditioning, and the Fanger thermal comfort parameters for the rooms. In addition, CFD predictive simulations provided the Fanger spatial distribution of comfort in a stationary regime for Room W1 at a representative time of day.



The test conditions were the same for both models and corresponded to the outdoor climate in the month of TMY 2007–2021 (Figure 11). The parameters and service conditions of the building were also the same for these predictive simulations, with the density of occupation being 0.1 per/m2 for 12 h and six days a week, with opening hours from 8:00 h to 20:00 h, and an air inflow of 12 L/s per person through mechanical ventilation with heat recovery with an efficiency of 0.7. When air-conditioning demand is on, the system is activated at temperatures under 19 °C for heating and at over 24 °C for cooling, providing the temperature results of Figure 11. Likewise, the same performance parameters were employed for lighting and air-conditioning systems for the two models, with the lighting of 5 W/m2 and an air-conditioning system based on a VRF climate system similar to the existing one, with a seasonal coefficient of performance (COP) of 2.5 for heating and 3.0 for cooling. In contrast, nominal values of transmittance were maintained in the case of the as-is STD model for all the elements, and the infiltration values (0.1 ren·h−1) were obtained in the calibration of its base model. In parallel, the transmittance values of elements (exterior enclosure and floor on the ground) of the envelope and infiltration (0.4 ren·h−1) were employed for the as-is T-BIM model and also obtained in its corresponding calibration process.



3.3.1. Heating and Cooling Energy Demands


The different simulations of heat gains and losses for the same type of envelope element and their variables, that is, the Uvalues of glazing, external walls, and floors, as well as the infiltration rates, were used to calibrate the models. Calibration data also included the Uvalues that varied due to geometric and dimensional differences, especially in the size of the zones and the glazing. Figure 12 shows the recorded heat gains and losses.



There were differences between both models for solar gains through the glazing due to the different dimensions of the window panes. In the transmittances, even though the Uwin.pane was the same for both models, it must be taken into account that the as-is STD model presented the global value with the window frames, while the as-is T-BIM model was exclusively calculated with the Uvalue of the window panes.



The differences in annual heat losses between STD and T-BIM models through exterior walls and window glazing were −31.24 kWh/m2. The Uvalue differences for Uwall employed in each model (nominal calculation, in the as-is STD model; calculated with measurement parameters, in the T-BIM model) were not so high: 0.017 w/k·m2 higher in the T-BIM model. More notable were the heat losses to the ground. The temperature of the ground was the same for both models. However, the Ufloor value that determined the calibration process of the as-is T-BIM model was 0.466 w/km2 higher.



There was a similar indoor climate global thermal demand of 152 kWh/m2 for each model. However, the distribution of demand types was not the same, as the T-BIM model cooling energy demand was lower and represented 77% of the STD, while the T-BIM heating demand was significantly higher, at 161% of the STD model (Table 7).



Comparing the monthly evolution of the thermal ambient conditioning demands (Figure 13), a similar behaviour was observed for each month, which is to say, a gradual change from cooling towards THE need for heating. There was a higher monthly energy demand for heating in the as-is T-BIM model toward the winter, and vice versa, a greater demand for air conditioning in the STD model toward the summer.




3.3.2. Heating and Cooling Energy Consumption


Given the results of the thermal conditioning energy demand (Table 7) and the characteristics of the air-conditioning services (Table 3), the annual air-conditioning energy consumption results, both in the as-is T-BIM and in the STD models, were low and very similar: 52.2 kWh/m2 and 53.5 kWh/m2, respectively. As with energy demand, there was an unequal distribution of consumption, with values of 26.3 kWh/m2 and 28.9 kWh/m2 for heating, and 16.3 kWh/m2 and 37.2 kWh/m2 for refrigeration, according to the simulation results of the as-is T-BIM and STD models, respectively.



In global terms of energy consumption and CO2 emissions, the differences determined by the use of the two methodologies, as-is STD and as-is T-BIM, are not significant in our case study. It is predictable that this will happen as long as the energy source for the heating and cooling systems of the buildings has yields and energy vectors similar to those in our case study.




3.3.3. User Comfort Conditions


PPD and PMV Fanger parameters were calculated based on the CFT simulation results with Energy Plus to evaluate user comfort. There are differences when comparing the results from both models: as-is STD and as-is T-BIM. In what follows, the results corresponding to the W1 zone and the 18, 19, and 20 November 3D-T scans are discussed. The room measurements were taken under the conditions described in Section 2.5.3, while the simulated weather conditions corresponded to the TMY 2007–2021. Although the room climate simulation conditions were different from 3D-T measurements, we considered that the solar radiation intensities were similar. In this way, the 3D-T model may facilitate the interpretation of the Fanger simulations, as solar radiation is a determining factor in the comfort of zone W1.



Figure 14 shows the hourly values of the Fanger PMV and PPD comfort parameters for zone W1, on 18–20 November of/ TMY 2007–2021. The hourly comfort values between 8:00 h and 20:00 h corresponding to the period of occupation of the room are depicted in graphs.



Analysing the hourly values of PMV in Figure 14a, it can be seen that it stays within the comfort range, in other words, between (−0.5, +0.5), almost at all times. However, Figure 14b, shows the existence of peaks outside the comfort range, with PPD values > 10% in the early hours of the T-BIM model simulations.



The results of both models confirmed the permanence of values within the Fanger comfort intervals (see Section 2.4). The PMV and PPD are generic hourly indices for the prediction of comfort for the entire space obtained from the CTF simulation of the as-is T-BIM and STD models during the TMY month synchronised to the calibration period. CFD calculations of the performance of the air inside the W1 zone can yield detailed knowledge of the spatial distribution of these values. The tool in use generates images in stationary mode.




3.3.4. CFD Analysis of Spatial Distribution of Comfort in Room W1


The CFD tests were conducted with the two models, as-is STD and as-is T-BIM, as follows: The CDF module of DesignBuilder V6 and a spatial distribution of indoor air temperatures and air-flow speeds within zone W1, corresponding to each model for the same day of the month, were used. The time chosen to conduct the tests was 17:00 h on 19 November TMY 2007-21 to contrast those extreme discomfort values with the simulated values.



The criteria, which are set out below, were considered to establish the basis for the CFD calculations of each model. Steps were taken to set up approximate special calculation domain meshes, taking into account the small geometric differences that exist in each one (Figure 15). The CTF simulation results of each model were linked to the hour and day of the typical month of the year (17:00, 19 November TMY 2007–21) to determine the base contour parameters for the simulations of each model: as-is STD and as-is T-BIM. In Figure 16 and Table 8, the surface temperature and air flows of the CTF simulation are shown for the hour and day of the test and linked as contour values for the CFD simulations. The k-ε turbulence model was used for all the simulation calculations and the studies on the distribution of indoor air in thermal zones with low air circulation speeds [58]. The convergence of the calculations was produced with 6000 and 10,000 iterations in the as-is STD and as-is T-BIM models, respectively.



In Figure 17a,b, the 2D graph maps of the temperature distributions for the plane Z = 1.50 m of Zone W1 of both models are shown. Figure 18c illustrates the mapping of the point-to-point temperature differences, with the average of all those differences and the value of the statistical variance being 0.305 °C and 0.062 °C, respectively.



Figure 18 and Figure 19 present the spatial mapping of PPD and PMV after processing of the CFD test results (temperature distribution and air-flow speeds within the zone) with the Fanger method for each of the models. The differences between the results of these two models were also statistically analysed in spatial terms through an evaluation of the temperature differences of each point on the Z = 1.50 plane and jointly through PPD and PMV values, respectively, and variances of the data sets. Averages of 0.739 and 0.039, and variance values of 3.82 and 0.14, for PPD and PVM, respectively, under the as-is STD and the as-is T-BIM model test conditions, were reported.



The thermal sensations of occupants at different points within Room W1 can be quantified with the PPD and PMV values, in accordance with the test conditions. The PPD values tell us the percentage of dissatisfied people, a value that will always be >5% and never be negative. The information provided in Figure 18 shows the differences between the results of both models. The PPD indicator establishes a limit value of 10% between comfort and non-comfort. It may be appreciated that the results of the models point to higher intensities of the PPD value in approximately the same zones, with the results of the as-is STD model (Figure 18a) showing a wider distribution of PDD values, close to or greater than 10%, than the results of the as-is T-BIM model. The statistical results informed us that the difference was relatively small, given that the differences in the PPD value between both models were lower than 1% and 4% for the average and variance of the set of values, respectively. On the other hand, it can be understood from the sign of the PMV values whether the values of dissatisfaction are due to thermal intensities tending towards sensations of coldness or warmth because neutrality is situated around zero, limiting the comfort zone for office spaces to the interval (−0.5, +0.5). Analying the thermal images of both models, as-is STD and as-is T-BIM (Figure 19a,b), the total surface of the images with positive heat values is shown, with the thermal map of the as-is STD model presenting higher intensity values. In addition, it was the only map that, with values higher than +0.5 showed indicators of thermal dissatisfaction due to excessive heat. Although the as-is STD model values were over the limit values, the values of the as-is T-BIM model were close to that limit and approximately in the same places; therefore, the results can be considered similar. Neither did the statistical values point to numerically significant differences between the PMV values of both models, as-is STD and as-is T-BIM, because those differences were lower than +0.04 and 0.015 for the average and variance of the set of values, respectively.






4. Conclusions


This article reports a case study that successfully tests the as-is T-BIM method of building thermal information modelling. The goal of the as-is T-BIM method is to integrate multi-zone thermal point clouds into the as-is BEM procedures. Automatic time series processing of point clouds from five adjacent zones of a building created a proprietary semantic multi-zone as-is T-BIM model with time series of surface temperatures linked to each surface element of the model. This model has been automatically converted to a standard gbXML as-is BEM that has been used by conventional energy simulation software without interoperability errors. The novelty of the test case is the achievement of a clean scan for an as-is BEM workflow and the subsequent energy simulation of a multi-zone set without obtaining any interoperability errors. Furthermore, the temperature series corresponding to each of the classes of elements that conform to the thermal zones has made possible the aggregation of thermal transmittance values in the as-is BEM model.



The novelty of the as-is T-BIM method is the processing of 3D thermal clouds of interior zones of a building to generate a semantic multi-zone proprietary model that contains time series of surface temperatures assigned to its surface elements. This proprietary as-is T-BIM model has automatically generated a multi-zone gbXML as-is BEM for energy simulation.



A comparison of the simulation results obtained with T-BIM and conventional methods for the same building reveals shorter modelling times and more accurate geometric models. Although the overall energy simulation results of the two models are very close, there are differences in the heating and cooling energy demand profiles obtained for each of them. Although the availability of more experimental information for the calibration of the as-is T-BIM model suggests a higher accuracy for this model, in future studies it will be necessary to establish benchmarks to determine the thermal accuracy of this method. Nevertheless, the successful achievement of obtaining a multizone model automatically is a previous step to the multi-storey model that is necessary to address the complexity of a complete building. The multi-zone feature of the as-is T-BIM method makes it applicable to single-storey buildings, automating data acquisition and processing and improving the accuracy of energy simulation results.



The following future lines of research and development concerning as-is T-BIM technology have been established: the use of multi-storey as-is T-BIM models for the creation of standard BEM format files of complete buildings; greater control over the climatic conditions of the thermal scanner sessions to ensure the thermal temperature in the outdoor building environment and the in-door thermal zones that are suitable to reach the most appropriate conditions for the calculation of envelope element transmittances; validation of calibrated energy models using real building consumption data as AG14 recommends, and the use of the T-BIM method for studying indoor comfort conditions under as-is working environments.
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	3D-T
	Geometric point-cloud.



	AG14
	Ashrae Guideline 14.



	BEM
	Building energy modelling.



	BES
	Building energy simulation.



	CFD
	Computational fluid dynamics.



	CTF
	Conduction transfer functions.



	GBXML
	Green building XML format.



	IRT
	InfraRed technology.



	PMV
	Predicted mean vote.



	PPD
	Predicted percentage dissatisfied.



	T-BIM
	Thermal building information modelling.
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Figure 1. Diagram of research procedures and results. 
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Figure 2. As-is T-BIM thermal point-cloud: (a) perspective of the block of five thermal zones; (b) indoor view of a thermal zone. 
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Figure 3. (a) 3D geometric and thermal scanner; (b) Perspective of one of the rooms of the case study; (c) Detail of the objectives for reading the parameters Tref and ε. 
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Figure 4. (a) T-BIM model, with surface temperatures in its viewer. (b) GBXML model of adiabatic adjacencies and envelope transmittance calculated with the DesignBuilder viewer. 
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Figure 5. General plans of the block of five thermal zones under study: (a) layout of the ground floor; and (b) sectional view. 
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Figure 6. gbXML model geometries in the DesignBuilder V.6 display interface. (a) as-is STD model; and (b) as-is T-BIM model. 
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Figure 7. Series of orthoimages of the western wall, Room W, 19 November 2021. 
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Figure 8. Thermographic ortho-images obtained from the 3D thermal point cloud with real calculated temperatures: (a) indoor surface of the west wall of zone W, 10:00 h 19 November 2021; (b) indoor surface of the south wall of zone W, 10:00 h 19 November 2021. The colour palette changes with the temperature in steps of 0.4 °C to facilitate the visualisation of thermal surface differences. 
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Figure 9. Average simulation and monitored surface temperatures of the wall and the floor, of Room W1, 19 November 2021. 
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Figure 10. Average simulation and monitored surface temperatures of the wall and floor of Room W1, 18, 19, and 20 November 2021. 
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Figure 11. Daily temperatures of indoor air in all zones are average according to the simulation results of the as-is STD and as-is T-BIM models and the average daily outdoor temperature of the typical meteorological year TMY 2007–2021 used in the simulations of both models. 
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Figure 12. Means of monthly average monthly energy gains obtained by energy simulations of the two models, as-is STD and as-is T-BIM, on a TMY 2007–2021. 
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Figure 13. Monthly demand for heating and cooling of the models, as-is STD and as-is T-BIM, in a TMY 2007–2021. 
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Figure 14. Hourly values of Fanger comfort parameters for zone W1 on 18–20November of TMY 2007–2021: (a) PMV and (b) PPD. 
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Figure 15. Models of Room W1, domain mesh, air intake, and outtake vents in red (a) as-is STD and (b) as-is T-BIM. Where: Vent 1 is ventilation air intake; Clim 1–3 are climatized air intake diffusors; Inf 1–7 are infiltrations of air through the window frames; Ext 1–2 are air extractions from the air conditioning system and through the door access. 
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Figure 16. Surface temperature values of contour elements linked for CFD simulation testing at 17:00 h on 19 November, in Room W1: (a) as-is STD and (b) as-is T-BIM. 
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Figure 17. Temperature value 2D graph maps on a horizontal plane at Z = 1.50 m, obtained by CFD simulation of air flows, according to the condition of Room W1, at 17 h, on 19NovemberTMY 2007–2021: (a) Temperatures with the as-is STD Model, (b) Temperatures with the as-is T-BIM Model, and (c) Point-to-point resolution of temperature differences between both models that were compared. 
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Figure 18. 2D graph maps of PPD comfort values on a horizontal plane at Z = 1.50 m, obtained by CFD simulation of atmospheric air flows, according to the conditions of Room W1, at 17 h, on 19 November TMY 2007–2021: (a) PPD of the as-is STD model; (b) PPD of the as-is T-BIM model; and (c) Point-to-point resolution of PPD differences in a comparison between both models. 






Figure 18. 2D graph maps of PPD comfort values on a horizontal plane at Z = 1.50 m, obtained by CFD simulation of atmospheric air flows, according to the conditions of Room W1, at 17 h, on 19 November TMY 2007–2021: (a) PPD of the as-is STD model; (b) PPD of the as-is T-BIM model; and (c) Point-to-point resolution of PPD differences in a comparison between both models.



[image: Buildings 13 00972 g018]







[image: Buildings 13 00972 g019 550] 





Figure 19. 2D graph maps of PMV comfort values on the horizontal plane at Z = 1.50 m, obtained by CFD simulation of atmospheric air flows, according to the conditions of Room W1, at 17 h, on 19NovemberTMY 2007–2021: (a) PMV of the as-is STD model; (b) PMV of the as-is T-BIM model; and (c) Point-to-point resolution of PMV differences in a comparison between both models. 
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Table 1. Statistical criteria for calibration were applied in the investigation.
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	Index
	Criteria for Hourly Series





	NMBE 1
	±6



	CV (RMSE) 2
	14



	R 2,3
	>75







1 Normalised mean bias error, 2 coefficient of variation of the root mean square error, and 3 coefficient of determination.
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Table 2. Thermal and constructive characteristics of the envelope elements and zonal separation.
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	Element
	Description
	Thickness
	Transmittance





	Façade wall
	Masonry blocks with a 4 cm. polyurethane and pebble rendering with an air chamber of 2.5 cm on the exterior, with lightweight prefabricated plaster boards and aluminium profiles with 3 cm Extruded Polystyrene (XPS) insulation on the interior.
	40 cm.
	0.36 w/m2 K



	Exterior

windows
	Thermal break aluminium profiles
	
	2.1 w/m2 K



	Floors
	Ceramic paving on precast alveolar concrete deck slabs with ceramic tiling and a 20 cm ventilated air chamber above the ground.
	60 cm.
	0.43 w/m2 K



	Glazing
	4 + 4/10/6 Clear
	2.2 cm.
	2.85 w/m2K



	Ceiling
	Precast alveolar concrete slabs with a 40 cm suspended ceiling system and precast acoustic plaster plaques.
	80 cm.
	0.61 w/m2 K



	Partitions
	Lightweight partition wall of precast plasterboard and aluminium profiles with acoustic insulation.
	15 cm.
	1.52 w/m2 K
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Table 3. Services are available in the rooms under study.
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	Service
	Description
	Values





	Lighting
	Reflectors with fluorescent tubes on the ceiling
	Power, 5 w/m2



	Ventilation
	Mechanical with heat recovery ducts
	Flow, 8 to 12 dm3 per person/s



	Air Conditioning
	Variable Refrigerant Flow (VRF) system with ducts
	Flow, 9 m3/min



	
	Coefficients of performance,

heating/cooling
	2.5/3.0



	
	Control panels, heating/cooling
	21 °C/24 °C
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Table 4. Geometric values of the elements in the as-is STD and as-is T-BIM models, totals and for each one of the zones. (1) percentage surface concordance of zones between the models.
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Total, 5 Zones

	

	
E1

	
E2

	
W2

	
W1

	
Corridor






	
Model

	
Un.

	
STD

	
T-BIM

	
% 1

	
STD

	
T-BIM

	
STD

	
T-BIM

	
STD

	
T-BIM

	
STD

	
T-BIM

	
STD

	
T-BIM




	
Office Area

	
m2

	
180.86

	
187.00

	
97

	
36.00

	
38.58

	
36.37

	
37.97

	
39.60

	
39.96

	
39.02

	
40.75

	
29.87

	
29.75




	
Volume

	
m3

	
627.56

	
649.35

	
97

	
124.91

	
133.96

	
126.20

	
131.84

	
137.40

	
138.76

	
135.40

	
141.50

	
103.66

	
103.29




	
Floor

	
m2

	
180.86

	
186.99

	
97

	
36.00

	
38.58

	
36.37

	
37.97

	
39.60

	
39.96

	
39.02

	
40.75

	
29.87

	
29.74




	
Wall

	
m2

	
38.07

	
56.42

	
67

	
8.75

	
14.98

	
8.75

	
13.90

	
11.83

	
13.50

	
8.75

	
14.03

	
0.00

	
0.00




	
Glazing ext.

	
m2

	
41.72

	
28.91

	
144

	
13.61

	
7.76

	
13.61

	
9.02

	
0.90

	
0.64

	
13.61

	
9.06

	
0.00

	
0.00




	
Glazing int.

	
m2

	
29.81

	
11.05

	
270

	
1.31

	
0.89

	
1.28

	
0.91

	
13.62

	
9.25

	
0.90

	
0.00

	
4.39

	
2.43








1 percentage surface concordance of zones between the models.
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Table 5. Input values and results for the calculation of exterior enclosure Uvalue of Room W1.
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	Time
	Tatm.out
	Tatm.int
	Tref.w
	Tref.f
	Tsup.int.w
	Tsup.int.f
	Uwall
	Uframe
	Uenclosure





	9:00
	5.90
	16.70
	14.41
	16.01
	13.30
	10.08
	0.789
	1.535
	0.953



	10:00
	8.20
	17.08
	14.81
	16.46
	13.97
	13.97
	0.877
	0.877
	0.877



	11:00
	9.70
	17.38
	15.49
	17.21
	14.49
	14.48
	0.943
	0.946
	0.944



	Average
	7.93
	17.05
	14.90
	16.56
	13.92
	12.84
	0.870
	1.119
	0.925







Tatm.out is external temperature, Tatm.int is indoor ambient temperature, Tref.w is wall reflected temperature, Tref.f is frame reflected temperature, Tsup.int.w is wall surface temperature, Tsup.int.f is frame surface temperature, Uwall is wall Uvalue, Uframe is frame Uvalue, and Uenclosure is the resulting U enclosure Uvalue without window panes.     U   e n c l o s u r e   = 0.78 ·   U   w a l l   + 0.22 ·   U   f r a m e    .
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Table 6. Statistical simulation values for the as-is STD and the as-is T-BIM calibrated models, in relation to the monitoring data from Room W1.
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	Unit
	as-is T-BIM
	as-is STD
	Tolerance Margin





	MBE
	0.273
	−0.045
	-



	NMBE
	0.123
	0.123
	±6%



	CV(RMSE)
	16.462
	1.703
	14%



	R2
	0.982
	0.979
	>0.75







MBE is the mean bias error, NMBE is the normalised mean bias error, CV (RMSE) corresponds to the coefficient of variation of the root mean square error, and R2 is the coefficient of determination.
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Table 7. Statistical simulation values for the as-is STD and the as-is T-BIM simulated models.
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	Cooling
	Heating
	Global Thermal Energy





	
	(Wh/m2)
	(Wh/m2)
	(kWh/m2)



	as-is STD
	−111,497.8
	40,761.0
	152.3



	as-is T-BIM
	−86,695.3
	65,784.6
	152/5



	Difference 1
	77.8%
	161.4%
	100.1%







1 is the percentage thermal demand of the T-BIM model in relation to the STD model.













[image: Table] 





Table 8. Intake and outtake air flows of contour elements linked for the CFD trial simulation at 17 h on 19 November, in Room W1.
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Type of Air

	
Constructive Element

	
as-is STD Model

	
as-is T-BIM Model




	
Air Flow

	
Air Temperature

	
Air Flow

	
Air Temperature






	
Infiltration

	
Exterior carpentry

	
17.3

	
L/s

	
20.0

	
°C

	
39.3

	
L/s

	
20.0

	
°C




	
Ventilation

	
Air vents

	
48.0

	
L/s

	
18.8

	
°C

	
48.0

	
L/s

	
18.8

	
°C




	
Interior carpentry

	
−65.3

	
L/s

	
22.7

	
°C

	
−87.3

	
L/s

	
22.8

	
°C




	
Climatization

	
Diffusers

	
150.0

	
L/s

	
21.0

	
°C

	
150.0

	
L/s

	
21.0

	
°C




	
Return air vent

	
−150.0

	
L/s

	
21.0

	
°C

	
−150.0

	
L/s

	
21

	
°C
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