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Abstract

:

The selection of cost-effective components of the building envelope plays a significant role in a sustainable building design solution. Therefore, in terms of effective decision-making, it is important to have a complete insight into construction and running costs throughout the lifespan of the building. A systematic building information modelling (BIM) approach as a new trend in the innovative approaches in the construction (AECO) industry provides appropriate support for improvement of environmental assessments. Our study presents a new approach to automated/semi-automated comprehensive energy and the whole life-cycle cost analysis of building envelope components using BIM, and, as such, it represents a novelty for Advanced Construction Project Management. It focuses on the sequence of steps required for evaluation of energy and economic assessment, from the basic 3D BIM model, through the energy and cost analysis, to the final evaluation and decision-making. The energy balance was calculated with dynamic simulation, the results of which formed the basis for the cost analysis. Economic assessment of construction and operating costs was performed by implementation of the cost-optimal methodology. Our proposed approach contributes to the environmental assessment of building envelope components throughout the life cycle and includes the economic valuation. The applicability of the systematic approach in our case study considered 24 different variants of building envelope components at three different U-values, namely U0 = 0.28 W/m2K for external wall, U0 = 0.20 W/m2K for roof, U1 = 0.15 W/m2K and U2 = 0.10 W/m2K. Sophisticated project BIM management software was used for the economic evaluation of all elements of the life-cycle costs (LCC). In summary, the main contribution of this approach is provision of a comprehensive and simple insight into all costs in a transparent way, because a 5D BIM model allows for optimal decision-making on appropriate energy and cost-efficient envelope components.
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1. Introduction


The sustainable development and provision of projects that actualize sustainable principles are one of the essential priorities for society’s future. This is particularly crucial in construction because buildings contribute significantly to total energy consumption, which totalled 40% in the EU in 2015 [1] and 36% of the EU’s total CO2 emissions [2]. As a result, sustainable design, construction, usage and demolition can contribute significantly to the reduction of negative impacts to the environment. The overview of technical and scientific literature shows that the sustainable aspect of construction is mostly recognized in new buildings (residential building and public sector). Among nonresidential buildings across Europe, educational buildings represent 17%, with a 12% share of total energy use [3].



The European Commission tried to reduce the final energy consumption in the residential sector by adopting the European Directive 2002/91/EC [4] on the energy performance of buildings (EPBD) and the EPBD recast [5]. The directives provided member states with the basic guidelines for defining the minimum requirements and specifications for buildings. The implementation of both directives enabled EU to reach significant efforts to increase the energy efficiency in the phase of a building design, as well as in the operational phase of the building.



Recently, many sources and studies have dealt with the sustainable planning of energy efficient envelope and its environmental impact both for residential buildings [6,7,8,9,10,11], and nonresidential buildings [12,13,14,15,16,17,18]. Feng et al. [6] examined the influence of certain factors, such as thermal insulation of building envelope heat transfer coefficient of a window and the ratio of window to wall, in order to determine key energy-efficient design parameters of buildings. In study [7], the authors used various insulation materials for external walls, a column, a floor and a roof to determine optimum thermal insulation thickness by considering the heating-cooling energy requirement as well as energy cost. In our case study, a comparison of four insulation materials for 20 different energy demand scenarios was made, including the implementation of the eco-efficiency analysis based on the life-cycle assessment (LCA). Furthermore, Doddo et al. [8] explored different envelope design solutions for a new multistorey building including insulation for attic roof, ground floor and exterior walls, and windows. Further, Ascione et al. [9] proposed a multiobjective optimization approach to address the envelope energy design, using a genetic algorithm to achieve the most sustainable and cost-optimal designs. In addition, Ascione et al. [10] used a multiobjective genetic algorithm to identify optimal building designs with minimal initial investment costs. Gerack and Durmuş Arsan [11], however, exemplified a decision support process that synthesized the correlation between building energy and design parameters, as well as environmental performance criteria, which can be used in the early design stages of residential buildings. On the other hand, different studies for nonresidential buildings examined the effects of energy-efficient design strategies on the building’s energy performance: including, studies [12,15,16,18] for office buildings, a study [13] for hotel buildings, one [14] for preschool buildings, and another [17] for industrial buildings.



Many studies were performed to identify the cost-optimal envelope energy design solution [8,9,10,19,20,21] and others minimum life-cycle cost [17,22,23,24,25,26], which includes the initial investment costs and the discounted running costs. Research papers [8,9,10,19] have explored the thermal–physical properties of envelope components of new residential buildings to calculate cost-optimal performance levels. Studies [8,9,10,19] examined optimal thickness of thermal insulation of exterior walls, roof and ground floor and efficient windows and doors, while some have also included technical building systems [20] or, more generally, implementation of cost-benefit assessment of energy efficiency measures and their impact on improved thermal performance of building [27]. However, some studies have examined investments in energy-efficient measures by using the life-cycle costing approach [22,23,24]. Moreover, some researchers have focused on determining the cost-effectiveness of energy efficiency measures for nonresidential buildings: studies [21,25,26] examined office buildings, while [17] investigated life cycle economics of façade systems for industrial buildings. In addition, the Graduation and Master’s theses from students of civil engineering [28,29,30] have dealt with analysis of energy and cost efficiency of building envelopes for residential and nonresidential buildings.



Research efforts focusing on the use of building information modelling (BIM) as one of the most groundbreaking innovative approaches in the construction industry (AECO) are growing exponentially. The BIM approach addresses various aspects of combining data from different expert treatments in the form of interoperability, highlighting individual major research topics related to building energy performance, building envelope, life-cycle assessment (LCA), life-cycle cost (LCC), environmental sustainability, etc. [31,32]. Therefore, it is not surprising that some studies have already included the BIM approach as a support in planning the energy efficient designs for different types of buildings. Jin et al. [31] gives the current state of research in the adoption of BIM in building performance analysis (BPA) by investigating the major research areas, namely, interoperability issues in BIM enabling BPA within the context of life-cycle BPA. Further, Kamel and Memari [33] put forward challenges, issues, and shortcomings of BIM’s application in building energy modelling tools and its interoperability process. Some studies have combined BIM in thermal performance of building envelope design [34,35,36]. Azhar et al. [34] discussed the case study of complex building performance analyses for sustainable building design using BIM, and Guo and Wei [35] implemented BIM in analysing energy consumption of the existing building to generate energy-saving effects by altering the building envelope design. Natephra et al. [36], however, used BIM to provide an automatic assessment of the overall thermal transfer values of building envelopes. The study suggested integration of BIM in the thermal transfer value calculation for the purpose of automatically extracting thermal and physical properties from the BIM database. Furthermore, some studies have focused on integrating BIM with a life-cycle assessment (LCA) and life-cycle costing (LCC) methodologies [37,38,39]. Santos et al. [37] examined the potential of BIM for supporting an automatic/semi-automatic environmental and economic assessment and proposed the BIM-LCA/LCC framework, while Santos et al. [38] provided a developed BIM-based environmental and economic life cycle assessment prototype tool for an automatic LCA/LCC analysis. Shadram et al. [39], however, presented a framework for supporting design decisions and enabled assessment of the embodied energy associated with the building materials supply chain. The further study by Kim et al. [40] developed a BIM-based decision-making framework for the optimization between energy efficiency and initial investment costs for decision-making purposes related to renovation. Moreover, some studies have combined BIM with sustainable building certification systems. Jrade and Jalaei [41] proposed an integrated methodology that links BIM and energy analysis tools with green building certification systems. In addition, the authors Marzouk et al. [42] combined BIM with optimization modelling and Monte-Carlo Simulation to choose the appropriate building materials that achieve minimum LCC and maximum number of credits according to green building rating system Leadership in Energy and Environmental Design (LEED). Research by Cavalliere et al. [43] proposed a novel method for applying LCA continuously over the entire building design process to assess the embodied environmental impacts by using the data provided by BIM.



Importantly, a sustainable environmental design requires buildings that are already in the early design stages to be planned as energy efficient whereby the selection criterion should be energy and cost efficiency of the building envelope components. Therefore, it is important to ensure comprehensive insight into energy performance indicators and costs that arise during the building lifetime. One of the tools for supporting implementation of construction project is building information modelling (BIM), which has great potential for advanced project management by bringing together different expertise and achieving optimal designs in 3D BIM models, by further consideration of model within various expert treatments (5D BIM for initial investment costs and 7D BIM for operational costs) and by integration of information into a comprehensive model of the building [44].



Reviewed studies treated the issue of a cost-optimal envelope energy design solution, and most of them integrated methods for assessment of energy and economic efficiency. However, only few studies included assessment procedures in implementation of the BIM approach which would support energy performance and cost analysis. The focus on integrating BIM with a cost analysis can be found in the research by Santos et al. [38], who provided the prototype tool for a completely automatic LCA and LCC analysis, by Marzouk et al. [42], who introduced the genetic algorithm optimization for simultaneous calculation of LCC and determination of the degree of the environmental sustainability using LEED-rating system, and by Kim et al. [40], who developed a decision-making framework for economic analysis of energy savings, but only discussed the investment costs in their calculation of economic feasibility.



In order to contribute to addressing the environmental assessment of building envelope components throughout the life cycle and by including the economic valuation, the present paper provides a new systematic approach to automated/semiautomated comprehensive energy and the whole life-cycle cost analysis of building envelope components implementing BIM. The proposed approach will fill the gap in the integration of procedures and gained results from the energy analysis, (life-cycle costs) LCC analysis, and BIM approach. This approach is based on the performed calculation of energy balance, so LCC are then calculated for each envelope component that is automated/semiautomated and connected to the so-called 5D BIM, which allows for a simple overview of all costs in the life cycle of the building, presenting a valuable scientific contribution of our research. The applicability of the proposed framework is shown on the case study of a newly erected preschool building. Energy and cost analyses were conducted in four different alternatives of external wall components and two systems of flat roofs, taking into account three different U-values. The DesignBuilder program was used for energy analysis, whereas the Vico Office (VO) program and the Cost Planner module were used for the cost analysis. The cumulative LCC is provided for all studied variants, presenting the 5D BIM modelling approach. Finally, the results and discussion for the analyses of selected variants are presented.




2. Materials and Methods


The strategy of choosing envelope components is crucial for the design of sustainable buildings in terms of energy efficiency for new buildings as well as for refurbishment of the existing ones. In the early design stages, decision-makers should already have information about the influence of the building envelope components on costs, in order to choose the most energy- and cost-effective variant. Therefore, a systematic approach would be reasonable and the BIM approach should be implemented as a support, where all the information from the professional treatment, gathered in one place, forms the basis for an optimal decision-making. Such an approach represents advanced construction project management, which is the main contribution of the paper.



Figure 1 shows the suggested systematic approach. After definition of goals, assumptions, and restrictions for the subjected building, the process of energy and cost analysis begins with the definition of the chosen variants. More specifically, assumptions are defined in order to choose variants of structural systems of envelope components and levels of U-values which will be analysed; and the restrictions are noted for the chosen structural and heating, ventilation and air conditioning (HVAC) systems. In the first step, the basic 3D BIM is modelled in appropriate programs, such as ArchiCad, Revit, Tekla Structure, etc. The basic model is then adapted to all chosen variants. This is followed by energy analysis of selected variants in a program, such as DesignBuilder, PHPP, EcoDesigner STAR or similar. Here, the energy balance of the building is modelled, and final energy for heating and cooling is calculated separately for each selected level of U-values. Next, the cost analysis is performed in suitable programs, e.g., Vico Office, iTWO, MS Excel, or similar. The life-cycle costs (LCC) approach is applied for all variants including the initial investment cost, maintenance and operation (O&M) costs, and the residual value of envelope components. The results of economic evaluated elements of LCC are then combined and transferred into the proper BIM project management software. The automatic update of recalculation of the LCC elements can be provided in this program, which is based on mutual interconnected information. Based on the gained results, the investor can make the right decision about the most energy- and cost-effective variant.



2.1. Modelling 3D BIM


A modern BIM approach enables the digitalization of construction projects with parametric modelling, which provides, in addition to geometric information and visualization, information collection of all used materials for element components with their properties. Furthermore, it enables the modelling of processes during the entire life cycle of a building in the most automated possible way. Already in the design phase, the goal is to create a comprehensive BIM model bringing together the data of all project participants, which represents a digital model of a future building. BIM brings many advantages, but also changes to current construction practice. In the design phase, the basic 3D BIM model of the building is first modelled, resulting in an architectural design together with the geometry of the building. It continues with a variety of professional operations where variant analyses, simulations, logistical conflicts, clash detections, virtual building animations and other actions are performed, without major additional costs and time. In general, an understanding of the terms level of BIM maturity [45] and level of development (LOD) [46] are important for BIM approach. Improvement of the BIM model within the LOD level and other detailed information increase with the development of project documentation and a project in general. The BIM approach also offers various dimensions of BIM models by upgrading information, taking into account the methodology of professional treatment of a construction project [47]. For example, a 3D BIM model upgraded with the construction schedule provides the 4D BIM model, while the upgrade with estimated construction costs leads to the 5D BIM model, which may also include running costs in the building life cycle [48].




2.2. Energy Analysis


The energy efficiency of the building is the amount of energy required for its normal operation, including the heating (Qh), cooling (Qc), and ventilation demands (Qv) in addition to hot water supply and lighting energy consumption. The energy balance of the building generally consists of the transmission heat losses (Qt), ventilation heat losses (Qv), internal heat gains (Qi), and solar heat gains (Qs), given in the form of Equation (1) [14].


     Q t  +  Q v  +  (   Q i  +  Q s   )  = Δ Q   =  Q h  …   in   heating   period         =  Q c  …   in   cooling   period    



(1)







The energy assessment can be conducted by means of the dynamic simulation software, such as DesignBuilder, PHPP, EnergyPlus. It calculates energy balance as a simulation of the energy behaviour of several solutions for building envelope components and evaluates annual heating and cooling needs of the building.




2.3. Cost Analysis


Above all, the cost efficiency is the most important for the investor when deciding about the energy efficiency measures in new buildings. The principle of lifetime costs is used for the economic assessment of designed building envelope variants. Namely, the life cycle cost (LCC) methodological approach [22,25,49] is based on the logic that economically optimal design solutions minimize the sum of construction and operating expenses over the building lifetime. In doing so, the estimation of expected costs depends on the performed calculation of energy balance. Thus, for each variant, the economic assessment is performed through their net present value (NPV), and, for this purpose, cost-optimal methodology (according to the methodological framework of the European Regulation 244/2012/EU [50]) was used [51]. Calculation of NPV was based on the following expression of building envelope components j.


   C j  +   ∑ j   [   ∑ j   (  C  a , i    ( j )  ×  R d   ( i )  )   −  V  f , τ    ( j )  ]    



(2)




where, Cj is the initial investment cost; Ca,i(j) are the net annual costs for variant of building envelope components j at year i (including operation costs, maintenance costs and replacement costs); Vf,τ is the residual value of the variant of building envelope components j at the end of the calculation period; Rd is the discount factor for year i based on the discount rate r.


   R d   ( i )  =    (   1  1 +  r  100      )   i   













3. Case Study


The applicability of the addressed BIM-based systematic approach for automated/semiautomated comprehensive energy and cost analysis of building envelope components is supported here by the case study of a newly erected preschool building in the city of Maribor for four different alternatives of external wall components and two systems of flat roof, taking into account three different U-values.



3.1. Description of the Building


The preschool building is an “L” shape with dimensions 11.10 m × 17.10 m and 21.60 m × 9.90 m. The height of the building is 9.47 m (upper part) and 9.17 m (lower part); it has two floors. The building has a gross area of 797.40 m2. It is functionally designed with three playrooms and a room for additional activities (which can be converted into a playroom) and has a capacity for 66 children, providing employment for 10 people [29,52]. The main entrance is at the east of the building, while the accesses to the wardrobe and the kitchen are on the south. The playrooms are on the south side of the building, from which are accesses to the terrace. The geolocation of the preschool building is in the local community Pekre, near the city of Maribor, which was taken into account in the energy analysis in terms of the orientation of the building.



Structurally, the building is designed with brick walls (Porotherm 30 S Plus) and the slabs (above the ground floor and the first floor) are made of reinforced concrete. The foundation is also made of reinforced concrete and the floor structures against the terrain are made on a compacted, filled-up ground, with waterproofing strips, 10 cm of thermal insulation, concrete screed, and a top layer. The exterior walls are made of 30 cm-thick bricks, the internal bearing walls are 20 cm thick bricks and internal non-load-bearing walls are a dry-assembly version. Reinforced concrete bonds are made between the brick walls, generally every three meters. Above the ground floor slab, a floor structure is applied with appropriate finishing layers.



The façade of the building is a thermal insulating contact façade with façade insolation board and is constructed in the Baumit open system. The roof is nonwalkable and flat, with the following finishing layers: multilayer waterproofing strips, polyethylene (PE) foil, roof insulation board in the upper part of the slope, vapour-permeable foil, a layer of felt, and a layer of gravel. All windows are wooden with thermal insulating glass (Ug = 0.60 W/(m2K), Uf = 1.01 W/(m2K), Ψ = 0.04 W/(mK), g = 0.50). The entrance doors are made of aluminium with thermal insulating glass and the interior doors are wooden (wing and lintel) and partly glazed with safety glass. The floor in the playrooms is finished parquet with floor heating; in other spaces there are ceramics and flooring in epoxy mortar and rubber. The inner wall surfaces are plastered and ground, tinted and dyed.



The rooms in the building are heated with a floor heating system and cooled with air conditioning. Heating and hot water is provided by a heat pump (air–water). The boiler room is located on the ground floor on the east side. The building is ventilated mechanically with a central heat-recovery ventilation system [29,52].




3.2. Building Modelling with BIM Approach


Archicad software, as one of the tools for building modelling using BIM, was used to create the basic 3D model of the preschool building. An important advantage of the modern BIM approach lies in enabling parametric modelling, which, besides the geometric information and visualization, provides information collection for all materials used for element components as well as their properties. As a result, all information is gathered in one place and displayed in the comprehensive 3D BIM, as shown in Figure 2.



The obtained 3D BIM is useful for many expert treatments, such as providing energy and cost analysis in our case study, where the wall components of the building envelope are changed for different variants, and the designed 3D BIM serves as a base for energy and cost analysis.




3.3. Description of Analysed Envelope Components and Combinations


Our case study for the new preschool building compares external bearing walls and flat roof for three different U-values, namely U0, U1 and U2. U0 represents minimum standard according to the Slovenian regulation [53] for external wall U0 = 0.28 W/m2K and for roof U0 = 0.20 W/m2K. U1 represents a low energy standard where U1 = 0.15 W/m2K is considered for both elements, and U2 is the representative for the passive house standard considering U2 = 0.10 W/m2K.



Two structural systems are considered for the external wall: three alternatives of a brick system: Porotherm 30 PROFI—B30P [54], Porotherm 32 IZO PROFI—B32I [55], and Porotherm 30 S Plus—B30S [56], and one alternative for a reinforced concrete system (RC 20 cm)—WRC. Two systems of roofing are considered for the flat roof with reinforced concrete slab construction: one with multilayer waterproofing strips—FRC1 and one with polymeric waterproofing membrane for a mechanically fixed roof—FRC2.



Analysing energy and cost efficiency, different U-values were selected both for the external wall and roof systems; the combination of wall and roof systems has defined eight solutions for each level of thermal transmittance of the whole building, which means that the total analysis was performed for 24 different combinations. Detailed descriptions and comparison of analysed variants of the individual systems of external walls and roof components are given in Table 1 and Table 2.



The following assumptions are considered in the calculation of energy and cost analysis:




	
The calculations of U-values of each variant consider real dimensions of deliverable thickness of the thermal isolation, where defined or better border limits are regarded;



	
The principles for the outer side and inside of external walls and a roof are similar;



	
The difference of the outer side of both elements is only in the thickness of the used thermal isolation according to three different defined U-values;



	
Other key elements of building envelope do not change;



	
Data on thermal conductivity for the internal finish plaster, RC wall, RC roof slab, the façade finishing system (external wall plaster), and roofing (PE foil, gravel, vapor permeable foil, waterproofing) are taken from the Technical guidelines TSG-1-004 Efficient use of energy [53];



	
Data on thermal conductivity for brick blocks are taken from their declaration of performance and technical data of manufacturer [54,55,56];



	
Structural design and systems of structural elements take into consideration the established design documentation [52].









3.4. Calculation of the Energy Balance


The amount of energy required for heating (Qh) in heating period and for cooling demand (Qc) needed in the summer period is evaluated with the calculation of energy balance. The calculations are performed with the software DesignBuilder 4.5 [57]. The calculation of energy analysis considers the following input data and assumptions:




	
Occupancy of the premises: people 100%;



	
Minimum indoor temperature in heating period 22 °C;



	
Maximal indoor temperature in cooling period 25 °C;



	
Internal gains Qi = 2.8 W/m2;



	
Net heated floor area Ah = 695.68 m2 and net heated volume Vh = 2644.00 m3, internal height (for each floor) Hh = 3.80 m;



	
Glazing-to-wall area ratio (AGAW): AGAWsouth = 33.0%, AGAWnorth = 24.4%, AGAWwest = 1.3%, AGAWeast = 22.5%;



	
Ventilation unit with heat recovery: heat recovery efficiency η = 82%, electric efficiency 0.41 Wh/m3 (according to technical characteristics for the ventilation unit by manufacturer PICHLER type LG 3200 [58], with certificate by Passive House Institute (PHI) [59];



	
Air change rate at press. test (air test of 50 Pa) n50 = 0.60 h−1 (according to PHI [59]);



	
Relative humidity (RH) humidification setpoint: 10% and RH dehumidification setpoint: 90%;



	
Minimum average sum of natural, mechanical, and infiltration air change rate according to [60]: 0.5 h−1; average air change rate with natural and mechanical ventilation together with infiltration is 0.87 h−1.








The amount of energy required for heating (Qh) in heating period and for cooling demand (Qc) needed in the summer period is evaluated with the calculation of energy balance. The calculations are performed with the software DesignBuilder (Version 4.5, DesignBuilder Software Ltd., London Rd., Stroud, UK) [57]. Results of the calculation of energy analysis for defined variants are given in Table 3.




3.5. Cost Analysis


The proposed approach includes cost analysis within the LCC approach, wherein costs are divided into initial investment costs, operation and maintenance (O&M) costs, and the residual value of envelope components. The first involves all the costs for planning, design, and acquisition (including preconstruction and construction) of the building envelope components (external walls and the roof); the second includes costs for operation and maintenance from the start of operation to the completion of the study period of the building and takes into account the residual value of the elements.



In terms of economic assessment, the following characteristics of costs and residual value are considered:




	
Initial investment costs: in general, these costs include costs for activities of preconstruction phases and costs for construction of the building. In our case study, only costs for erecting all components of external walls and the flat roof are regarded. Therefore, these costs are calculated according to the principle of the unit price for all items needed to complete the whole component. Calculations of a unit price are based on predefined construction technology and geometric characteristics of the element. They utilize the norms for construction (masonry, reinforced concrete works, formworks, plaster) and craft works (façade and painting works) [54,55,56,61,62], and the average price of labour [63] and market price of materials per unit of measure [62,63,64,65,66,67,68]. Prices for some items are given according to the average market prices; all without VAT. Figure 3a) shows the initial investment costs per square meter of net heated floor area (Ah) for all variants. Costs for all preconstruction phases and construction of other building components as well as costs for installing window and door lintels are not analysed because we assume that they are the same in all variants. We also made preliminary calculations for all initial investment costs of construction (including construction, craft and installation works) for the basic variant of the building (as described in the chapter 3.1) and it does not include the values for the external wall and flat roof systems, totalling 665,504.42 € [69].



	
O&M costs: In general, these are annual running costs throughout the lifespan of the building divided into a) maintenance costs as total of incurred labour, material, and other related costs to maintain the building or its parts in an adequate state to perform its required functions; and b) operation costs that include running costs and costs of the facility management, involving administrative support services (e.g., rent, rates, insurances, energy, and other environmental/regulatory inspection costs, local taxes and charges) [49]. Our case study considers maintenance costs as the costs that are required to keep the utility and the value of the walls and a roof, namely, façade components for the wall and upper layers of the roofing for a flat roof. Maintenance tasks for the normal service life of the façade include regular repairs of mechanically damaged plaster, and regular maintenance of hanging gutters, roof drain pipes, and window sills (washing and cleaning to prevent soaking and dirt of the facade) while the tasks for roof maintenance include regular maintenance and inspections, cleaning of drainage shafts on the roof, and regular care prevent mechanical damage to the insulation (e.g., during new interventions). Maintenance costs also include the replacement of individual worn-out elements after the end of their service life. Further, energy costs for space heating and cooling are taken into account as operating costs. Figure 3b) shows the O&M costs per square meter of net heated floor area (Ah) for all variants. The calculation of O&M cost considers the following assumptions:




	
Maintenance costs include regular maintenance of a lesser value and maintenance cost, which is taken into account only for the elements for which service life expires in the relevant study period and which are intended for reimplementation;



	
Maintenance costs are evaluated against the linear function for physical deterioration of the building element’s condition;



	
Values of regular maintenance are summarized by national rules [70] and represent the fraction of small repairs (in %) to new value;



	
The service life for the façade and roofing in the variant FRC1 is summarized by national rules [70], namely, for façade 40 and for the roofing, 20 years, and, for roofing in the variant FRC2, by the product declaration for the waterproofing membrane [71] which specifies 30 years;



	
The reimplementation of the element in the 20 years is considered for variants of combinations with roofing FRC1 while the component has a shorter service life as a study period. To simplify the presentation of costs on an annual basis, they are spread over all years of the study period;



	
Building annual energy end use for the conditioned floor area is for all treated variants provided by whole building energy simulations run in DesignBuilder 4.5 [57] through its simulation module;



	
Annual energy costs are provided via estimation of future energy costs based on utility rates for electricity;



	
Utility rates for electricity are obtained from the building operator, totalling 0.138 €/kWh, and representing the increased cost in kWh (including taxes and charges) of electricity consumption in 2018, which was the first year of the full operation;



	
The annual increase of maintenance costs and energy price forecasts are embodied in the discounting of maintenance and electricity costs over the study period;



	
Other maintenance costs and operating costs (such as insurance, local taxes, and local charges) are neglected because they do not play any important role in the relation to the energy costs and they are the same for all variants and thus have no influence on decision-making.








When estimating O&M cost, it is also necessary to understand the impacts of economic and other parameters that significantly affect these costs. Economic parameters consist of discount rate, life-cycle period and capital costs, whereas other parameters that refer to each component include, e.g., estimated service life and unit costs for energy, labor, materials, and others. However, the effects of changes in these parameters are excluded in our study.



	
Residual value: the residual value of the building represents the value of an asset at the end of its service life. It is the amount of value that the owner can expect to obtain when the asset is dispositioned. In our case study, the amount of residual value is calculated taking into account the carrying amount of the value. Therefore, it represents the carrying amount from the construction of all components of the façade and roofing (excluding VAT) at the end of the building study period. For individual components, it is derived from the difference between the initial investment value and the value of component at the end of the study period of the building (i.e., 30 years in our case study). Therefore, the carrying amount for components of which service life is longer than the study period, e.g., the façade, is considered as the difference between the investment value and the value after 30 years. The carrying amount of components whose service life is shorter is considered as the difference between the investment value of element reinstallation (by the end of its service life) and the value of this element at the conclusion of the study period of the building. For example, the residual value of the roofing for the variant FRC1 with a 20-year service life is, after 30 years, the same as the difference between the investment value for reinstallation of the roof and its value after 10 years (the study period of the building is then accomplished). Considering the service life of roofing elements for the variant FRC2, residual value is zero because service life equals study period (see Figure 3c).








Figure 3 shows the calculated initial investment costs, O&M costs, and residual value for the exterior walls and flat roof by individual variants. Initial investment costs are divided into the cost for erecting all components for external walls and for the flat roof; annual O&M costs are divided into energy costs for the space heating and cooling and maintenance costs for the façade and the roofing; the residual value is divided into the amount of the residual value for the façade and the roofing.



The economic assessment for each variant of building envelope components is performed by using the cost-optimal methodology and discounted to their equivalent present values based on the relevant discount factors [72,73]. Economic calculations are focused on a 30-year period, using the NPV method according to Equation (2) by using a discount rate of investment of 4%. Table 4 summarizes the starting points of the economic calculation. The economic assessment is carried out below using advanced BIM approach and is implemented in the process of 5D BIM modelling. Thus, the results are presented in Section 3.7.




3.6. Advanced Use of the BIM Approach for Analysing LCC


The advanced use of the BIM approach includes the use of the modern project management software that supports BIM such as Vico Office software [74], which allows the modelling of 4D BIM and 5D BIM. Using such a modern tool, the individual elements of the building, which are part of the 3D BIM, are directly linked to the information of time scheduling and cost estimation. These are so-called object models of structural elements given as a geometric image in a comprehensive 3D BIM. At the same time, process models can also be included for nonstructural elements and can therefore be called nonobject elements. These are, for example, energy costs and do not have a geometric image in 3D BIM.



The process of performing LCC analysis in Vico Office is as follows: first, the created 3D BIM is imported into the module Model Register, followed by grouping of all individual elements of the 3D BIM according to the element type, and then merging the group of elements in the Takeoff Manager module. Figure 4 shows a group of all considered components of the external walls and flat roof elements (highlighted in yellow) with detailed information about each quantity (blue column).



The Cost Planner module provides a cost analysis for each variant of external wall and roof systems (described in Section 3.3). In addition, LCC is implemented in a structured way that includes (i) calculated initial investment costs for the execution of all components of the walls and the roof; (ii) the NPV of O&M costs; (iii) the NPV of residual value. Initial investment costs in the Cost Planner module are calculated directly based on the connection to individual elements in the 3D BIM model with reference to source quantity. The economic evaluation of the NPV values of O&M costs and residual value is, for now, carried out in external programs such as Excel and imported into VO unilaterally on the basis of guaranteed interoperability.



Figure 5, produced in the VO program’s Cost Planner module, shows the structure for all elements of LCC for variant B30P + FRC2 (external wall with a brick system Porotherm 30 PROFI (B30P); and flat roof with reinforced concrete slab construction and polymeric waterproofing membrane for mechanically fixed roof (FRC2)), at U1 = 0.15 W/m2K considered for exterior walls and flat roof. The detailed structure is presented only for calculation of initial construction costs for a masonry wall and a brick corner, showing the total normative quantities of labour and material (basic material and mechanization). The results of a cost analysis for each variant are given in Section 3.7.




3.7. Results of Cost Analysis


The advanced use of the BIM approach elaborated 3D BIM for treated variants of the building envelope enable to calculate the lifetime costs. The costs analysis is utilized in the Cost Planner module of the VO program. Figure 6 shows the result of cost analysis within values of cumulative LCCs as evaluated for each variant and in detail by elements of LCCs for variant B30P + FRC2 at U1. Figure 7 gives a graphical representation of the bar charts for the results obtained for all variants distributed to calculated initial investment costs, NPV of O&M costs, and the NPV of residual value at the end of the lifetime period.





4. Discussion


The results show that cumulative LCC are the lowest for the variant B30P + FRC2 at U1 and total 225,608.35 €, where the initial investment costs total 167,759.05 €, the NPV of O&M cost for used energy (heating and cooling) and for maintaining envelope components in the lifetime period totals 61,987.78 €, and the NPV of residual value is 4138.47 € (reducing the cumulative LCC value). If all other costs for construction of the building (665,504.42 €, see Section 3.5) are added to initial investment costs for installation of wall and roof components according to the lowest variant B30P + FRC2, the total investment value of the building would be 777,771.71 €.



Further, if variants are considered by individual level of thermal transmittance, the variant B30P + FRC2 has the lowest cumulative LCC also at U2, whereas slightly lower LCC at U0 is achieved by the variant B30S + FRC2, but only for 0.2 %. The main reason for this lies in the performance of flat roofing in the FRC2 system. Namely, LCC of this variant have, due to the FRC1 system roof, low maintenance costs (e.g., these costs are annually lower by 36% at U1; what is more, the roof does not need to be changed in its 30-year life period) and by the end of the lifetime period of this element the value is zero. However, initial construction costs for FRC2 are higher, for example, by 15% at U1. If only initial investments costs are taken into account, the lowest value is reached by the variant B30P + FRC1 at U0, due to the lower U-value. This wall system requires only 3 cm thermal insulation for variant B30P, while 8 cm is needed for variant B30S and even 12 cm for WRC. Even though the variant B32I does not require thermal insulation, the price of the bricks is much higher. Considering the roof system for the variant FRC1, investment expenses for multilayer waterproofing strips are lower than in performance of the variant FRC2 with polymeric waterproofing membrane. However, variant B30P + FRC1 does not have a favourable value of cumulative LCC due to the high costs for heating and cooling and maintenance of external walls and the roof.



Figure 8 shows a bar chart for difference in cumulative LCC for all combinations of wall and roof systems at each level of U-value according to baseline variant. The baseline variant is considered as the actually performed variant for external walls made of brick Porotherm 30 S Plus and the flat roof FRC1 with roofing from waterproofing strips, i.e., the combination B30S + FRC1.



Results of the cost analysis suggest that the lowest cumulative LCC (B30P + FRC2) is comparable to the variant B30S + FRC2 at all levels of U-value. The variants B32I + RC1 and B32I + RC2 in all U-values deviate the most due to the high price of the bricks. However, LCCs of all variants which include roof FRC2 are lower than variants with the roof FRC1 due to the lower operating costs, which do not include the costs for reinvestment components for roofing in the variants for FRC2, so the residual value also equals zero, even though the initial investment costs for FRC2 are higher for 6.57% (valid at U1; relative value). Furthermore, the comparison of cumulative LCC for the variant B30P + FRC2 between U-values shows that the difference to U0 is 2717.78 € and to U2 is 13,983.34 €. In order to achieve the U2 level, the cumulative LCC are higher by 6.20%, namely the costs of the wall and roof system components installation are higher by 12.86%, the costs for the energy are lower by 17.06%, costs for maintenance are higher by 26.01%, and residual value is higher by 23.1% (the percentages are given as relative values).



The cheaper construction of roofing in FRC1 variants leads to the initial investment costs being in general lower for all U-values; however, further substantial differences between variants of each wall structural system originate in the varying prices of bricks (the difference at U1 between the cheapest variant B30P and the most expensive B32I is 13.97%). The energy costs (as a part of O&M costs) between all variants and within each U-value do not differ significantly due to the predefined U-value of all envelope components. Greater deviation can be noticed only in variants with Porotherm 32 IZO PROFI bricks at U0, because this value can be reached already without thermal isolation, so the Uactual is lower as defined. However, maintenance costs change depending on the layers of envelope components. The calculation thus considers different finishing layers of external walls and roof systems, which affect maintenance costs in terms of the life span of façade and roofing. As a result, the maintenance costs for the façade do not differ much within each U-value, but they are characteristically different for roofing in its total 30-year period. For example, at U1 for variants with FRC2 (the life span is 30 years; the share of the new value is 25%) with regard to the variants with FRC1 (the life span is 20 years; the share of the new value is 30%) the NPV of maintenance costs is lower by 77.69 %, because this calculation also considers maintenance costs in roofing with FRC1, namely, in year 20. Consequently, the lifetime period impacts residual values which are lower in variants with roofing FRC2.



According to the discussed findings, variation or change of the used materials and layer thickness of envelope components can influence the energy performance indicators and the LCC values of each envelope component. In doing so, using the BIM approach provides useful and modern support for the cost calculation. Therefore, the implemented calculation, performed with the help of the 5D BIM modelling method, can collect all data in one place, accessible to all participants, and calculations of elements of LCC for each variant can be performed rapidly. The usage of the modern database-supported BIM project management software provides access to various price lists and technical data of resources, which can be changed dynamically by individual suppliers, subcontractors, etc. Therefore, the input of the newest data into the implemented 5D BIM allows for the automatic update of all treated costs and can thus be used as relevant input data for the calculation. What is more, the update of recalculation of the initial investment costs for the changes made to the input data in the 3D BIM, e.g., element geometry or used materials, is carried out automatically. Consequently, NPV values of O&M costs and residual value are changed with the help of the links in external programs. The implementation of the suggested systematic approach provides investors with the opportunity to make energy- and cost-effective decisions about building envelope components already in the earliest design phases.




5. Conclusions


The investors’ decision about the choice of building envelope components, when they follow the principle of sustainable building, is related to selection of the cost-effective variant; however, designing a new building allows for several key components of building, whose choice impacts the energy and cost efficiency of the building. For this reason, our study proposes the new approach for systematic performance of the energy and cost analysis of building envelope components by using the BIM approach. The approach enables automated/semiautomated comprehensive analysis and represents a contribution to advanced construction project management as a sophisticated method for the environmental assessment of building envelope components throughout the life cycle by simultaneous inclusion of economic valuation. Compared to other studies, our approach provides a simple overview of all costs in the life cycle of the building and could be utilized for both new constructions and renovation of existing ones.



The applicability of the proposed approach was tested on a new preschool building in the city of Maribor. Our case study determines two different structural systems of external wall, i.e. brick (three alternatives) and reinforced concrete (one alternative), and two roof systems. Three different U-values were analysed for each variant, meaning that the thickness of the used thermal isolation of walls and roof vary. All variants were initially modelled as 3D BIM (Arhicad), and then, based on 3D BIM, performed in relevant programs for energy (DesignBuilder) and cost analysis (Vico Office). The cost analysis was based on the LCC approach, while the economic assessment of selected envelope components was performed through their NPV and in accordance with cost-optimal methodology. The results reveal that variant B30P + FRC2 at U1 has the lowest cumulative LCC. At the same time, the variant B32I + FRC1 at U2 is least cost efficient due to the high brick price and high maintenance costs over a 30-year period.



The usage of evaluation approach for energy and cost effectiveness implementing BIM, which is becoming the standard in the AECO industry, is expected to be useful in decision-making at an early design stage. In this way, the investors have comprehensive insight into all costs referring to building envelope, that arise during the building lifetime. Moreover, calculation of initial investment costs in BIM project management software VO, using the Cost Planner module, presents a 5D BIM modelling approach. This means that the recalculation of initial investment costs for object models of structural elements is conducted sophistically with automatic and semiautomatic update of NPV values for other costs that arise in the lifespan; in this way, all information is collected in one place and is thus interconnected. Based on the gained results, the investor can make the right decision about the energy- and cost-effective variant with a contemporary and fast method for comparing various variants. In addition, the presented approach can be implemented to other building envelope components as well as for new or existing buildings, and with comparable economic environments.



Our further research will focus on the study of the interoperability of the implemented software for individual professional treatment according to the workflow presented in Figure 1. The study will aim to optimize the process of information transmission and automation aggregation, which serves for the comprehensive treatment of construction projects with the BIM approach. In terms of building design (such as changes in orientation and the percentage of holes) and influencing energy and cost planning, it will address the effects of other parameters that have impact on efficiency of variant solutions and sensitivity to parameter changes.
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Figure 1. A systematic approach for energy and cost analysis of the building envelope components using building information modelling (BIM). 
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Figure 2. Display of the new preschool building in a comprehensive 3D BIM © 2020, IGI Global, www.igi-global.com [44]. Used with permission. 
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Figure 3. Comparison of life-cycle costs (LCC) for all variants: (a) initial investment costs; (b) operation and maintenance (O&M) costs; (c) residual value. 
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Figure 4. Group of external wall and flat roof elements with takeoff quantities in VO program. 
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Figure 5. Structure for elements of LCC of variant B30P + FRC2 at U1 in VO program. 
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Figure 6. Results of a cost analysis in program VO for all variants and broken down by elements of LCC for variant B30P + FRC2 at U1. 
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Figure 7. Results of a cost analysis broken down by elements of LCC for all variants: (a) at U0; (b) at U1; (c) at U2. 
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Figure 8. Difference of cumulative LCC according to baseline variant. 
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Table 1. The comparison of the analysed external wall components.
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	B30P
	B32I
	B30S
	WRC





	U0
	External wall plaster: λ = 0.54 W/mK, 2 cm

Facade insulation board Baumit Open plus: λ = 0.032 W/mK, 3 cm

Brick wall Porotherm 30 Profi: λ = 0.124 W/mK, 30 cm

Internal finish plaster: λ = 0.35 W/mK, 1 cm

Uactual = 0.28 W/m2K

 [image: Energies 13 02643 i001]
	External wall plaster: λ = 0.54 W/mK, 2 cm

Facade insulation board Baumit Open plus: λ = 0.032 W/mK, 0 cm

Brick wall Porotherm 32 IZO Profi: λ = 0.077 W/mK, 32 cm

Internal finish plaster: λ = 0.35 W/mK, 1 cm

Uactual = 0.23 W/m2K

 [image: Energies 13 02643 i002]
	External wall plaster: λ = 0.54 W/mK, 2 cm

Facade insulation board Baumit Open plus: λ = 0.032 W/mK,

8 cmBrick wall Porotherm 30 S Plus: λ = 0.23 W/mK, 30 cm

Internal finish plaster: λ = 0.35 W/mK, 1 cm

Uactual = 0.27 W/m2K

 [image: Energies 13 02643 i003]
	External wall plaster: λ = 0.54 W/mK, 2 cm

Facade insulation board Baumit Open plus: λ = 0.032 W/mK, 12 cm

RC wall: λ = 2.1 W/mK,

20 cm

Internal finish plaster: λ = 0.35 W/mK, 1 cm

Uactual = 0.27 W/m2K

 [image: Energies 13 02643 i004]



	U1
	External wall plaster: λ = 0.54 W/mK, 2 cm

Facade insulation board Baumit Open plus: λ = 0.032 W/mK,

14 cm

Brick wall Porotherm 30 Profi: λ = 0.124 W/mK, 30 cm

Internal finish plaster: λ = 0.35 W/mK, 1 cm

Uactual = 0.14 W/m2K

 [image: Energies 13 02643 i005]
	External wall plaster: λ = 0.54 W/mK, 2 cm

Facade insulation board Baumit Open plus: λ = 0.032 W/mK,

8 cm

Brick wall Porotherm 32 IZO Profi: λ = 0.077 W/mK, 32 cm

Internal finish plaster: λ = 0.35 W/mK, 1 cm

Uactual = 0.15 W/m2K

 [image: Energies 13 02643 i006]
	External wall plaster: λ = 0.54 W/mK, 2 cm

Facade insulation board Baumit Open plus: λ = 0.032 W/mK, 18 cm

Brick wall Porotherm 30 S Plus: λ = 0.23 W/mK, 30 cm

Internal finish plaster: λ = 0.35 W/mK, 1 cm

Uactual = 0.15 W/m2K

 [image: Energies 13 02643 i007]
	External wall plaster: λ = 0.54 W/mK, 2 cm

Facade insulation board Baumit Open plus: λ = 0.032 W/mK, 22 cm

RC wall: λ = 2.1 W/mK,

20 cm

Internal finish plaster: λ = 0.35 W/mK, 1 cm

Uactual = 0.15 W/m2K

 [image: Energies 13 02643 i008]



	U2
	External wall plaster: λ = 0.54 W/mK, 2 cm

Facade insulation board Baumit Open plus: λ = 0.032 W/mK,

24 cm

Brick wall Porotherm 30 Profi: λ = 0.124 W/mK, 30 cm

Internal finish plaster: λ = 0.35 W/mK, 1 cm

Uactual = 0.10 W/m2K

 [image: Energies 13 02643 i009]
	External wall plaster: λ = 0.54 W/mK, 2 cm

Facade insulation board Baumit Open plus: λ = 0.032 W/mK, 18 cm

Brick wall Porotherm 32 IZO Profi: λ = 0.077 W/mK, 32 cm

Internal finish plaster: λ = 0.35 W/mK, 1 cm

Uactual = 0.10 W/m2K

 [image: Energies 13 02643 i010]
	External wall plaster: λ = 0.54 W/mK, 2 cm

Facade insulation board Baumit Open plus: λ = 0.032 W/mK, 28 cm

Brick wall Porotherm 30 S Plus: λ = 0.23 W/mK, 30 cm

Internal finish plaster: λ = 0.35 W/mK, 1 cm

Uactual = 0.10 W/m2K

 [image: Energies 13 02643 i011]
	External wall plaster: λ = 0.54 W/mK, 2 cm

Facade insulation board Baumit Open plus: λ = 0.032 W/mK, 32 cm

RC wall: λ = 2.1 W/mK,

20 cm

Internal finish plaster: λ = 0.35 W/mK, 1 cm

Uactual = 0.10 W/m2K
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Table 2. The comparison of the analysed roof components.
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	FRC1
	FRC2





	U0
	Gypsum fibreboard λ = 0.21 W/mK, 1.25 cm

RC slab: λ = 2.1 W/mK, 24 cm

Multilayer waterproofing strips: λ = 0.19 W/mK,

1 cm, polyethylene (PE) foil

Roof insulation board XPS: λ = 0.036 W/mK,

12 cm + λ = 0.033 W/mK, 4 cm

Vapor permeable foil

Layer of felt

Layer of gravel: λ = 0.36 W/mK, 8 cm

Uactual = 0.19 W/m2K

 [image: Energies 13 02643 i013]
	Gypsum fibreboard λ = 0.21 W/mK, 1.25 cm

RC slab: λ = 2.1 W/mK, 24 cm,

Vapor barrier

Roof insulation board SmartRoof: λ = 0.038 W/mK, 14 cm + 4 cm

Layer of feltPolymeric waterproofing membrane: SikaplanSG

Layer of felt

Layer of gravel: λ = 0.36 W/mK, 8 cm

Uactual = 0.20 W/m2K
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	U1
	Gypsum fibreboard λ = 0.21 W/mK, 1.25 cm

RC slab: λ = 2.1 W/mK, 24 cm

Multilayer waterproofing strips: λ = 0.19 W/mK,

1 cm, polyethylene (PE) foil

Roof insulation board XPS: λ = 0.036 W/mK,

12 cm + λ = 0.035 W/mK, 10 cm

Vapor permeable foilLayer of felt

Layer of gravel: λ = 0.36 W/mK, 8 cm

Uactual = 0.15 W/m2K

 [image: Energies 13 02643 i015]
	Gypsum fibreboard λ = 0.21 W/mK, 1.25 cm

RC slab: λ = 2.1 W/mK, 24 cm

Vapor barrier

Roof insulation board SmartRoof: λ = 0.038 W/mK, 14 cm + 10 cm

Layer of felt

Polymeric waterproofing membrane: SikaplanSG

Layer of felt

Layer of gravel: λ = 0.36 W/mK, 8 cm

Uactual = 0.15 W/m2K

 [image: Energies 13 02643 i016]



	U2
	Gypsum fibreboard λ = 0.21 W/mK, 1.25 cm

RC slab: λ = 2.1 W/mK, 24 cm

Multilayer waterproofing strips: λ = 0.19 W/mK,

1 cm, polyethylene (PE) foil

Roof insulation board XPS: λ = 0.036 W/mK, 2 × 12 cm + λ=0.035 W/mK, 10 cm

Vapor permeable foil

Layer of felt

Layer of gravel: λ = 0.36 W/mK, 8 cm

Uactual = 0.10 W/m2K

 [image: Energies 13 02643 i017]
	Gypsum fibreboard λ = 0.21 W/mK, 1.25 cm

RC slab: λ = 2.1 W/mK, 24 cm

Vapor barrier

Roof insulation board SmartRoof: λ = 0.038 W/mK, 14 cm + 14 cm + 10 cm

Layer of feltPolymeric waterproofing membrane: SikaplanSG

Layer of felt

Layer of gravel: λ = 0.36 W/mK, 8 cm

Uactual = 0.10 W/m2K
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Table 3. Result of energy balance for defined variants.
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U0

	
U1

	
U2






	
(kWh/m2a)

	
B30P + FRC1

	
B32I + FRC1

	
B30S + FRC1

	
WRC + FRC1

	
B30P + FRC1

	
B32I + FRC1

	
B30S + FRC1

	
WRC + FRC1

	
B30P + FRC1

	
B32I + FRC1

	
B30S + FRC1

	
WRC + FRC1




	
Qh

	
41.05

	
37.09

	
38.64

	
38.44

	
28.50

	
28.72

	
28.30

	
28.24

	
23.22

	
23.32

	
23.13

	
23.10




	
Qc

	
3.96

	
3.94

	
3.95

	
3.95

	
3.85

	
3.85

	
3.85

	
3.85

	
3.78

	
3.78

	
3.78

	
3.78




	
Qh+c

	
45.01

	
41.03

	
42.58

	
42.39

	
32.35

	
32.57

	
32.15

	
32.10

	
27.00

	
27.10

	
26.91

	
26.88




	
(kWh/m2a)

	
B30P + FRC2

	
B32I + FRC2

	
B30S + FRC2

	
WRC + FRC2

	
B30P + FRC2

	
B32I + FRC2

	
B30S + FRC2

	
WRC + FRC2

	
B30P + FRC2

	
B32I + FRC2

	
B30S + FRC2

	
WRC + FRC2




	
Qh

	
41.05

	
37.10

	
38.64

	
38.45

	
28.56

	
28.78

	
28.36

	
28.30

	
23.10

	
23.20

	
23.01

	
22.98




	
Qc

	
3.96

	
3.94

	
3.95

	
3.95

	
3.85

	
3.85

	
3.85

	
3.85

	
3.78

	
3.78

	
3.78

	
3.78




	
Qh+c

	
45.01

	
41.04

	
42.59

	
42.39

	
32.41

	
32.63

	
32.21

	
32.15

	
26.88

	
26.98

	
26.79

	
26.76
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Table 4. Starting points of the economic assessment.






Table 4. Starting points of the economic assessment.





	Study Period
	Years
	30





	Service Life (façade/roofing FRC1/roofing FRC2)
	Years
	40/20/30



	Fraction of small repairs (in %) (façade/FRC1/FRC2)
	%
	20/30/25



	Net heated floor area (Ah)
	m2
	695.68



	Discount rate, i
	%
	4



	Energy price, Electricity
	€/kWh
	0.138











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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