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Abstract

:

Bearing in mind that dwellings generate a high environmental impact, the aim of this research is to improve their energy efficiency. The incorporation of an insulating layer in the extrados of the building envelope is the most effective way of reducing the transmittance of a facade, eliminating thermal bridges, and optimizing its energy consumption. There is no doubt about the effectiveness of this solution in terms of thermal protection. However, this process collides with the preservation of the original composition of buildings with ornate facades. This article presents a protocol for the rehabilitation of ornate facades of historic buildings through the application of an insulating layer on the outside of the walls. The protocol shows that advanced techniques applied with an integrated approach permit compatibility between energy rehabilitation and the preservation of the original value. In addition to applying strategies of a high technological level, the protocol proposes a reflection upon a balanced intervention on ornamental elements, as well as the relationship between the degree of energy improvement of an ornate facade, and the degree of preservation of the original composition. A methodology is established that combines different avant-guard techniques and systems. These include capturing reality in 3D, the Building Information Model (BIM), monitoring, advanced manufacturing, and active and passive solution simulations.
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1. Introduction


Studies show that more than 65% of the world’s consumption of primary energy can be attributed to urban areas, which, in turn, generate more than two thirds of direct global greenhouse gas emissions. But it should be underscored that Directive 2012/27/EU of the European Parliament and Council, of 25 October 2012, relating to the Energy Efficiency of Buildings states that protected buildings are excluded from complying with energy improvement regulations [1]. This is detrimental to environmental sustainability, and demands a solution that addresses two problems: on the one hand, improving the energy efficiency of buildings, and on the other, maintaining the preservation of protected buildings. The main objective of this study is to establish a protocol where the heritage value of the building is adapted to possible energy intervention. The value of the protocol described and carried out on the Miñones Barracks lies in combining the application of a series of technological resources and a theoretical reflection upon the intervention on ornate facades. On the one hand, it incorporates a series of technical tools, relating to tests on permeability tests, thermal resistance and obtaining heat losses, as well as obtaining point clouds by means of 3D laser scanning and unmanned aerial vehicles (UAV)-assisted automated photogrammetry techniques, processing and management by using Building Information Model (BIM) technology, and manufacture of ornamental elements; on the other hand, after obtaining all the information, it proposes a balanced approach between energy optimization and preservation of the original architectural nature of the facades.



In the Basque Country, there are more than one million dwellings with an average age of 43 years [2], which undoubtedly have consequences on the environment, associated with energy consumption. Pursuant to European regulations, several initiatives have been proposed. In 2013, Law 8/2013 on Urban Rehabilitation, Regeneration and Renovation entered into force in Spain. It was foreseen in this law that future interventions on residential buildings were going to be essential to improve energy efficiency. After the law was passed, different programs were approved to manage public aid. At a state level, the Institute for Diversification and Saving of Energy was responsible for the launch of the Aid Program for energy rehabilitation of buildings (PAREER-CRECE). At a regional level, insofar as the Basque Country was concerned, the Basque Energy Board launched the RENOVE Plan, within the Europe 2020 Strategy, whose target was to increase the energy efficiency of dwellings and buildings, improve accessibility conditions, and strengthen social cohesion.



In 2017, the Basque Government conducted a study on Housing Needs and Demand in the Basque Country, concluding that 76,286 households would need to be rehabilitated within 4 years. In response to this, a series of programs have been launched, noteworthy among which is the Basque Government’s Housing Department’s AGREE Project (‘Aggregation and improved Governance for untapping Residential Energy Efficiency potential in the Basque Country’). This project is partially financed by the European Union, and the Housing Department hopes to mobilize 8.5 million Euros within the next three years to rehabilitate private residential buildings that are more than 40 years old. These programs aim to solve a prevailing problem in the management of the existing public housing stock [3], both for the tenants and for Alokabide, the Government’s rented housing stock agent, which has more than 7600 dwellings in its portfolio.



We present an action protocol for the smart energy rehabilitation of historic buildings, based on the work carried out to rehabilitate the Miñones Barracks of Ortuella (Vizcaya). The work was undertaken within the “nZEB, Rehabilitación Inteligente de Edificios Bajo Criterios de Consumo de energía casi Nulo”, (ZEB, Smart Building Rehabilitation under Nearly Zero-Energy Consumption Criteria) strategic initiative [4], promoted by the Department of the Environment, Territorial Planning and Housing of the Basque Government. During the years 2018 and 2019, the building underwent an in-depth analysis, led by the university team—authors of this paper—in order to propose innovative solutions related to energy efficiency and rehabilitation, but also to study, given that it is a classified building, the compatibility between the rehabilitation measures to be applied, and the preservation of the original configuration. These energy improvement solutions are based on non-destructive tests such as infrared thermography, supported by the massive capture of geometries by means of 3D laser scanning [5], and UAV-(Unmanned Aerial Vehicle) assisted automated photogrammetry [6], with the aid of advanced manufacturing using smart and industrialized systems, whose performance will be monitored through measurement instruments, permanently linked to BIM digital models, which will permit preventive and generative maintenance in virtual or augmented environments [7].



After intervening in the domestic hot water (DHW), HVAC and lighting systems, the most effective measure to limit the energy demand of a residential building is to reduce the thermal transmittance of the blind walls of its envelope. Regarding buildings constructed with load-bearing walls, there are two possible solutions: the incorporation of an insulating layer in the intrados of the facade, and the adherence of insulation on the outer part, whatever its finish. Of the two solutions, the one that acts upon the extrados is imposing itself, given a series of important reasons, such as the continuity of the new incorporated envelope, the elimination of thermal bridges, and the protection of the interior of the homes [8]. However, despite this being an efficient procedure from the thermal protection viewpoint, it does not really adapt to the compositive principles of ornate facades, characterized by a series of elements that jut out from the walls, such as moldings, shields, and bas-reliefs. Advanced techniques, applied with an integrated approach, permit making energy rehabilitation compatible with the preservation of the original value of the building [9]. These action protocols will afford benefits in the environmental field, as they reduce CO2 emissions, and they will also act as a reference, both for the residential sector and for the wider population in general.




2. Case, Materials, and Methods


In most of the energy interventions proposed and carried out today [10], the results in terms of energy improvement prevail, not taking into account the origin of the building or the consequences from a viewpoint of the urban environment, of the architecture or its original constructive characteristics. At the other extreme, we find a property where energy improvement becomes unfeasible due to the mere fact of being included in a protection inventory. There are many studies on the different solutions that exist in the market for the energy improvement of the different elements that make up the thermal envelope, the partial results that can be achieved, and the modifications of their installations to achieve better performances. However, it is not clear which solution, out of the wide range that exists, is the best for each of the cases.



Hence, it is considered that the most adequate energy intervention in built heritage is the solution that combines energy improvement of each building and respect for its original configuration [11]. This leads us to propose that each intervention must be specific for each specific case. In this applied study, a protocol consisting of different stages is proposed (Figure 1):



	(1)

	
Collect historical documentation




	(2)

	
Data collection of the current state




	
Analysis of existing regulations on energy efficiency



	
Analysis of building protection regulations (study case). Establish the degree of intervention (0-IV)



	
Building inspection



	
Non-destructive testing, extraction of data from the baseline



	
Capture of the textured geometry of the building (3D laser scanning and automated photogrammetry assisted by UAV)



	
Baseline scenario monitoring









	(3)

	
Creation of the BIM Model




	(4)

	
Study of active and passive solutions for energy rehabilitation




	(5)

	
Simulation of solutions with the BIM Model




	(6)

	
Study of different ETICS solutions. Thermal bridges evaluation and study.




	(7)

	
Study of different advanced manufacturing solutions to isolate ornate facades on the outside. Prototypes




	(8)

	
Execute rehabilitation




	(9)

	
Evaluation of the rehabilitation carried out. Monitoring linked to the BIM model




	(10)

	
Sustainable management and maintenance of the building from the BIM model







In some cases, the energy saving achievements will be optimal, in others they will only go half-way, and in others they may even be low. On the other hand, we preserve the built heritage in agreement with the original value of each building. To this end, we must classify the different properties, not only from the viewpoint of heritage values to be preserved, but also in terms of the energy values to be achieved [12,13].



2.1. Proposal of Degrees of Intervention in Built Heritage


After analyzing many residential buildings, a 5-degree theory was determined for energy intervention in heritage. This theory must cover the entire spectrum of buildings considered to form part of the built heritage, and even those that are not protected, but that may have some value that must be protected. This classification in degrees must contain two basic values to be considered: On the one hand, the degree of building protection value, and on the other, the level of energy improvement that can be reached, bearing in mind the first value. Both values must form part of one single concept. The different degrees are going to be presented, starting with Degree 0, which is the study of the property as it is today, continuing until Degree IV, which would be the case of the most intervened building. Within these degrees, there is a progressive energy efficiency improvement level, and a regressive heritage protection level (Figure 2) [14].



2.1.1. Degree 0. Original State


This is not an intervention per se. It is the study and analysis of the property that is going to be intervened, described as it is in its current state. Before proposing any type of intervention, it is important to recognize and analyze the state of the construction on which we are going to take action. The building forms part of a built environment.




2.1.2. Degree I. Preservation, Restoration and Reconstruction


The energy intervention is complicated in buildings that have already been classified. The intervention carried out is as permitted in the different inventories. In the majority of the cases, they are exempt from compliance with energy efficiency.




2.1.3. Degree II. Selective Intervention


Some elements may be repaired, replaced, or even modified, but only those that have no conservation value, or that do not substantially modify the building. This is a mixed solution, where positive energy efficiency values are achieved, although always maintaining some heritage conservation characteristics.




2.1.4. Degree III. Mass Intervention


In this case, the solution could also be called a “mixed” one. The energy objectives are achieved, and the property is essentially maintained, but with variations in terms of its architecture. Unlike degree II, in this case, the solution may lead to slight variations in the image and configuration of the building. The volume and profile of the building are maintained, but it is afforded a new image, thanks to the use of new materials and constructive solutions.




2.1.5. Degree IV. Invasive Intervention


The action taken in this last degree is invasive. In other words, the original property is used as support to introduce new solutions or extensions, where energy efficiency improvement is the main consequence of the proposed new building [15].




2.1.6. Case Study Degree


The most suitable energy intervention for most of the buildings that make up the existing building stock is found between Degrees II and III. Thus, it is possible to intervene in these buildings to improve energy performance, but at the same time its heritage values can be preserved. In this case study, we would also be between Degree II and Degree III of the aforementioned stages. It is not a Degree I intervention as it is not a building, which, despite being protected, has great monumental value. It is not Degree IV either, which would permit any type of intervention that might transform the original configuration of the building. Selective Intervention or Mass Intervention may be the answers to the proposal of this study.





2.2. Energy Rehabilitation


Energy improvement, present in the objectives set out in the 2030 Euskadi Energy Strategy, which, in agreement with the objectives, would be in line with European, state and local guidelines in this field, translates into a series of intervention measures in the built stock [16], which are encompassed within the broad concept of energy rehabilitation, and in particular [17], in the orientation of this rehabilitation towards the transformation of buildings into nearly zero-energy buildings. The energy objective established as a priority by the Basque Government is to obtain consumption levels close to the European recommendations for nearly Zero-Energy Buildings. This would represent, on the one hand, a total primary energy consumption (nZEB) of ≤65 kWh/m2; on the other hand, it would represent the possible on-site contribution of renewable sources of 45 kWh/m2, and non-renewable primary energy of ≤20 kWh/m2/y.



The main objective cannot be achieved by applying conventional solutions, so solutions that adapt to this type of buildings must be studied and developed. The study was developed in several phases: first, the regulatory context of energy rehabilitation and the definition of nZEB buildings, applicable to the buildings targeted by this work, was analyzed; second, the data of the social housing of the Autonomous Community of the Basque Country (CAPV) managed by different public administrations, and which amount to a total of 7693 houses, were analyzed [2,18]. After determining the rehabilitation context, the study focused on the energy analysis of the pilot case, ending with the definition of measures to be adopted. Consequently, a methodological sequence, in several stages, was established, which might act as a model for this type of energy interventions in historic buildings.



The first stage focused on analyzing the current state, compiling data about the constructed reality of the building, and combining 3 main aspects. First, the building was inspected and non-destructive tests were conducted. Second, the geometric and texturized capturing of reality by 3D laser scanning, and UAV-assisted automated photogrammetry were carried out. The third aspect—one of considerable importance—entailed monitoring the energy variables, which permitted the characterization prior to the intervention. This led to a more concrete definition of the interventions, and the subsequent evaluation of the improvements reached with the implemented measures, enabling the building conditions to be controlled during its entire Life Cycle.



During the second stage, a BIM model was created, which, in addition to facilitating the efficient execution of the rehabilitation [19], and permitting the sustainable maintenance and management of the building during its entire working life, among other options, permitted simulation and analysis with specific software.



The third stage entailed studying different passive and active solutions for the energy rehabilitation. Six scenarios were established based on the preselected active solution alternatives, which were combined with the two passive measure scenarios finally selected.



In the fourth stage, the respective simulations of all the scenarios were carried out with specific software for dynamic calculations, analyzing several objective functions that contemplate aspects such as investment and operational costs, and energy and CO2 emissions analysis, which enabled the different systems to be compared, based on the criteria proposed, in this case, by the Basque Government.



This was followed by a technical and economic analysis of the passive solutions in agreement with the current demand and the optimal solution considered, which permitted selecting two basic passive measure scenarios, i.e., the one with the best cost-effective ratio, and the one that represented greater energy saving.



After this, the thermal bridges of the building were analyzed, with several intervention solutions in the envelope.



Finally, specific solutions were proposed through advanced manufacturing, for the thermal insulation on the outside, bearing in mind the complexity of ornate facades.



2.2.1. Passive Intervention Solutions


The so-called passive interventions can be found at the base of the pyramid [20]. These improve the original architectural design of the building, thus increasing the efficiency of existing constructive systems, as well as users’ comfort levels. This group of interventions is essential, insofar as the rehabilitation of heritage architecture is concerned, as they help to considerably improve the building efficiency. The passive intervention solutions to reduce demand were classified into 4 large groups.



The first group was the group of application technologies in opaque envelope for facades. These were divided into three types, starting with solutions on the outside, and continuing with solutions on the inside, finally concluding with technologies to improve opaque envelopes through their air chamber. The second group was the group of application technologies in opaque envelope for roofs, which are divided into two insulation solutions, on the outside and on the inside of the roof. The third group was the group of application technologies in glazed envelopes, which affect window carpentries, the different glass solutions, and shading elements. Finally, other interventions in building elements were contemplated, such as, for example, the insulation of the decks between stories, and the insulation of partitioning between non-heated areas and dwellings.




2.2.2. Active Intervention Studies


Active measures must be treated as a complement to the passive actions, which must always be proposed as a first step to be considered when addressing energy rehabilitation. Once the energy demand of the building was minimized by implementing the passive strategies contained in the previous point [21], the aim is for the systems, responsible for covering the lighting, heating, cooling, ventilation, and domestic hot water production needs, to be as efficient as possible, thus reducing the energy consumption associated with these systems. Low consumption active measures, which guarantee the reduction of consumptions, were implemented, on establishing synergies with some of the passive measures adopted. Renewable installations, which help to reduce consumptions, are found at the top of the pyramid. The most common ones used are thermal solar energy, photovoltaic solar energy, wind energy, and biomass. These systems generate clean energy from theoretically inexhaustible natural sources, such as the sun, water, or wind, and therefore have less environmental impact. The different renewable energy sources were not taken into account in this study, because their implementation is deemed difficult to apply, as the case study is an existing building, and has a heritage protection degree that does not permit a large variety of solutions.




2.2.3. Approach to the Case Study Solutions


Regardless of whether the carpentry and glass are renewed or not, there are two types of commonly used solutions to reduce the transmittance of the blind walls of the enclosure: the first is the incorporation of insulation on the internal face of the facade and the second is the adherence of insulation on the outer part; both can be used if the finish is with plaster, as is the case of External Thermal Insulation Composite Systems (ETICS), or by means of ventilated facade. A third possibility exists, moreover, in the case of the double ceramic skin facades used from the 1940s, consisting of injecting foam on the inside of the chamber. Of the three solutions, the one that is being imposed is the solution based on the action on the outside, given a series of important reasons: the continuity of the new added envelope, the elimination of thermal bridges, and the fact that the work is carried out on the outside of the building, safeguarding the interior of the dwellings, thus causing less inconvenience to users. Consequently, the most successful way of improving the envelope is precisely the solution that collides with the preservation of the original character of the facades. Given the impulse acquired by energy rehabilitation, the unprotected residential stock part is experiencing a speedy “shedding” process, with the subsequent transformation of the urban landscape. Despite this being an efficient system from the viewpoint of thermal protection and continuity of the new envelope, it is not equipped to respond to the compositive principles of certain ornate facades. Thus, we came up against a problem of continuity of the insulating skin in ornamental elements. The solutions could be synthesized in 2 options:



The first would be the preservation of the ornamental elements in their original state. In this option, the integrity of the elements is maintained intact, but the thermal bridge brought about by these elements is not solved. This would, according to the intervention theory proposed, consist of a Degree II intervention, i.e., selective, conservative insofar as the preservation of the architecture is concerned, but with faults relating to thermal insulation.



The second option consists in enveloping the ornamental elements, such as moldings, cornices, shields, and ornaments of any type, with an insulating material. Given the conception of exterior thermal insulation systems, their application to ornamental elements and points, requires an adaptation process, which could be an almost artisanal one, or by advanced manufacturing, starting with a precision 3D scan. This second option is the one that is pursued, as it is the most favorable, because the thermal bridges would be eliminated.



In the case of heritage buildings, whose outer envelopes are totally protected, the incorporation of insulating materials on the outside (ETICS or ventilated facade) was ruled out completely. In these cases, insulation on the internal face is considered as the most adequate and recurrent alternative [22,23,24], despite the fact that the hygrothermal behaviour of historical walls with internal insulation is difficult to predict, as the physical characteristics of the materials used to build these walls are unknown [25,26]. However, there are buildings with a partial protection degree where certain actions on the outside of the facade are permitted to improve their energy efficiency, so long as this does not alter the textures, color, or image of the original facade. By way of an example, the study case that is analyzed in the following points, and on whose cladding an ETICS solution is proposed, belongs to this group of partial protection buildings.





2.3. Case Study


The old Miñones Barracks in Ortuella were constructed in 1902. In 1988, the Integral Rehabilitation Project for the house was drafted on the request of the Department of Urban Development, Housing, and Environment of the Basque Government, with the aim of fitting out 8 public promotion dwellings in the house. During the reform, the four facade walls, of different thicknesses in brick, were cladded with 4 cm plasterboard panels with insulation on the interior. The roof had no insulation, although insulation was placed on the floor of the attic. The original molding still existed on the facades: double imposts marking the stories, and accentuated window ledges. A shield of the Vizcaya Council is located in the center of each one of the four facades, the most important being those situated in the gables. The building has fallen under different forms of protection in recent years (Figure 3). The heritage values used to analyze the assets are the following: no perceivable volumes from the adjacent public space, or associated with it, could be added. The property could be redone, but always maintaining the volume, the dimensions, textures, and colors of the original. The unit, movement, rhythm, scale, symmetry, hierarchy, proportion, color, texture, and balances of the property would be preserved.



2.3.1. Analysis and Identification of Deficiencies of the Initial State


Some field work was carried out to verify the constructive reality, and check how close it is to that reflected on the building reform drawings of the year 1988. The facade has a series of light lesions where plastering has come off in places, as well as a loss of paint, plant colonizations, and lichens. The constructive section of the facade can be analyzed in Appendix A (Figure A1). Insofar as its protective capacity is concerned, as reference, we adopted the framework established in the Spanish regulation, the CTE [27], for the climatic area of Bilbao, for opaque facades: UM = 0.29 W/(m2.K). During the analytical work on the building, several tests were conducted to obtain the facade characteristics.



To characterize the envelope, the thermal resistance test was conducted at a point at mid-height, following ISO standard 9869-1:2014 “Thermal insulation–Building elements–In situ measurement of thermal resistance and thermal transmittance; Part 1: heat flow meter method” [28]. A surface temperature sensor, Pt100, 4 threads, class 1/3 DIN with two units, was used to obtain the surface temperature and the air temperature, and a flexible 180 × 100 × 0.6 mm flowmeter with Teflon PTFE substrate to measure the heat flow. The data were recorded over 17 days. The resistance obtained at this point was 1.42 m2.K/W.



Following this, the recesses and carpentry were analyzed. The windows are made with wood carpentry, with 4 mm double glazing and 6 mm air chamber. The air permeability of the windows was determined by means of tests conducted on site, following UNE EN standard 13829:2002 “Thermal performance of buildings. Determination of air permeability of buildings—Fan pressurization method” [29] (Figure 4a). The test findings point to very low infiltrations for a building of this type: 2.3 renewals an hour at 50 Pa. It was concluded that the wooden windows are in good conditions, and that there are no filtrations through false ceilings or installations.



Finally, a study of the irregularities of the thermal envelope of the house was conducted, by means of thermographic test EN 13187:1998, “Thermal performance of buildings. Qualitative detection of thermal irregularities in building envelopes. Infrared method”. We also used a simplified method for building envelopes (ISO 6781:1983 modified). The outer images were captured on 15 November 2017, between 8 and 9 am, to analyze the steady-state effect after a cold night, and minimize solar effects (Figure 4b). The thermal images have been processed by means of FLIR Tools+ software, adjusting the images based on on-site verifications. A FLIR E60bx, 320 × 240 resolution camera was used. Both camera and software were manufactured by 2020 FLIR® Systems, Inc., and were sourced by the Basque Government’s Quality Control in Building Laboratory (Spanish acronym, LCCE).



The surface temperature performance of the opaque sections of the facade is similar in all dwellings. No significant differences were noticed between the floors of the original construction and the upper floor, which was built at a later date. However, the ground floor facades do have higher temperatures and there were hotter localized areas, such as the contours of recesses, the fronts of forging slabs, and on the eaves. The thermal bridges can be identified from the analysis of the thermographic photographs, as well as those points of the envelope where a greater heat loss occurs. These points are the window panes—especially those with one single sheet of glass—, the blind boxes, given that they have no built-in insulation on the inside, and the eaves, which are a prolongation of the attic deck, which has no insulation. On the other hand, it was deduced that the larger-sized ornamental elements, such as the Vizcaya shield and the lion that protects it, do not represent considerable thermal bridges, in contrast with the rest of blind walls of the envelope. However, they do represent an interruption insofar as the constructive characteristics of the envelope are concerned, which are the source of a series of difficulties, in the event that an improvement of the envelope, entailing the incorporation of insulation on the outside, was proposed.




2.3.2. Monitoring


The monitoring had four general objectives [30]. First, to characterize the energy performance of the dwellings [31], to be able to analyze the improvements in energy demand and consumption by means of dynamic simulations, using its current state as reference and applying the possible rehabilitation interventions. Second, to know the improvement of the environmental conditions inside the dwellings and to evaluate the advantages of this type of rehabilitations, beyond just costs and energy. The third focused on calculating the energy savings of the dwellings. Representative values, to extrapolate to similar cases, can be obtained using the monitored values and applying averaged construction values. The fourth focused on controlling the quality of the rehabilitation work, in terms of energy aspects [32]. The diagnosis tests permit continuing to monitor the critical points in the renewed elements.



The measurement system, whose composition is described below, was installed to carry out the monitoring (Figure 5). A data controller permitted the capture and local filing of data, as well as their transmission to a data management server for later display on a web platform. Regarding data capture, the following communication interfaces will be available: RS485, Ethernet, Wireless Network, GSM/GPRS; compatible with a variety of protocols, MODBUS RTU/TCP, MBUS, IEC870-5-102, KNX, IEC62056. In view of the age of the building, and in order to minimize the wiring work, data capture by means of the MBUS Radiofrequency protocol was selected. The captured data were sent from the datalogger to the external server by GPRS.



The monitoring permitted different types of measurements using different devices. On the one hand, the measurement of the basic comfort parameters was facilitated: 2 sensors were placed in each of the dwellings. The first of them measured the temperature and relative humidity conditions, and the second detected the CO2 concentration on the inside of each one of the dwellings. The characteristics of the sensors are supplied below (Table 1 and Table 2).



On the other hand, the volumetric consumption of DHW was also measured (m3). To this end, a DHW meter was installed with pulse output to the electrical heater outlet. A box was fitted next to the meters where the RF Gateway is located. This acted as a gateway between the pulse meter and the radiofrequency network.



Finally, we conducted a measurement of the general DHW and heating electric consumption. The measurement of the general electricity consumptions of the dwellings was carried out from the datalogger installed in the space reserved for the centralization of the electricity meters. The actual datalogger has open core transformer inputs. To measure the electricity consumption of the heater and the electrical radiators, wireless measuring devices were placed in the sockets that supply them. They communicate with the central controller through a gateway by means of Zigbee protocol.



All the data obtained in the monitoring can be consulted from a web browser. The BIM model, which was developed later, was prepared for the monitoring data to be integrated in real time through the link with URL.




2.3.3. Digital Elevation in 3D


The elevation was divided into two phases in order to obtain the result: the data capture or fieldwork, and the data processing or office work.



The data capture was carried out with two different technologies: capture by 3D laser scanning, and capture by UVA- (Unmanned Aerial Vehicle)-assisted automated photogrammetry [33,34]. Preliminary work planning is essential for precise and efficient capture [35]. This planning varies from the 3D scanner to the UVA, but it must be coordinated in order to be able to combine the capture data in one single result.



Capture with 3D laser scanner requires defining the positions of the device location at each scanning point, as an initial step. These positions were located both on the inside and outside of the building, to be able to model with an accuracy of less than a square centimetre of surface area. The scanner used for the work was FARO Focus 3DX330, manufactured by FARO® Technologies, Inc., due to its light weight, precision, speed, resolution, and above all its scope range (Figure 6). Scanning was alternated on the outside of the house every 15–20 m, so the final point cloud overlapping exceeded the indicated resolution. A 1/4 resolution was used (44.4 million points per scan, 6 mm distance between points, at 10 m), and a 2× capture quality (low noise level and medium to high reflectance surfaces). Likewise, the capture of photograms on the outside was used to apply color to the resulting point cloud. The camera configuration was standard, without HDR, since the work demands precision in geometry, above all. On the inside of the building [36], as the distances were shorter than on the outside, a resolution of 1/5 was used (28.4 million points per scan, 9 mm distance between points, at 10 m), with the same 2× capture quality. No photograms were captured on the interior, due to the small added value provided.



The UAV-assisted capture complemented the work of the laser scanner, to accurately represent the roof and the side ornaments of the building. The capture of the ornaments required a better definition than 5 mm between points on all sides and orientations, sufficient to generate an exportable grid to formats that can be integrated into additive manufacturing systems (3D printing). The flights were planned automatically with the DJI Ground Station Pro application (Figure 7). The equipment used was Phantom 4 Pro, manufactured by DJI®, with 20 megapixel and one-inch camera. To obtain the Digital Elevation Model (DEM), a photogrammetric flight was planned to cover an area of 2.28 Ha, at a flight height of 70 m, and a resolution on the terrain of 2.69 cm/pixel, taking 89 images. A network of 10 bases distributed over the coverage area was estimated [37]. These points are necessary in the topographic referencing at UTM coordinates both for processing data obtained with the UAV, and for the data captured with 3D laser scanner. A GNSS system in RTK was used to observe the points materialized on the terrain around the building studied in this project. Thus, both mappings could be superimposed and unified in one single dense point cloud.



The second phase of the 3D digital elevation method was the data processing [38]. Work on the data from the scanner and from the UAV was also carried out independently in this phase, to finish by combining the work into one single georeferenced and coherent model [39]. Regarding the 3D laser scanner data processing, a series of steps must be followed to obtain a consolidated, coherent, and precise dense point cloud [40], that can be used to generate the definite 3D model. The first step entails filtering all the scans to optimize the point cloud. Then, the different scans were accurately combined and consolidated in one single block, in relative coordinates. The third step was the application and offset of the cloud color, unifying the differences between scans. Finally, taking the points materialized in the terrain with topographic technology as reference, the coordinate system was transformed to fit the 3D scanning model in the UTM global topographic system (Figure 8).



The UAV data processing was carried out with Agisfot PhotoScan software, manufactured by Agisoft® LLC, following several steps. First, the photographs taken by the UAV were added to the project and aligned. Then, the first filtering of the cloud was carried out to eliminate any discordant points, and generate the dense point cloud. Afterwards, the point cloud was classified to obtain the Digital Terrain Model (DTM) and be able to later normalize the cloud. After constructing the DTM Grid, it was tested and fine-tuned. The next step was to soften the DTM, which helps to homogenize the surface and gives the model a softer aspect with no sharp edges. Then, the DTM Grid was constructed by means of the same filtering and softening process. Finally, the texture was constructed to give a more real aspect when visualized. Based on this 3D product, the metric orthography can be constructed and exported to scale.



The 3D products, both from the laser scanner and the UAV, obtained separately, have used the same georeferenced points as reference to give coherence to the final model. Although, the precision and quality of the results were verified in each of the two partial models, it is in this last step when they were combined in one single 3D model, verifying the correct relative location of some data with respect to others (Figure 9).




2.3.4. Building Information Modeling—BIM


Taking the 3D model generated in the previous stage and the existing 1988 reform drawings as reference, a Building Information Model (BIM) was generated [41]. This model optimizes the energy rehabilitation process, permitting efficient and sustainable management and maintenance of the building. In rehabilitation interventions on already constructed buildings, which follow the traditional methodology, the existing procedures are not very efficient, owing to the lack of cohesion of existing information with respect to the object to be intervened upon. Further, the different agents participating in this process work separately, following disjointed protocols and favoring the dispersion of information [42]. There are international policies that highlight the need for collaborative systems that permit the exchange of this information [43]. The BIM (Building Information Modeling) methodology is one of those tools that permit integrated project development, representing a decisive advantage on the road towards efficient management. BIM can be used to manage the entire Life Cycle (LC) of the construction, permitting fluent information exchange.



The main objectives pursued in this project were to improve energy efficiency (nZEB) and improve the occupants’ satisfaction [44]. Currently, 7 BIM dimensions have been identified, although some sources even manage to specify the requirements and benefits of up to 10 dimensions [45]. The 6D dimensions (sustainability of assets) and 7D dimensions (operation and maintenance during the whole life cycle) are specifically responsible for the more relevant aspects that affect these energy reforms [46,47,48]. With the digital model, it is possible to know the state of the installations, have access to the manuals for use, etc. Further, a preventive maintenance calendar can be established, and an efficient, cost-effective maintenance administration program generated, at the right time [49,50,51].



Different associated and synchronized models were channelled in a common BIM model in this project, which permitted undertaking this specific energy reform case, both at the simulation and the design level. This model was shared with the property and the architecture team, for it to be evolved on site, and to be the grounds to sustainably manage the rest of the building life cycle.



To this end, Autodesk Revit, manufactured by Autodesk®, Inc., was used. This software permits the interoperability of the agents intervening in the process, through the exchange of information with open format files (IFC) in a common data environment. To work in this environment, it is essential to establish good practices, standards, and responsibilities. The information flows must be defined in a BIM Execution Plan (BEP), which responds to that established by the different parties intervening in the process, through a specific agreement (EIR).



In this project, LOD 300 was used as a starting point for the basic project modeling. This model helped to develop the execution project. The execution project model evolved to LOD 350. For the construction tender, the model development will have reached level 400. When the work ends, the “As-built” model will have reached an enrichment level with LOD 500 [52].



To obtain a nZEB building, it is essential to control the performances, and improve them whenever possible. The model needed to be prepared to incorporate monitoring data. The modeling company must have a bi-directional flow of collaboration with the monitoring company, so that the virtual model is prepared to be fed with the data that is being recorded. This required a series of templates and specific families for this task, and a specific platform that can facilitate the interoperability of the model between the agents involved in the control of the life cycle of the building. If the control is properly designed, implemented, and used with BIM methodology, the building can be fully automated and the building can be more efficient than with human control. For this purpose, energy monitoring of the building was carried out [53]. The virtual building developed was configured so that the data obtained in the monitoring are collected in this model, improving control of the system efficiency. Indicators of use, time, and costs for the operation and maintenance of the asset were calculated, monitored, and reported through data associated with the model. The model also helped to carry out simulations of the energy performance of the building. The modeling software used permits integrating energy calculation platforms. This combination of tools has been key to establishing the intervention criteria to act upon the building envelope.



One specific characteristic of this building, and one that is repeated in many architectural heritage buildings, is the decoration on the facades. These elements present complex geometries in the form of shields and moldings. Energy rehabilitation executed with actions from the outside of the facades poses a complication in these elements [54]. In this project, the possibility of these elements being able to incorporate insulation from the outside, thanks to the existing link between the BIM and 3D printing was studied.




2.3.5. Energy Simulation


The energy simulation of the building was carried out by analyzing the BIM model with DesignBuilder software, manufactured by DesignBuilder Software Ltd, London, using the Autodesk Revit Plug-in [55]. The model contains the following information for the simulation: on the one hand, the geometry obtained from the planimetry and rehabilitation project report (1998), and from the field work carried out. On the other hand, the thermal resistance and thermal inertia were obtained on site, through tests performed by the LCCE, as specified in Section 2.3.1. Both coincided with the theoretical value calculated. The equipment used for the test is described below (Table 3).



The energy simulation of the building was carried out with the different measures to be implemented. To this end, the EnergyPlus calculation motor, which permits a detailed introduction of geometry, constructive solutions, profiles of use, and active equipment, can be used. This software is manufactured by the U.S. Office of Energy Efficiency & Renewable Energy, Washington. An analysis of the energy diagnosis of the property was conducted in its current state or baseline scenario [56]. To this end, the global energy demands of the building were divided into 4 categories depending on their use, highlighting the main factors that affect each one of them. These demands are heating, DHW, lighting, and electrical equipment. This initial model, taken as baseline, was calibrated and adjusted with real consumption data, obtained from the tenants’ bills and/or from energy monitoring. The results obtained from the different models permit a theoretical comparison of the improvements represented by the passive and active systems analyzed, related to the baseline considered. This allows obtaining conclusions about which intervention packages studied have better energy saving-investment ratios.




2.3.6. Intervention on the Case Study


The case of the Miñones Barracks of Ortuella provides clarification. On the facade, in addition to the plain and plastered walls, there are ornamental elements such as moldings, cornices, shields, animal motifs, and floral elements, which are hardly compatible with an industrialized insulation system on the outside. In this regard, and in order to maintain the outside insulation-based solutions, the question arises of what to do with these ornamental elements. Different intervention possibilities on the facade have been assessed, the key characteristic being to intervene on the outside or the inside, in order to be able to assess the different available alternatives to preserve the original composition of the facades, and their elements, such as cornices and shields, with a considerable improvement of their thermal performance. If the facade has to be preserved intact, the only possible intervention is from the inside of the building, which would generate, in addition to inconvenience for the tenants, thermal bridges and heat losses at critical points. Thus, a detailed analysis of the thermal bridges was conducted in the different scenarios, in order to obtain results that permit justifying the decision adopted.




2.3.7. Preservation of Protected Elements—Advanced Manufacturing


Certain ornamental elements are difficult to reproduce with prefabricated products, in the form of moldings or other types of parts (Figure 10a). If these elements are artistic with sculptural, plant, or animal motifs, and the solution requires their reproduction, the method must be 3D scanning, for subsequent printing (Figure 10b,c). The 3D printer reproduction technique, after scanning the element, has been applied to one of the ornamental elements of the Miñones Barracks of Ortuella. This consists of a lion on the shield of Vizcaya, situated on the side facade, on the top floor, under the side pinion. To this end, the facade, as well as the ornamental elements, were scanned, by means of UAV flights and fixed scanning stations. After scanning the ornamental elements and modeling them in 3D, they were printed on a 50 cm Creality printer in three dimensions. To this effect, the choice made was to reproduce the shield in 6 parts that were later joined together (Figure 10c). The printing material of the prototype was recycled PLA (Polylactic Acid) with plant origin and biodegradable material. A technical polymer such as ASA (Acrynolitrine Styrene Acrylate) is proposed for the definite solution on the exterior.






3. Results


The results of the on-site analysis of the thermal resistance, by means of steady-state and dynamic methods, coincide with thermal resistances of 1.42 and 1.39 m2K/W, respectively. The thermal properties of the main facade wall, at the established point, are as follows (Table 4):



The transmittance of 0.64 W/m2 K obtained from the test, was coherent, in turn, with that obtained analytically (0.647), considering the constructive system of the facade, obtained from the samples taken and from the analysis of the graphic documentation of the 1988 rehabilitation project.



3.1. Monitoring


In order to monitor and analyze the data collected from the different variables, access was given to a management platform where the different variables are compiled in 15-min periods. The monitoring data can be accessed in real time from a web browser by entering the following address: https://ui-new.blaulabs.com. A username and a password are required to access this platform, because the data pertain to the dwelling tenants, and thus are private and subject to data protection regulations. All those who have been granted authorization can access the platform, and select the data, the time interval, and the type of chart (bar, line, area) they want to display. After accessing the application, the monitoring data can be viewed by entering ‘DATA ANALYST’ and clicking on the relative button (Figure 11).



Once the platform has been accessed, it is possible to browse its menu. A navigation tree was created to identify each one of the dwellings inside the building. Each dwelling, in turn, shows us all the variables that are subject to monitoring (Figure 12a,b).




3.2. Measures of the Adopted Energy Rehabilitation


As commented above, the objective of this energy rehabilitation is to obtain consumption levels that are close to the European recommendations for nearly-Zero Energy Buildings or nZEB. To this end, some intervention strategies have been established in this study example. An analysis of the possible active and passive solution packages, which could be incorporated into the energy rehabilitation of the building is undergone in the following sections, with the aim of reaching the total primary energy consumption objectives indicated by the Basque Government.



3.2.1. Passive Solutions


An ETICS system was selected for the insulation of the envelopes. Four different insulation thicknesses were considered for the facades: 6 cm, 8 cm, 10 cm, and 12 cm, with insulating material conductivity of 0.30 W/m K. Three different insulation thicknesses were proposed for the roof: 8 cm, 10 cm, and 12 cm, with an insulating material conductivity of 0.042 W/m K. To insulate the partitioning, 3 insulation thicknesses were proposed in the analysis: 6 cm, 8 cm and 10 cm, with a conductivity of 0.046 W/m K.



Four double glazing solutions with air chamber, and 2 triple glazing solutions with Kripton air chambers, were proposed for the glazed sections. The interventions are discretized in the energy model according to the main orientations (south, east, north, west).



Two aluminum carpentry solutions and 2 PVC carpentry solutions were proposed for the carpentry.




3.2.2. Active Solutions


Three installed power levels were proposed in the analysis for the LED lighting: 2.46 W/m2, 3.12 W/m2, and 3.78 W/m2; the choice of power level depended on the degree of intervention.



Three solution types were proposed for ventilation with heat recovery: ventilation by individual extraction, individual ventilation with individual recovery, and ventilation with collective recovery.



One basic reference alternative was proposed for the thermal generation and emission systems, as well as a further five that include different thermal generation systems to satisfy the heating and DHW demands of the dwellings. The 6 solutions were: (1) traditional individual natural gas boilers with radiators; (2) centralized natural gas condensation boiler with low temperature radiators; (3) centralized biomass boiler and low temperature radiators; (4) independent heat pumps for heating and DHW with low temperature radiators; (5) independent heat pumps for heating and DHW with low temperature radiators; and (6) independent heat pumps for heating and DHW with radiant floor.



For the solar support, of the two types of resources for solar, thermal, and photovoltaic harnessing, the implementation of the second was disregarded, due to two main reasons: high investment cost and legislation at the time of study. To implement a solar thermal support system, two systems were considered: an individual system made up of solar collectors, and a collective system made up of solar collectors.





3.3. Data and Details of the BIM Modeling


The point clouds of the 3D capture are directly imported to Autodesk Revit, in ReCap format (RCP or RCS), or from scans without format (for example, E57, FLS, LAS etc.). In the cloud blending, it is important to respect the relative orientation, and its subsequent georeferencing. To this end, the PointSense plug-in for Revit was used. In this plug-in, the shared coordinate system can be configured with the “Auto-center to center” option, moving and rotating the point cloud at will; alternatively, VirtuSurv (FARO) can be used, using the “Set Project Coordinates” command to establish the origin and alignment of the coordinate system.



In the basic project modeling (initial state of the building), the families were identified based on the information collected on site, and the information was obtained through the study of the reform project underwent by the building in 1988. These families have been collected for the Structure model, on the one hand, and the Architecture model, on the other hand. The following families were identified in the latter model: partitions (several types: inner partitions, separation between dwellings, etc.), doors, enclosures (facade, facade to inner courtyard), outside carpentry, roof, and stairs. A flow was developed to optimize the modeling work by way of federated models, as follows: one general or central model, which includes the masses by dwelling, and a URL link to external data, such as, for instance, the monitoring data. The following models were federated to this general model: A model with associated Point Cloud in .rcp format, Structure discipline model, and Architecture discipline model (Figure 13).



There are ornamental elements on the facade that have a complex geometry and make manual modeling difficult. For these cases, a routine for Autodesk Dynamo, a visual programming tool compatible with BIM methodology that has been used through Autodesk Revit, was applied (Figure 14). This enables generating the volumes in the model.



After modeling the building, the point cloud was used to measure the accuracy of the model compared with the reality include in these clouds. Pointsense Surface Analysis Tool for Revit, created for FARO scanner solutions, permits generating a 3D inspection map, and analyzing these differences (Figure 15). The analysis was performed in 2 stages: a first analysis at the half-way point of the first modeling phase, when the ornaments or moldings still have to be generated, and a second analysis when the model is finished. Based on the superimposition of the point cloud on the definite model, it has been possible to analyze the modeled surfaces by means of objects with generic surfaces (portions of drawings, cylinder, torus, cones or spheres, etc.). Further, it has permitted correcting deviations in a first iteration of the model, specifically on the roof: after correcting its slopes, the analysis shows optimal results (roof in green). Also, thanks to this tool, some differences were detected in the contours of the roof (in blue) between the point cloud and the model. However, the conclusion was that, in this case, it is due to the capturing uncertainty of the farthest contours, so the model was not adapted.




3.4. Energy Simulation


The basic characteristics of the model of the current state are summed up below (Table 5 and Table 6).



3.4.1. Study of Passive Solutions


A parametric analysis is performed in this section to estimate the impact of the passive measures on the dwelling demands (Table 7). The final solution is a combination of different passive measures, so the demand reduction in the final solution can never improve the sum of all the demand reductions, taken separately. Therefore, the reference baseline, to know the real impact of each one of the measures, was established by a combination of the best solutions, and only varying the parameters of the measure to be studied. Below, the estimated demand values for the current state and for the optimal base solution considered are indicated. This optimal solution includes two active measures, which we understand must be applied to this reference solution: heat recovery and the replacement of light fixtures with LED technology, as both substantially modify the demand considered. If they were not considered, they would produce unreal percentage saving values:



The results obtained after the simulation, with each one of the measures adopted, are summed up in the following tables. For the insulation solutions (Table 8, Table 9 and Table 10):



For the glazed sections, bearing in mind that the orientation of the glass is important, due to the different solar gains, the solutions to be applied were calculated independently for the main orientations: south, east, north, and west. In this case, the table of the southern orientation is included (Table 11):



Both the exterior carpentry and the facade carpentry onto the inner courtyard were analyzed. Only the results of the exterior carpentries are summed up below (Table 12).



To end this chapter, a technical-economic analysis of the passive solutions was performed. In this section, after presenting the impacts on the demands of the passive solution alternatives, each one of the alternatives is analyzed, also including an economic estimation of the implementation cost, permitting the execution of a cost-effective analysis. To give coherent dimensions to the heating demands, a reference price was used to satisfy that demand of 0.0924 €/kWh. This price was established, considering a heating system with seasonal yield of 0.92 based on LCP, by means of a natural gas supply with 3.1 tariff, inclusive of taxes.



As a result of this study of different strategic options for each one of the measures proposed, and bearing in mind the cost-effective analysis, the final combination of optimal passive measures selected for the model has been obtained. This is summed up below.



For the facade insulation, the ETICS solution with 8 cm insulation, and equivalent resistance of the insulation layer of 2.67 m2·K/W was used; for the 8 cm roof insulation, the equivalent resistance of the insulation layer was 1.90 m2·K/W; for the existing 4 cm partitionery insulation the equivalent resistance of the insulation layer was 1.00 m2·K/W.



The low emission double layer glass was U = 1.6 W/m2·K; g = 0.7; Visible transmittance = 0.74.



The carpentry was made of PVC monoblock with the following characteristics: U = 1.3 W/m2·K; Class 2 permeability at least.




3.4.2. Study of the Active Solutions


Having established the basic passive solution scenario, the cost-effective, and the major saving scenarios, the different active measures put forward for study, already presented above, were analyzed.



The intervention in lighting was considered as an effective measure both from the energy and economic viewpoint. As observed in the summary table, the replacement of traditional light fixtures for LEDs, despite increasing the heating demand, considerably decreases the electricity expenditure, so the investment is quickly recovered (Table 13).



Six active solution scenarios were established: (1) Scenario 0 with individual boilers with reference performance, ventilation without recovery, and high temperature radiators; (2) Scenario 1 with individual condensation boilers, ventilation with individual recovery, and low temperature radiators; (3) Scenario 2 with centralized condensation boiler, ventilation with centralized recovery, and low temperature radiators; (4) Scenario 3 with centralized biomass boiler, ventilation with centralized recovery, and low temperature radiators, (5) Scenario 4 with DHW heat pump—heating heat pump, ventilation with centralized recovery, and low temperature radiators; and (6) Scenario 5 with CO2 heat pump for DHW, heating heat pump, ventilation with centralized recovery, and radiant soil.



For all the scenarios, except for scenario 0, which is a reference scenario, a solar support scenario for the generation of DHW was also analyzed. Therefore, a total of 11 active solution scenarios were proposed. Two types of configuration were proposed for the solar support system for the generation of DHW. On the one hand, for Scenario 1, an individual solar support was established, that is, an independent system for each dwelling. This system includes a solar collector for each dwelling, for a total of 8 collectors, being able to reach a solar contribution of approximately 63%. For the other scenarios, i.e., 2–5, a centralized solar support system was proposed, supplying DHW to each of the dwellings. The demands of the 8 dwellings are aggregated in this system, including 6 solar collectors in total, with the possibility of reaching a solar contribution of about 75%.



An investment price for all the interventions, both active and passive, was estimated for each one of the scenarios, also including the solar support cost in the event it should be implemented in the scenario. An operational cost for each one of the scenarios was estimated. This operational cost includes the energy cost at the building level (depending on whether the installation is individual or centralized, and on the energy vectors used), as well as an estimation of the maintenance cost of the building systems.



The summary table is presented below, with the energy and economic indicators for each one of the scenarios analyzed (Table 14). They include the two passive solution options for each of the 11 active solution alternatives proposed, thus resulting in a scenario with 22 alternatives. The energy indicators include the contributions of the heating, lighting, and electrical installation systems of the dwellings.





3.5. Study of Thermal Bridge Solution by Means of Insulation


A local thermal study of the critical points that might form a thermal bridge in different rehabilitation scenarios was carried out, in order to compare the different solutions proposed. The specific THERM software was used [57]. This is a steady-state, two-dimensional heat calculation program, which permits obtaining the characteristics of the thermal bridges in the building after implementing different insulation measures in the opaque envelope. After establishing several hypotheses, the comparison of results of the different constructive insulation solutions is shown below in graphic form, together with the advantages and disadvantages that each of the solutions entails in the case that concerns us.



The first option studied is Rehabilitation with ETICS from the exterior. This consists of removing all the ornamental elements, such as moldings and shields, and replacing them with reproductions in plastic materials. The insulation thickness would be 6 cm, in polystyrene (XPS) (Figure 16). The improvement of the thermal transmittance of the opaque envelope of the building would be 63%. It affords an obvious improvement from the thermal viewpoint, as all the thermal bridges are avoided. However, it is not compatible with the protection of the facade. The solution can be improved by advanced manufacturing of the ornamental elements at a larger scale in insulating material, covering the original motifs and not eliminating them. This would make the solution compatible with the protection. Nowadays, it is a feasible, but very complex, option (see Figure 10b).



The second option presented is the interior rehabilitation solution. This would consist of applying 6 cm polystyrene (XPS) insulation on the existing cladding (Figure 17). Different interior insulation options with different combinations of walls, ceiling, and floor, have been studied. However, only the two options that represent the extreme cases analyzed are included below. The improvement of the thermal transmittance of the opaque envelope of the building would be around 43% for the vertical cladding, which may increase to 55% if the insulation were to be placed on the floor and ceiling, in addition to the walls (Figure 18). This solution would preserve the ornamental elements, but however, the impact of the work inside the building would be high.



The next option presented is the mixed rehabilitation solution. This would consist of applying 6 cm thick polystyrene (XPS) ETICS on the outside, without removing ornamental elements, in addition to occasionally placing another, 6 cm thick XPS, insulation on the inside, in order to eliminate the thermal bridges in affected areas (Figure 19).



As we can observe in the graphs, the improvement of thermal transmittance of the opaque envelope of the building is between 63% for the vertical cladding, both on the outside and on the inside, increasing to 69% if the insulation is also placed on the floor and ceiling, in addition to the vertical insulation (Figure 20). The results obtained are not comparable with those obtained from the two previous hypotheses, from the viewpoint of the economy and performance, as the insulation thickness is doubled on being placed both on the outside and the inside. The ornamental elements of the facade would be saved, although there would be a possibility of condensation building up at critical points. This is an intrusive action, however, which affects the inside of the dwellings, and which would cause inconvenience to the tenants.



In view of the results, it can be verified how the thermal bridges are a critical point in the intervention of the opaque envelope, especially in those cases where action on the outside is advised against, as is the case of buildings with protection degree on the facades. Thus, after defining the solution to be implemented, the constructive details must be included in the execution project. To this end, a detailed analysis will be required of the points where thermal bridges may occur, so that the proposed solution does not cause pathologies, such as surface or interstitial condensation at those points.





4. Discussion


The objective of the research was to establish a protocol for the energy rehabilitation of historic buildings with ornate facades. This initial hypothesis is included within the Basque Government’s strategic initiative for the Intelligent Energy Rehabilitation of public residential buildings that establishes specific intervention criteria. This problem affects all cities and an potential solutions also need to achieve the energy efficiency objectives set out in European regulations.



Focusing on the strategic initiative of the Basque Government, as reflected in the Euskadi 2030 Energy Strategy, the Basque Country currently has more than one million households. More than 70% of Basque households were built before 1980. The average household size is currently 2.5 people per household, whereas 20 years ago it was 3.4 people per household. According to the Euskadi-Energy 2015 document, it can be stated that, over the last 10 years, energy consumption has decreased by 11%, but however, energy bills have increased by more than 30%, due to the fact that the average specific cost of energy has increased by 46%. The results of this study reveal, in the current state, an estimated consumption of primary energy that ranges between 110 and 179 kWh/m2 per year. The lower value only considers consumption for heating, cooling, and Domestic Hot Water, whereas the higher value also considers consumption associated with lighting and electrical equipment, as established in the criteria indicated by the Basque Government. In relation to non-renewable primary energy consumption under these different criteria, this would range between 109 and 166 kWh/m2 per year.



The Basque Government’s Energy Strategy, aligned with European guidelines, is framed within the broad concept of energy rehabilitation that in particular translates into a series of intervention measures in residential buildings, orienting this rehabilitation to the transformation of constructions into nearly Zero Energy Buildings. This would represent, on the one hand, a total primary energy consumption (nZEB) of ≤65 kWh/m2, and on the other hand, the possible contribution of on-site renewable sources of 45 kWh/m2 and non-renewable primary energy of ≤20 kWh/m2/a. Considering that the case study is a historic building, which offers protection on its facades with certain ornaments, the casuistry has added complexity. Therefore, this main objective could not be achieved by applying conventional solutions, so solutions adapted to this type of building had to be researched and developed. A methodology was established that combines different systems and cutting-edge techniques, among which we can find 3D reality capture, BIM, monitoring, advanced manufacturing, and simulations of active and passive solutions. Of all the active and passive solutions studied, a final scenario with 22 alternatives was simulated, combining 11 active solutions with two passive solutions. As for active solutions, the interior installations were improved, contributing to the improvement of heating and DHW systems, lighting, and electrical equipment in homes.



Regarding the passive measures, after studying multiple options, and considering cost-effectiveness, the final combination of optimal passive measures, used for the model with which the simulation was carried out, was obtained. Passive solutions based on the improvement of glass and window frames were proposed, among others, in addition to the insulation of different elements. But of all the solutions, the incorporation of an insulating layer on the outside of the building envelope is the most effective way of reducing the thermal transmittance of a facade, eliminating thermal bridges, and optimizing its energy consumption. The aim is to rehabilitate with ETICS from the outside, which in the case study permits improving the thermal transmittance of the building facades by 63%. This solution provides the necessary improvement from the thermal point of view; however, this line collides with the preservation of the original composition of those buildings whose facades display certain ornaments.



After the study, it can be stated that the energy reform of these singular buildings can be made possible by combining multiple advanced technologies. Modern 3D laser scanning techniques, together with UAV-assisted automated photogrammetry, allow the generation of digital 3D Models, from which insulation solutions adapted to these facades can be produced through advanced manufacturing and 3D printing. Based on these digital captures, BIM Models can be generated that will allow simulating, building, and monitoring those energy rehabilitations, thus making it possible to achieve the objectives set out in the initial hypothesis.




5. Conclusions


Nowadays, the regulations do not force the energy reform of historic buildings, as it is not possible to guarantee the preservation of their protected elements, such as, for instance, decorative elements. But, if these buildings do not undergo an energy reform, many places in Europe are unlikely to reach the objectives set out in terms of the environment. Furthermore, many historic buildings may be left without appropriate comfort conditions. It is necessary to test protocols like the one proposed, so that these buildings can undergo energy reforms.



The novelty of this protocol lies is combining all these advanced technologies and techniques in a common procedural sequence, which, in addition to being able to obtain optimal theoretical results, will help to develop a real energy reform, bearing in mind such important factors in construction as planning regulations, comfort conditions of the inhabitants, and the real cost of the interventions.



Considering that the current regulations do not require energy reforms to be carried out on protected historic buildings, the decision about the type of energy reform to be performed remains in the hands of the building owners. It is normal for owners to avoid causing the tenants who live in the dwellings any inconvenience, and therefore, the best decision is usually to insulate the buildings on the outside. However, this is not always possible. In this case, it has been possible to insulate on the outside, thanks to the protocol presented, which has enabled the insulation to be accurately manufactured using 3D printers while preserving the ornamental motifs.



It can be said that, on the one hand, on the one hand, it is essential to carry out a preliminary approach of the action aimed to be carried out in order to achieve an intelligent energy intervention in the protected heritage. Following this, it is essential to have all the starting parameters of the building, to carry out a preliminary analysis that will reflect where the energy objectives can be achieved. But in these analysis options, we must not neglect the possibility of maintaining and preserving the heritage by altering as little as possible. It can be confirmed that, nowadays, the modern technologies of advanced digitization and printing, applied with an integral vision, make it possible to reconcile energy rehabilitation with the preservation of the original value of a historic building.
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Figure A1. Constructive sections of the Rehabilitation Project (Source: Rehabilitation Project of the Miñones Barracks (1988); Architects: Cenicacelaya, J.; Saloña, I.). 
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Figure 1. Diagram of proposed intervention protocol. (Source: Authors). 






Figure 1. Diagram of proposed intervention protocol. (Source: Authors).



[image: Sustainability 12 06270 g001]







[image: Sustainability 12 06270 g002 550] 





Figure 2. Diagram of configuration of the 5 intervention degrees. (Source: Authors). 
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Figure 3. Datasheet of the Protection catalogue of the case study (Source: Ortuella Town Council). 
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Figure 4. (a) Installation of the fan to test the permeability of the windows; (b) Thermography of the main facade. (Source: LCCE). 
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Figure 5. Installation of the datalogger (Source: Ekitermik Efizientzia Energetikoa). 
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Figure 6. FARO Focus 3D×330 scanner on a tripod (Source: Urquizo Ingenieros&NorthBIM). 
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Figure 7. Planning of the unmanned aerial vehicles (UAV) flight. (Source: Urquizo&NorthBIM). 
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Figure 8. 3D Model produced by the laser scan (Source: Urquizo&NorthBIM). 
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Figure 9. Final 3D Model, combining both clouds (Source: Urquizo&NorthBIM). 
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Figure 10. (a) Artisanal adaptation of polystyrene sheets by means of faceted cut (Source: FRL Arquitectos); (b) Advanced manufacturing of ornamental motifs after 3D scanning (Source: FRL Arquitectos); (c) Printed part of the shield in 3D after scanning (Source: 3R3D Technology Materials). 
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Figure 11. Menu with the monitoring data (Source: Ekitermik). 






Figure 11. Menu with the monitoring data (Source: Ekitermik).



[image: Sustainability 12 06270 g011]







[image: Sustainability 12 06270 g012 550] 





Figure 12. (a) Monitoring and obtaining of data relative to electricity consumption; (b) Monitoring and obtaining of data relative to atmospheric CO2. (The data of the 2 images are not relevant, they serve to see the graphical options for displaying the monitored data). (Source: Ekitermik). 
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Figure 13. The four Autodesk Revit models. (Source: Urquizo&NorthBIM). 
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Figure 14. Volumes of the side shield for 3D printing (Source: Urquizo&NorthBIM). 
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Figure 15. Inspection of the differences between the Cloud and the Model (Source: Urquizo&NorthBIM). 
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Figure 16. Diagram of the analyzed insulation and temperature profile for the case of ETICS on the exterior with 6 CM XPS insulation (Source: Tecnalia Research & Innovation). 
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Figure 17. Diagram of the analyzed insulation and temperature profile for the case of vertical cladding insulation (Source: Tecnalia Research & Innovation). 
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Figure 18. Diagram of the analyzed insulation and temperature profile for the case of vertical cladding insulation and insulation on floor or ceiling (Source: Tecnalia Research & Innovation). 
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Figure 19. Diagram of the analyzed insulation and temperature profile for the case of vertical cladding insulation on the outside and inside (Source: Tecnalia Research & Innovation). 
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Figure 20. Diagram of the analyzed insulation and temperature profile for the case of vertical cladding insulation on the outside and inside, and insulation on floor or ceiling (Source: Tecnalia Research & Innovation). 
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Table 1. Characteristics of the Temperature and Humidity sensors.






Table 1. Characteristics of the Temperature and Humidity sensors.










	Measurements
	Range
	Precision





	Temperature
	−40 °C–+85 °C
	±1 °C



	Humidity
	0–100%
	±3.5%



	Luminosity
	0 lux–210 lux
	



	Max. Pulse frequency
	10 Hz
	



	Transmission time
	5 min
	



	Battery operating life (3600 mAh @ 3.6 V)
	
	



	Sending environmental values (5 min)
	3 years (approx.)
	



	Counting pulses (1 pulse/10 s)
	2 years (approx.)

(40 µA passage of current)
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Table 2. Characteristics of the CO2 sensors 1.
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	Measurements
	Range
	Precision





	Measurement range
	0 ppm–10,000 ppm
	±30 ppm (precision)



	
	
	±20 ppm (repetitiveness)



	Measurement frequency
	2 s
	



	Response time
	20 s
	



	Heating time
	<1 min
	







1 Does not include a battery. External power supply. Electric power supply of equipment without a battery can be taken from the junction boxes available in the dwellings.
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Table 3. Specifications of the equipment used.
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	Quantity
	Measured Variable
	Equipment/Sensor
	Unit
	Precision





	2
	Surface temperature
	Pt100, 4 wire, class 1/3 DIN, Make: TC

Reference: F217-5/SPEC-4W
	(°C)
	±0.2 °C



	1
	Air temperature
	Pt100, 4 wire, class 1/3 DIN, Make: TC

Reference: F217-5/SPEC-4W
	(°C)
	±0.2 °C



	1
	Heat flow
	Flexible flowmeter, 180 × 100 × 0.6 mm in Teflon PTFE substrate.

Make: Ahlborn. Reference: 150-1-117105
	(W/m2)
	±5% measured value
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Table 4. Thermal properties of the facade wall.
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	Thermal Resistance

(m2 K/W)
	Thermal Transmittance

(W/m2 K)
	Thermal Inertia

(kj/K)





	1.39 ± 0.07
	0.64 ± 0.03
	262.2 ± 37.2
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Table 5. Values of thermal transmittance considered in the energy model corresponding to the current state.
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	Parameter
	U





	Thermal transmittance of roof (W/m2 K)
	2.93



	Thermal transmittance of recesses (windows) (W/m2 K)
	2.05



	Thermal transmittance of facade (W/m2 K)
	0.64



	Thermal transmittance of plinth (W/m2 K)
	0.51
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Table 6. Values of energy demand corresponding to current state.
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	PE Heating Demand (kWh/m2·Year)
	DHW Demand (kWh/m2·Year)
	Dwelling Lighting Demand (kWh/m2·Year)
	Equipment Demand (kWh/m2·Year)





	Current state
	50.30
	25.44
	14.58
	14.58
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Table 7. Demands of the dwellings per m2.
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	Heating Demand (kWh/m2·Year)
	DHW Demand (kWh/m2·Year)
	Dwelling Lighting Demand (kWh/m2·Year)
	Equipment Demand (kWh/m2·Year)





	Current state
	50.30
	25.44
	14.58
	14.58



	Optimal base solution
	9.75
	25.44
	8.08
	14.58
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Table 8. Demand comparison with (ETICS) solutions for the envelope.
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	Heating Demand (kWh/m2·Year)
	Heating Demand Reduction (%)





	Optimal base solution without ETICS
	23.01
	0%



	6 cm Insulation thickness
	12.60
	45%



	8 cm Insulation thickness
	11.17
	51%



	10 cm Insulation thickness
	10.35
	55%



	12 cm Insulation thickness
	9.75
	58%
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Table 9. Demand comparison for the roof insulation.






Table 9. Demand comparison for the roof insulation.










	
	Heating Demand (kWh/m2·Year)
	Heating Demand Reduction (%)





	Optimal base solution without insulating roof
	14.96
	0%



	8 cm Insulation thickness
	10.34
	31%



	10 cm Insulation thickness
	10.02
	33%



	12 cm Insulation thickness
	9.75
	35%
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Table 10. Demand comparison with partition insulation to ventilated courtyard.
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	Heating Demand (kWh/m2·Year)
	Heating Demand Reduction (%)





	Optimal base solution insulating 4 cm partitions
	10.18
	0%



	6 cm Insulation thickness
	9.96
	2%



	8 cm Insulation thickness
	9.84
	3%



	10 cm Insulation thickness
	9.75
	4%
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Table 11. Demand comparison with different glasses in the southern direction.
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	Heating Demand (kWh/m2·Year)
	Heating Demand Reduction (%)





	Optimal base solution with current south glazing
	12.42
	0%



	Dual NL ClimaGuard
	10.17
	18%



	Dual premium ClimaGuard
	10.55
	15%



	Dual D ClimaGuard
	9.75
	21%



	Triple premium ClimaGuard
	9.50
	24%










[image: Table] 





Table 12. Demand comparison with different carpentries in windows of outward-facing dwellings.
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	Heating Demand (kWh/m2·Year)
	Heating Demand Reduction (%)





	Optimal base solution without changing exterior carpentry
	13.11
	0%



	Aluminum with RPT Monoblock
	9.88
	25%



	PVC Monoblock
	9.88
	25%



	PVC Kömmerling 76md Monoblock
	9.78
	26%



	Aluminum treated with RPT Monoblock
	9.75
	26%
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Table 13. Economic comparison with different degrees of implementation of LED lighting.
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	Heating Demand (kWh/m2·Year)
	Heating Demand Variation (%)
	Lighting Elect. Demand (kWh/m2·Year)
	Lighting Elect. Demand Variation (%)
	Heating and Lighting Cost (€/year)
	Investment Overrun (€)
	SRR (Years)





	Traditional lighting
	7.76
	0%
	14.58
	
	1790.20
	
	



	33% LED Solution
	8.09
	4%
	12.41
	−15%
	1592.92
	1066.67
	5.95



	66% LED Solution
	9.05
	17%
	10.25
	−30%
	1425.05
	2133.33
	6.43



	100% LED Solution
	9.75
	26%
	8.08
	−45%
	1245.37
	3200
	6.46
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Table 14. Summary table with the indicators for the different scenarios analyzed. Negative (red) Positive (green).
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	Active Solution Scenario
	Solar Support

(Sol.Sp.)
	Passive Solution Combination
	Heating Demand (kWh/m2·Year)
	Total PE Dwell. (kWh/m2·Year)
	Total PE Dwell. (kWh/m2·Year)
	Total PE Non Renewable Dwell (kWh/m2·year)
	PE Supply

Renewable (kWh/m2·Year)
	kgCO2 Total Dwell. (kgCO2/m2)
	Building Operational Cost (€/Year)
	Estimated Investment (€/Year)





	Basque Gov. objective
	
	
	
	
	≤65
	≤20
	>45
	
	
	



	Scenario 0
	Without sol.sp.
	Passive cost-effective
	22.20
	86.48
	123.16
	113.24
	9.92
	22.05
	7728.69
	142,450.29



	Scenario 0
	Without sol.sp.
	Best passive solutions
	16.91
	79.46
	115.60
	105.71
	9.89
	20.46
	7504.48
	163,195.09



	Scenario 1
	Without sol.sp.
	Passive cost-effective
	15.22
	76.36
	115.07
	104.31
	10.76
	19.98
	7949.58
	150,717.48



	Scenario 1
	Without sol.sp.
	Best passive solutions
	10.70
	70.70
	108.98
	98.24
	10.74
	18.70
	7768.91
	171,462.28



	Scenario 1
	Individual sol.sp.
	Passive cost-effective
	15.22
	58.54
	115.07
	85.20
	29.87
	15.94
	7880.62
	181,593.88



	Scenario 1
	Individual sol.sp.
	Best passive solutions
	10.70
	52.88
	108.98
	79.13
	29.85
	14.65
	7699.95
	202,338.68



	Scenario 2
	Without sol.sp.
	Passive cost-effective
	14.12
	72.89
	110.07
	99.72
	10.35
	19.09
	8078.39
	161,794.76



	Scenario 2
	Without sol.sp.
	Best passive solutions
	9.75
	67.54
	104.31
	93.99
	10.32
	17.88
	7930.07
	182,539.56



	Scenario 2
	Collective sol.sp.
	Passive cost-effective
	14.12
	50.63
	110.21
	75.91
	34.31
	14.04
	7965.16
	176,961.92



	Scenario 2
	Collective solar support
	Best passive solutions
	9.75
	45.28
	104.45
	70.17
	34.28
	12.83
	7816.84
	197,706.72



	Scenario 3
	Without sol.sp.
	Passive cost-effective
	14.12
	73.91
	108.76
	52.01
	56.76
	8.99
	7787.40
	178,156.07



	Scenario 3
	Without sol.sp.
	Best passive solutions
	9.75
	68.45
	103.15
	51.54
	51.61
	8.89
	7655.15
	198,900.87



	Scenario 3
	Collective sol.sp.
	Passive cost-effective
	14.12
	50.99
	108.91
	50.17
	58.74
	8.59
	7736.75
	193,323.23



	Scenario 3
	Collective solar support
	Best passive solutions
	9.75
	45.53
	103.29
	49.71
	53.59
	8.50
	7604.50
	214,068.03



	Scenario 4
	Without sol.sp.
	Passive cost-effective
	14.12
	40.36
	95.57
	78.86
	16.71
	13.36
	9866.18
	201,493.46



	Scenario 4
	Without sol.sp.
	Best passive solutions
	9.75
	38.39
	90.91
	75.02
	15.89
	12.71
	9673.38
	222,238.26



	Scenario 4
	Collective sol.sp.
	Passive cost-effective
	14.12
	33.58
	95.71
	65.61
	30.10
	11.11
	9701.42
	218,399.88



	Scenario 4
	Collective sol.sp.
	Best passive solutions
	9.75
	31.61
	91.05
	61.77
	29.28
	10.46
	9508.62
	239,144.68



	Scenario 5
	Without sol.sp.
	Cost effective pasivas
	14.12
	38.86
	92.02
	75.93
	16.09
	12.86
	9719.35
	234,960.10



	Scenario 5
	Without sol.sp.
	Best passive solutions
	9.75
	37.46
	88.70
	73.19
	15.51
	12.40
	9581.64
	255,704.90



	Scenario 5
	Collective sol.sp.
	Cost effective pasivas
	14.12
	32.08
	92.16
	62.69
	29.48
	10.62
	9554.59
	251,866.52



	Scenario 5
	Collective sol.sp.
	Best passive solutions
	9.75
	30.68
	88.84
	59.94
	28.89
	10.15
	9416.88
	272,611.32
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