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Abstract

:

Life cycle assessment (LCA) is a scientific method for evaluating the environmental impact of products. Standards provide a general framework for conducting an LCA study and calculation rules specifically for buildings. The challenge is to design energy-efficient buildings that have a low environmental impact, reasonable costs, and high thermal comfort as these are usually conflicting aspects. Efficient mathematical optimisation algorithms can be applied to such engineering problems. In this paper, a framework for automated optimisation is described, and it is applied to a multi-story residential building case study in two locations, Portugal and Hungary. The objectives are to minimise the life cycle environmental impacts and costs. The results indicate that optimum solutions are found at a higher cost but lower global warming potential for Portugal than for Hungary. Optimum solutions have walls with a thermal transmittance in the intervals of 0.29–0.39 and 0.06–0.19 W/m2K for Portugal and Hungary, respectively. Multi-objective optimisation algorithms can be successfully applied to find solutions with low environmental impact and an eco-efficient thermal envelope.
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1. Introduction


The construction and retrofit of buildings can cause substantial environmental impacts [1] due to their significant consumption of energy (40%) and materials and energy-related greenhouse gas emissions (36%; [2]).



The potential environmental impact caused by buildings can be evaluated with the life cycle assessment (LCA) method. LCA can help compare design alternatives or find environmental hotspots over their life cycle, from the production of materials and throughout the use phase to end-of-life [3]. Shifting the focus from the operation of buildings to their full life cycles is important as the significance of embodied impacts is growing with stricter energy regulations and more complex building systems [4]. Similarly, a full life cycle should be considered when assessing the economic viability of design options with the life cycle costing (LCC) method.



Optimisation algorithms are applied in an increasing number in research to assist the design of sustainable buildings [5,6,7]. These algorithms can evaluate a very large number of design alternatives and can automatically find the solutions that are optimal for a chosen objective function. In the literature, objectives are, for example, the minimisation of energy use [8,9] and/or costs [10,11,12,13] while providing high thermal comfort in buildings. The number of research papers focusing on the minimisation of life cycle environmental impact is still limited but rapidly growing [14,15,16].



Both environmental impact and costs depend on factors that may vary from country to country, even within the European Union. Embodied impacts mostly depend on the material use and on their availability at the construction site. Local and imported materials, therefore, show significant differences in embodied impacts, considering their transport distances. Röck et al. [17] collected 238 case studies and concluded that operational and embodied emissions highly depend on climatic and socio-economic conditions. Construction costs are highly dependent on labour costs, which vary significantly across EU member states [18]. Operational impacts and costs are primarily determined by operational energy use. The latter depends on climatic conditions, which not only result in reduced or increased heating and cooling needs but also in a shift between the dominance of heating or cooling. A reduced energy demand indirectly causes a higher share of embodied impacts. Lavagna et al. developed benchmarks for the environmental impact of European housing stock and showed the effect of different space heating needs, depending on the climate [19]. The environmental impact of energy use also depends on the source used; for example, there are significant differences between countries in the composition of the electricity mix and the share of renewables. The energy price for household consumers is also influenced by local strategic policy-related decisions and by the availability of energy sources. All these considerations influence the optimal solutions in terms of absolute environmental impacts and costs as well as in the trade-off between environmentally optimal and cost-optimal solutions.



This research has two main objectives. The first objective is to show the applicability of multi-objective optimisation techniques for designing sustainable and energy-efficient buildings. The second objective is to test how regional differences influence the range of optimum solutions. For this purpose, an innovative optimisation framework was developed and integrated into a common platform. This framework is capable of parametric building modelling, dynamic simulation, life cycle assessment, life cycle costing, and the optimisation of building variables. Furthermore, specific statistical metrics have been developed that allow for the comprehensive evaluation of the full range of Pareto-optimal solutions in a multi-objective optimisation space. Two locations for a case study building are analysed: Portugal and Hungary. Hungary has a continental climate with warm summers and cold winters, while the climate of Portugal is temperate Mediterranean with mild winters and warm summers. Portugal had ca. 40% higher GDP per capita in 2019 than Hungary [20], and labour costs are about 30% higher in the construction sector [18]. Additionally, the price of electricity and natural gas is about twice as high in Portugal as in Hungary. The share of renewables in the energy mix in Portugal was more than 30% in 2019, while in Hungary, it was about 12% [21]. Electricity production in Portugal has a high share of hydro and wind power [22], while Hungary relies mostly on fossil and nuclear electricity sources [23].



In this paper, the following questions are analysed:




	-

	
How much do the total life cycle CO2 emissions, expressed as global warming potential (GWP), and LCC, depend on local economic and climatic conditions?




	-

	
How much is the improvement potential in terms of GWP and LCC in a different climate and for different construction practices?




	-

	
To what extent does the trade-off between GWP and LCC change in another local context?









The paper is organised in the following sections: the optimisation framework and the scope of the study are presented in the Material and Methods section. This section also describes the energy modelling parameters and environmental and cost data. Section 3 describe the results achieved, analysing in detail the optimal solutions identified. The next section discusses the main similarities and differences found in the results for the two locations, Portugal and Hungary, and their causes. The paper ends with a summary of the main conclusions reached.




2. Materials and Methods


2.1. Optimisation Framework


This research applies a modular computing framework described by Kiss and Szalay [24]. This framework has been further developed to enable dynamic energy simulation as well as LCC calculations; it combines existing tools and new modules for automatic building optimisation.



The aim of this framework is to provide automated optimisation to minimise life cycle environmental impact and LCC of a building design and valuable guidance on how to achieve it. The core of the framework is the parametric building data model that incorporates all necessary information for an energy simulation (construction materials, assemblies, geometry, HVAC systems) and links to additional background data on the cost and environmental impact. Optimisation variables are translated into design parameters linked to the model. The preparation of the model, the parameters’ definition, and the datasets comprise the setup phase of the workflow.



In the optimisation phase, the objective values of the optimisation (environmental impact and LCC of the building design) are calculated based on the model and using specific design parameter settings. The results serve as input to the optimisation algorithm, and the algorithm achieves progress by modifying the design parameters (as optimisation variables). The new model is recreated based on the modified design parameter values, and the loop continues until a certain stop criterion (e.g., number of loops) is met. During the optimisation process, the parameter and objective values, as well as additional result data, are saved to a database.



In the third step, the various visualisations and data analysis tools are used to evaluate the results of the optimisation. This includes the quantification of the improvement (in terms of environmental impact and cost) achieved through the optimisation as well as the corresponding design parameters.



The modularity of the framework is reflected by the integration with existing software tools for specific steps of the calculations such as DesignBuilder [25] and EnergyPlus [26] for the energy simulation, OpenLCA [27] for the preparation of environmental impact data, and Jupyter [28] with Pandas [29] and Matplotlib [30] for the results’ analysis. All other components are self-developed using the Python [31] programming language.




2.2. Case Study Building


The case study building is a four-storey rectangular apartment building with an area of 192 m2 on each floor and a headroom of 3 m (Figure 1). The building elements and building service systems have been selected so that they represent typical construction systems and are applicable in both countries. The material composition of the buildings’ elements is in the following list (from inside to outside and bottom to top), and the material properties are included in Table A1 and Table A2.



External walls (load-bearing): 1 cm plaster + 30 cm ceramic hollow block + 1.5 cm plaster + adhesive + insulation with variable thickness + cover coat (External Thermal Insulation Composite System—ETICS);




	
Internal partitions: 1 cm plaster + 10 cm ceramic hollow block + 1 cm plaster;



	
Internal slabs: 1 cm plaster + 20 cm reinforced concrete + 4 cm sound insulation + PE foil + 6 cm screed + adhesive + ceramic tiles;



	
Flat roof: 1 cm plaster + 20 cm reinforced concrete slab + vapour barrier + insulation with variable thickness + bituminous waterproofing membrane;



	
Slab-on-ground: 15 cm hardcore + 10 cm concrete + bituminous waterproofing + insulation + PE foil + 6 cm screed + adhesive + ceramic tiles.








In the model, only the building elements that have a direct or indirect effect on operational energy demand were modelled as these influence the optimisation results (e.g., partition walls and internal slabs were included, but foundations are not considered).



For space heating, a gas boiler was applied with an efficiency of 0.9, and, for cooling, a heat pump with a seasonal efficiency of 2.8 was considered. Auxiliary electricity is calculated as a percentage of the net demand. Distribution and storage losses are omitted in the model. No mechanical ventilation is assumed.




2.3. Optimisation Parameters


The optimisation has two objective functions: (1) to minimise the life cycle environmental impact of the building, expressed in terms of GWP, and (2) to minimise the LCC of the building over a time period of 50 years.



The optimisation algorithm changes the variables to find the best solutions. Variables include the properties of the building envelope that have an influence on both the embodied and operational impacts and costs: the window-to-wall ratio on each façade, the type of glazing and window frame, the thickness and type of insulation on the wall and roof and in the slab-on-ground, with ranges according to Table 1. These ranges also include extreme values that are not realistic in practice but help find the theoretical optima. A moveable horizontal aluminium blind is considered an option for the windows as a separate variable on each façade. Variables can be classified as continuous or discrete. In this case, continuous variables were discretised by defining a sufficiently small step size (1% for fenestration ratio and 1 cm for insulation thickness).



For the optimisation, the NSGA-II [32] genetic algorithm was used. This is a stochastic population-based algorithm, one of the most frequently used algorithms for building performance optimisation [33]. The settings were as follows:




	
Population size: 100;



	
Max. population number: 30 in the single-objective and 50 in the multi-objective optimisation;



	
Crossover probability: 0.6;



	
Mutation probability: 0.2;



	
Number of evaluations: 6000 in the single-objective and 10,000 in the multi-objective optimisation.








In addition to the optimisation runs, a Monte Carlo simulation was also performed to define the LCA and LCC of the ‘business as usual’ (BAU) case for new buildings. This will be used as a reference to quantify the improvement potential that can be achieved by the optimisation algorithm. The design parameter ranges are defined in accordance with the current practice and considering the energy regulations in force [34,35,36,37]. Insulation thickness was selected so that U value requirements are fulfilled: 0.50 W/m2K for vertical elements and 0.40 W/m2K for horizontal elements in Portugal, and 0.24 W/m2K for external walls and 0.17 W/m2K for flat roofs in Hungary. The most common material used were selected based on consultation with local experts. The design parameter limits and the construction options in the BAU case are summarised in Table 1.




2.4. Climate Scenarios—Budapest and Lisbon


The climate of Hungary can be classified as a warm summer continental climate (Dfb), while the Portuguese climate is temperate Mediterranean with dry summers, being warm (Csb) in the north of the country and hot (Csa) in the south (Köppen-Geiger climate classification). The weather file for Budapest (Lat: 47.43; Lon: 19.182) and Lisbon (Lat: 38.714, Lon: −9.138) was downloaded from the TMY tool of the PVGIS webpage [38].



The comparison of climatic conditions in the two locations in terms of temperature and humidity is shown in Figure 2. Budapest has colder winters than Lisbon; the heating degree days are 2696 vs. 1071 (base 18 °C). The temperature in summer is very similar in the two locations; the mean outdoor temperature is 21.2 °C vs. 21.7 °C in the cooling season. At the same time, relative humidity is high throughout the entire year in Lisbon, while, in Budapest, it drops in the summer period. The cold winter implies higher heating demand in Hungary, but cooling demand is expected to be somewhat higher in Portugal due to the hot and humid summer period.




2.5. Energy Calculation Method


The operational energy demand was calculated with the hourly dynamic energy simulation tool EnergyPlus (version 8.9.0 [26]) and DesignBuilder (version 6.1.0 [25]). Space heating, cooling, and lighting were considered. User-dependent end-uses such as domestic hot water and appliances were excluded from the analysis as they have no influence on the optimisation [39,40].



Each floor was modelled as a single zone as this delivers sufficiently accurate results with acceptable simulation time. The thermal mass of internal partition walls was considered. For the two locations, the local climate file was used but user-related settings were harmonised to ensure the comparability of the results. Space heating was set to 20 °C, with a set-back temperature of 16 °C during the night. The cooling setpoint was 26 °C during the day, and natural cooling was assumed at night. The main assumptions were a fixed 4.7 W/m2 value for internal gains, including occupancy and appliances, and 0.5 1/h air change rate. For the summer period’s natural cooling, an increased air change of 4.0 1/h was assumed when conditions were favourable, i.e., internal temperature exceeds 23 °C, outdoor temperature is below 25 °C, and outdoor temperature is at least 2 °C cooler than the indoor temperature. For lighting, efficient LED lighting was assumed with 1 W/m2 power density and control according to daylight availability. Shading operated above an incident solar radiation of 300 W/m2. Thermal bridges were neglected in the calculation. External shading by neighbouring buildings or trees was not considered.




2.6. Environmental Assessment


Environmental impacts were calculated using the LCA method in accordance with the standards [41,42,43]:


  E  P i  =  a i  × M  



(1)




where EPi is the vector containing the indicator values of component i in the building; ai is the vector containing the gross amounts of products and services used in component i; M is the matrix containing the environmental indicator values per unit used in component i.



The impact is calculated for each life cycle stage. The functional equivalent is the building for a study period of 50 years. Environmental data can be taken from generic databases or environmental product declarations (EPD). The number of EPDs is still limited in both countries, although a number of site-specific studies have been completed by the authors in Portugal [44,45,46,47]. For the sake of consistency, the environmental impact was calculated based on the Ecoinvent v3.6 cut-off database, with contextualisation for the Hungarian and Portuguese markets. The electricity and natural gas datasets were changed to the specific country datasets for materials produced locally. Cutting waste was considered in A4. Material transport distances to the construction site in A5 were adjusted to the local context depending on the number of factories in the countries.



In general, no replacement of the materials was assumed except for waterproofing on the roof after 15 years, plaster after 30 years, and windows after 40 years. For waste treatment, standard country-specific Ecoinvent data was considered for both countries.



The CML 2001 [48] baseline method was applied to calculate the GWP.




2.7. Cost Assessment


LCC, the present value of the total costs for investment, replacement, operation, and disposal, was calculated according to EU guidelines [49], referred to the starting year, and expressed as the present value:


   C g   ( τ )  =  C I  +   ∑  j   [    ∑   i = 1  τ   (   C  a , i    ( j )  ·    R d   ( i )   )  −  V  f , τ    ( j )   ]   



(2)




where τ is the calculation period; CI is the initial investment costs for measure or set of measures j; Ca,i (j) is the annual cost during year i for measure or set of measures j; Vf,τ (j) is the residual value of measure or set of measures j at the end of the calculation period (discounted to the starting year); and Rd (i) is the discount factor for year i based on discount rate r.



For Hungary, the costs were collected from a national guide based on up-to-date average market prices, including material and installation costs ([50]. Most of the cost datasets for the Portuguese case were collected from several research studies [44,51], construction firms, market surveys and building material suppliers, and reference national documents [52]. Further data were collected from a construction cost estimation website [53] (detailed values in Table A3).



Energy prices and labour costs were collected from Eurostat [18,54,55]. Consumer prices included local VAT, expressed in EUR. A discount rate of 3% and an energy price increase of 3% was applied. The reference study period is 50 years, the same as for the LCA calculations.



Table 2 shows the comparison of some building-related cost indicators of Portugal and Hungary. In 2019, hourly labour costs in the construction sector were 33% higher in Portugal than in Hungary. Natural gas and electricity prices for household consumers were about twice as high in Portugal as in Hungary. While the former affects investment costs, the latter influences the operational costs of the building.





3. Results


The objective of the optimisation is to minimise both life cycle GWP and LCC. One multi-objective optimisation, with a limit of 10,000 function evaluations, and two single-objective optimisations (for each of the objectives separately), with a limit of 6000 function evaluations each, as well as a Monte-Carlo simulation based on the BAU case, with a limit of 5000 evaluations, were performed for the two countries.



3.1. Comparison of the Environmental and Cost Data of Insulation Materials


In a preliminary analysis, only the environmental impact and cost of wall insulation materials in the ETICS were compared for the two locations to check whether any material is expected to dominate the other materials in one or both objectives (Figure 3). The unitised GWP and cost have been calculated for a functional unit of 1 m2 of wall surface, with a thermal resistance of 1 m2K/W, for one year.



Most of the materials have very similar GWP values, although they are somewhat lower in the Portuguese case. This can be explained by the lower emission rates of the energy used in Portugal to produce these materials. The only exception is cork (insulation corkboard or ICB) that has a very low impact in Portugal but the third-highest impact in Hungary (biogenic carbon is considered with a 0–0 approach, whereas carbon uptake and the release of bio-based materials are included with a 0 value) [56]. Although the production of this insulation material is very environmental-friendly, it is only produced in Portugal. Therefore, transport distances make the impacts of this material much less reasonable in Hungary. Due to the same reason, the cost of ICB is also extremely high in Hungary compared to other insulation materials, and it is expected that this material will dominate in the optimisation. The same problem occurs in the case of wood wool, but as the transport distances are much lower (the materials are produced, for example, in Austria), the final GWP value still keeps it as the best performing material, although at a relatively high cost. The cost of the other insulation materials is similar in Portugal and Hungary. White and graphite EPS seem to be a good trade-off between GWP and cost since they have relatively low values in terms of both indicators.




3.2. Description of the Pareto Front


Figure 4 shows the results of the two sets of optimisations in the objective space, with quasi-optimal solutions emphasised by saturated colour and the BAU cases by a darker colour in both locations. Comparing the mean of the BAU cases, LCC is 8.5% higher, while GWP is 37.8% lower in Portugal than in Hungary. Portugal’s mean GWP is even lower than the value that can be achieved with optimisation in the Hungarian context. This difference may be explained by the operational final energy demand being almost half in Lisbon (19.3 kWh/m2a) of what it is in Budapest (39.8 kWh/m2a), on average. On the contrary, the costs of energy and installation are higher in Portugal, which increases the LCC.



Almost the same difference can be observed within the optimised solutions in terms of GWP, where the mean of the quasi-optimal solutions is 40% lower in Portugal than in Hungary. The mean LCC, on the other hand, is 6.1% lower in the Portuguese case than in the Hungarian case, contrary to the BAU case.



We have invented some new matrices for describing the Pareto front (Table 3). The Improvement Potential (IP) describes how much the objective values improve with the optimisation compared to a reference, which is defined here as the mean of the BAU cases. The relative Improvement Potential (rIP) is expressed in a percentage of the reference. The maximum improvement potential is very similar in both cases (26% and 24% for GWP and 14% and 17% for LCC, for Budapest and Lisbon, respectively). The minimum improvement potential is much closer to the maximum in Lisbon (21% for GWP and 13% for LCC). In terms of the absolute improvement values, in the Hungarian context, more can be achieved in GWP (5.39 kg CO2-eq./m2a against 3.15 kg CO2-eq./m2a in Portugal) but less in LCC (2.98 against 3.90 EUR/m2a) than in the Portuguese context.



For describing the extent of the Pareto front, we introduce the Pareto Spread Indicator (PSI). The PSI can be calculated by the difference between the maximum and minimum objective values of the Pareto front, divided by the maximum improvement potential for the objective. As seen from Figure 4 and Table 3, the PSI of the quasi-optimal solutions is much higher in Hungary (253% for LCC and 67% for GWP) than in Portugal (11% for GWP and 24% for LCC).



Finally, we define the distance-to-ideal point and the trade-off solution. The Ideal Point is the point with an abscissa of GWPmin and an ordinate of LCCmin. The Distance to Ideal point (DI) is the Euclidean distance between any point and the ideal point. A normalisation of the objective values for the calculation of the distance is necessary because the unit of the two objectives is different. Here,   I  P  m a x     is selected for normalisation. The solution with the lowest DI is called the trade-off solution. The trade-off solution has a much lower DImin value in Lisbon, which indicates that it is much closer to the ideal point. This is also reflected in its improvement potential being almost equal to the maximum improvement potential for both GWP and LCC (23% and 17%).




3.3. Optimal Solutions


The optimised solutions have different design parameters, as summarised in Table 4. Variables have been classified into three groups by adapting the naming conventions of [57,58]:




	
synergy variables take similar values within all optimal solutions for both objectives. For numerical variables, <5% in standard deviation, and for categorical variables, >80% in occurrence within the optimal solutions, was used as a limit to be classified as a synergy variable;



	
trade-off variables take different values depending on the preference between the objectives;



	
neutral variables have no effect on the optimal results.








The optimised solutions have a minimal-as-possible fenestration ratio towards the north, west, and east in both Budapest and Lisbon. Therefore, glazing type and shading to these cardinal directions are classified as neutral. The fenestration ratio is an important trade-off variable in the Hungarian case, but an optimal value of 22 ± 2% was found to fit both objectives in the Portuguese case. For glazing, triple glazing is preferred in Budapest, while it is a trade-off variable in Lisbon. Shading is a trade-off variable in Budapest, and it turned out to be unfavourable in Lisbon for both objectives (Table 4, Table 5 and Table 6).



In Portugal, optimal insulation thickness values were found regardless of the preference between the objectives. An insulation thickness of 13 ± 2 cm on flat roofs and 5 ± 2 cm on external walls were found to be optimal, while floor insulation is not required. Please note that, here, the thickness of the insulation was used as a variable, but later, the U-values will also be calculated. The wood wool insulation material turned out to be optimal for external walls, while roof insulation and window frames are trade-off variables. The minimised floor insulation thickness makes the floor insulation material variable irrelevant; therefore, it is classified as neutral. In the Hungarian case, all the insulation variables are classified as trade-off variables as their value depends on the objective preference.



In Portugal, the material used in the building determines the position of the optimal solution on the Pareto front. The optimal solutions are divided into two clusters depending on the frame type and on the roof insulation material (Table 5). If there is a high emphasis on GWP in the design process, then wooden frames and cork insulation should be selected, while plastic frames and EPS are favourable for LCC.



In the Hungarian case, the optimal solutions were classified into five clusters depending on the material use and insulation thickness (Table 6). Towards the GWP-optimal end, the insulation thickness is getting extreme (37–64 cm), and materials with a lower environmental impact are preferred (wood wool, wooden frame). The fenestration ratio is large on the southern façade (up to 75%) with shading to reduce the cooling demand. Towards the cost-optimal end, smaller, double-glazed windows are applied without shading and with plastic frames. Insulation thickness is reduced to more conventional values (16–20 cm).



Regarding the share of the life cycle stages in GWP, embodied impacts have the largest contribution in Portugal (81%), which is in accordance with previous studies [59], but they are also significant, although lower, in the Hungarian case (42–60%). In terms of the LCC, installation costs have the highest share (45–46%), followed by production costs (35–36%) in Portugal, while replacement costs have a share of 15%, and operation costs are as low as 4%. In Hungary, the share of production cost is higher (43–57%), especially at the GWP-optimal end due to the increased insulation thickness. On the contrary, installation accounts for only 26–37% as labour is cheaper in Hungary. Operational energy cost only contributes to a small extent (3–8%) to the LCC as the energy price is relatively low in this country.




3.4. Comparison of Energy Performance Characteristics


Most of the design parameters influence the energy performance of the building. As seen in the previous section, the share of operational impact is significantly lower in the Portuguese context. To better understand the relation between the optimal variables and energy performance, energy demand is further evaluated and compared in the two cases. Table 7 summarises the heating, cooling, and lighting energy as well as the U-values of three selected solutions: the GWP-optimal, trade-off, and cost-optimal solutions.



The cost-optimal solutions are the least-insulated ones in both cases. The U-values in the Hungarian case are close to the current practice (roof: 0.20 W/m2K, wall: 0.19 W/m2K, floor: 0.64 W/m2K), however the floor and roof do not comply with the requirements (roof: 0.17 W/m2K, wall: 0.24 W/m2K, floor: 0.3 W/m2K). Thanks to the mild winters in Portugal, the cost-optimal solution has a lower insulation level even though the energy price is about twice as much as in Hungary. The insulation thicknesses correspond to the U-values of 0.31 W/m2K for the roof, 0.39 W/m2K for the wall and 0.96 W/m2K for the floor, which comply with the local requirements of 0.4 W/m2K for horizontal elements and 0.5 W/m2K for vertical elements.



Much larger differences are observed for the trade-off and GWP-optimal solutions. While in Hungary, extreme low U-values are optimal in terms of GWP (0.06 W/m2K for the roof, 0.05 W/m2K for the wall and 0.10 W/m2K for the floor), in the Portuguese case, only a small improvement is observed at the GWP-optimal end of the Pareto front compared to the cost-optimal end (U-values are 0.25 W/m2K for the roof, and 0.29 W/m2K for the wall). In all solutions, floor insulation is not necessary in the Portuguese context.



The decomposition of energy demand is significantly different in the two cases. Figure 5 shows the net energy demand by end-uses in the selected solutions, together with their share within the total. Most importantly, the total net energy demand of the optimal solutions is about one magnitude lower in the Portuguese case. While in Budapest, the heating energy demand is dominant, it is almost negligible in Lisbon; the latter was expected since a dynamic energy simulation method was used for a building in Lisbon [60], with fenestration higher than 20% [59]. The share of cooling energy is higher in Lisbon (32–40%) than in Budapest (10–29%), but the absolute values are low in all cases (1.48–2.20 kWh/m2a in Lisbon and 3.20–6.71 kWh/m2a in Budapest).



Finally, lighting accounts for the highest share of energy demand in the Portuguese case (54–66%), while it has a low share in Hungary (11–15%). Lighting energy demand is less influenced by climatic conditions than the size of the windows. The absolute values are similar and rather low (2.98–3.01 kWh/m2a in Portugal and 2.6–3.39 kWh/m2a in Hungary), but the low cooling and heating energy demand in Portugal makes lighting energy dominant within the optimal solutions.





4. Discussion and Conclusions


In this paper, environmental and economic optimum solutions were sought for two locations with different climatic and economic conditions, Portugal and Hungary. Portugal has mild winters with fewer heating degree days than Hungary and a cleaner electricity mix but higher labour and energy costs. An innovative framework that is capable of automatic building optimisation was developed and applied, with the objective of minimising the environmental impact and costs over the whole life cycle. The variables of the optimisation were the main architectural parameters influencing the energy performance of the building: insulation thickness and type, window ratio and type, and shading.



GWP and LCC were determined for a reference set of typical new buildings (business-as-usual) in the two countries with the help of a Monte Carlo simulation. The geometric and insulation parameters were varied in ranges that are considered to be typical. This innovative approach was proposed by [62] and has the advantage that not only one fixed case study building is considered but a range of solutions. The comparison of the BAU cases showed that, on average, the building-related life cycle GWP is 37.8% lower, while the LCC is 8.5% higher in Portugal than in Hungary.



With the optimisation algorithm, the GWP could be reduced by up to 24% and the LCC by up to 17% in Portugal, with up to 26% and 14% in Hungary, respectively, compared to the BAU set. An important difference between the two locations is that the optimised solutions have a much larger spread in the objective space in the Hungarian case. This means that the trade-off between the objectives is much stronger and the optimised parameters significantly differ, depending on the preference between GWP or LCC. In Portugal, the decision is much more straightforward as the GWP and LCC are less conflicting objectives, and the optimal solutions are similar in terms of design parameters.



Comparing the two locations, we can conclude that, in Lisbon, lower insulation thickness is optimal (Uflat roof = 0.25–0.31 W/m2K, Uwall = 0.29–0.39 W/m2K) than in Budapest (Uflat roof = 0.06–0.2 W/m2K, Uwall = 0.06–0.19 W/m2K, depending on the preference between GWP and LCC). The share of operational impact is lower in the Portuguese case (19%) compared to the Hungarian case (40–58%), which gives an explanation to the lower insulation thickness, as less GWP can be saved with additional insulation thickness by reducing the energy demand on the burden of adding more materials, hence increasing the embodied GWP.



A significant difference is observed in the fenestration ratio on the south-facing façade. While very large windows (75% fenestration ratio) are optimal in Hungary in the case of GWP-preference and smaller ones in the case of LCC (23%), in Portugal, a relatively low 21–22% fenestration ratio is optimal regardless of the preference between GWP and LCC. Window glazing material and the application of shading also varies in the Hungarian case; however, in Portugal, glazing type has less impact on the objective values (due to the small fenestration ratio), and unshaded windows are optimal in any case. Additionally, the cost-optimal fenestration ratio is very similar in the two cases (22% in Budapest and 21% in Lisbon), and the material used is the same (double glazing with plastic frames). In neither case is shading optimal because the small fenestration ratio does not increase the cooling demand too much.



Optimal solutions differ in the material used in both cases depending on the preference between GWP and LCC. LCC-optimal solutions use cheap materials such as white or graphite EPS and plastic window frames, while GWP-optimal solutions use bio-based materials such as wooden window frames and wood wool insulation. In the Portuguese context, the use of cork insulation (ICB) can also be justified in the case of a higher preference of GWP against LCC, but in Hungary, this material is not selected due to the high transport distance and cost.



The share of operational GWP against embodied GWP within the optimised solutions in the Portuguese case is much lower (19%) than in the Hungarian case (40–58%). The very low energy demand explains the dominance of the embodied impact. While in Hungary, heating is the major contributor (with 58–79%) for the net energy demand of the optimised buildings, in Portugal, the lighting energy takes the highest share (54–66%) as heating and cooling demands are negligible.



The analysis of the two cases shows that the total life cycle GWP and costs as well as the optimal parameter values highly depend on the local climatic and economic conditions. Due to the higher heating degree days in Hungary, the reduction of heating energy demand is a more pressing issue, and the optimised insulation thickness is much higher. There is also a large difference in the costs of energy and labour affecting the optimum solutions. The optimisation algorithm successfully tackled regional differences and reached different optimised solutions.



The optimisation resulted in solutions with very low insulation levels for Portugal. In the case of floor construction, even the limit of the parameter was reached, and wall construction also has very thin insulation. This means that even a simple wall solution (e.g., insulating a brick or concrete block without additional ETICS) would be adequate in this climate, but this falls outside the optimisation space. This assumption is further supported by the very low share of heating energy within the total energy demand of the optimised solutions. The high share of lighting energy might require further evaluation and proposes that a daylighting optimisation might be the subject of further research to reduce the environmental impacts of the building.



Future work would focus on the further refinement of the model (for example, a detailed model of lighting) and the extension of the scope of research to other building types and climates.
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Table A1. Thermal conductivity, density and specific heat capacity of the applied materials.
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Conductivity

	
Density

	
Specific Heat




	

	
Material

	
Application

	
W/mK

	
kg/m3

	
J/kgK






	
Insulation

	
Insulating Cork Board (ICB)

	
floor

	
0.038

	
115

	
1500




	

	
flat roof

	
0.038

	
115

	
1500




	

	
wall

	
0.038

	
115

	
1500




	
Expanded Polystyrene (EPS)—graphite

	
floor

	
0.03

	
20

	
1460




	

	
flat roof

	
0.03

	
20

	
1460




	

	
wall

	
0.031

	
17.5

	
1460




	
Expanded Polystyrene (EPS)—white

	
floor

	
0.038

	
17.5

	
1460




	

	
flat roof

	
0.038

	
17.5

	
1460




	

	
wall

	
0.039

	
15

	
1460




	
Polyurethane (PUR)

	
floor

	
0.022

	
30

	
1420




	

	
flat roof

	
0.022

	
30

	
1420




	

	
wall

	
0.022

	
30

	
1420




	
Rock Wool

	
floor

	
0.037

	
140

	
840




	

	
flat roof

	
0.038

	
130

	
840




	

	
sound insulation

	
0.037

	
120

	
840




	

	
wall

	
0.037

	
110

	
840




	
Wood Wool

	
floor

	
0.043

	
180

	
2100




	

	
flat roof

	
0.043

	
180

	
2100




	

	
wall

	
0.04

	
110

	
2100




	
Extruded Polystyrene (XPS)

	
floor

	
0.035

	
35

	
1400




	

	
flat roof

	
0.035

	
35

	
1400




	

	
wall

	
0.036

	
35

	
1400




	
Other materials

	
Adhesive for insulation

	

	
0.85

	
1020

	
1230




	
Adhesive for ceramic tiles

	

	
0.9

	
1500

	
1230




	
Bituminous waterproof membrane

	

	
0.3

	
1000

	
1000




	
Ceramic tiles

	

	
1.0

	
2000

	
1000




	
Clay hollow brick

	

	
0.2

	
720

	
1000




	
Reinforced concrete

	

	
2.0

	
2400

	
1000




	
Cover coat (ETICS)

	

	
0.99

	
1800

	
880




	
Gravel

	

	
0.35

	
1800

	
840




	
Gypsum plaster

	

	
0.29

	
800

	
840




	
PE foil

	

	
0.17

	
0.09

	
100




	
Plaster

	

	
0.87

	
1700

	
920




	
Screed

	

	
1.4

	
2000

	
840




	
Vapor barrier

	

	
0.1

	
0.09

	
100
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Table A2. Window properties.
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	U Value
	g Value





	Glazing
	W/m2K
	-



	double
	1.825
	0.719



	triple
	1.287
	0.624
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Table A3. Investment costs of the materials and technical systems and energy costs in Hungary and Portugal.
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Material Cost

	

	
Installation Cost

	




	

	

	
HU

	
PT

	

	
HU

	
PT

	




	

	
Contruction Material Name

	
(EUR)

	
(EUR)

	
Ref. Unit

	
(EUR)

	
(EUR)

	
Ref. Unit






	
Opaque materials

	
Adhesive for insulation

	
0.00

	
0.00

	
m2

	
0.00

	
0.00

	
m2




	
Bituminous waterproof membrane

	
31.67

	
36.16

	
m2

	
10.27

	
13.26

	
m2




	
Ceramic tiles + adhesive

	
26.07

	
16.90

	
m2

	
26.75

	
34.54

	
m2




	
Clay hollow brick

	
102.78

	
70.11

	
m3

	
21.06

	
27.19

	
m2




	
Cork (ICB) slab insulation (flat roof and floor)

	
623.45

	
210.76

	
m3

	
7.44

	
9.60

	
m2




	
Cork (ICB) wall insulation

	
623.45

	
210.76

	
m3

	
34.31

	
44.31

	
m2




	
Cover coat (ETICS)

	
7.70

	
43.74

	
m2

	
5.77

	
7.45

	
m2




	
EPS (graphite) slab insulation (flat roof and floor)

	
142.06

	
203.07

	
m3

	
7.44

	
9.60

	
m2




	
EPS (graphite) wall insulation

	
101.72

	
174.06

	
m3

	
34.31

	
44.31

	
m2




	
EPS (white) slab insulation (flat roof and floor)

	
92.71

	
114.73

	
m3

	
7.44

	
9.60

	
m2




	
EPS (white) wall insulation

	
66.38

	
98.34

	
m3

	
34.31

	
52.96

	
m2




	
XPS slab insulation (flat roof and floor)

	
203.64

	
220.17

	
m3

	
7.44

	
9.60

	
m2




	
XPS wall insulation

	
203.64

	
220.17

	
m3

	
34.31

	
52.96

	
m2




	
Gravel

	
14.97

	
6.44

	
m3

	
32.61

	
42.11

	
m3




	
Gypsum plaster

	
384.85

	
369.00

	
m3

	
13.85

	
17.89

	
m2




	
PE foil

	
5.12

	
1.91

	
m2

	
1.42

	
1.83

	
m2




	
Plaster

	
200.12

	
104.55

	
m3

	
14.78

	
19.08

	
m2




	
PUR slab insulation (flat roof and floor)

	
318.01

	
257.01

	
m3

	
7.44

	
9.60

	
m2




	
PUR wall insulation

	
302.95

	
257.01

	
m3

	
34.31

	
44.31

	
m2




	
Reinforced concrete

	
450.96

	
218.00

	
m3

	
125.73

	
162.35

	
m3




	
Rockwool slab insulation (flat roof and floor)

	
178.63

	
138.68

	
m3

	
7.44

	
9.60

	
m2




	
Rockwool sound insulation

	
106.55

	
81.38

	
m3

	
17.70

	
22.86

	
m2




	
Rockwool wall insulation

	
135.35

	
122.39

	
m3

	
34.31

	
44.31

	
m2




	
Screed

	
85.22

	
139.01

	
m3

	
66.69

	
86.11

	
m3




	
Vapor barrier

	
7.62

	
1.91

	
m3

	
1.42

	
1.83

	
m2




	
Woodwool slab insulation (flat roof and floor)

	
268.98

	
165.74

	
m3

	
7.44

	
9.60

	
m2




	
Woodwool wall insulation

	
343.00

	
165.74

	
m3

	
34.31

	
44.31

	
m2




	
Window materials

	
Window with triple glazing and wooden frame

	
294.32

	
596.07

	
m2

	
32.22

	
41.61

	
m2




	
Window with triple glazing and plastic frame

	
222.07

	
259.26

	
m2

	
32.22

	
41.61

	
m2




	
Window with triple glazing and aluminium frame

	
503.84

	
483.73

	
m2

	
32.22

	
41.61

	
m2




	
Window with double glazing and wooden frame

	
273.44

	
569.97

	
m2

	
32.22

	
41.61

	
m2




	
Window with double glazing and plastic frame

	
201.19

	
233.17

	
m2

	
32.22

	
41.61

	
m2




	
Window with double glazing and aluminium frame

	
482.97

	
457.63

	
m2

	
32.22

	
41.61

	
m2




	
Blinds with aluminium slats

	
357.21

	
338.25

	
m2

	
11.66

	
15.06

	
m2




	
Energy carriers

	
Electricity

	
0.11

	
0.22

	
kWh

	

	

	




	
Natural gas

	
0.03

	
0.08

	
kWh

	

	

	




	
Wood pellet

	
0.05

	
0.00

	
kWh

	

	

	




	
Electricity for heat pump

	
0.11

	
0.22

	
kWh

	

	

	




	
HVAC systems

	
Heat pump (heating system)

	
62,060.61

	
101,647.20

	
pcs

	
15,515.15

	
20,035.31

	
pcs




	
Gas boiler (heating system)

	
23,272.73

	
14,661.60

	
pcs

	
5818.18

	
7513.24

	
pcs




	
Pellet boiler (heating system)

	
31,030.30

	
81,040.00

	
pcs

	
7757.58

	
10,017.66

	
pcs




	
Air conditioning system

	
18,424.24

	
30,176.51

	
pcs

	
4606.06

	
5947.98

	
pcs




	
Electric lights

	
50.91

	
83.38

	
pcs

	
12.73

	
16.44

	
pcs
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Figure 1. Illustration of the building model. 
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Figure 2. Comparison of climatic conditions of Portugal and Hungary according to the weather files used in the simulations. 
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Figure 3. Comparison of unitised GWP and material cost values of wall insulation material options in Hungary and Portugal. 
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Figure 4. Results of the optimisation as well as the BAU cases in the Hungarian and Portuguese contexts (Pareto front and near-optimal solutions depicted by saturated colours). 
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Figure 5. Share of end-uses within the net energy demand of the GWP-optimal, trade-off, and LCC-optimal solutions for the two cases. The two figures use different scales on the y-axis because of the large difference between the cases. 
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Table 1. Design parameters used as variables for the optimisation, their limits, and values representing the BAU case in both locations.
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Design Parameter

	
Value Limits/Options

(Optimisation)

	
Business As Usual Values

(HU)

	
Business As Usual Values

(PT)






	
Fenestration ratio

	
N

	
1–80%

	
13–24%

	
13–24%




	
W

	
1–80%

	
23–34%

	
23–34%




	
S

	
1–80%

	
33–44%

	
33–44%




	
E

	
1–80%

	
23–34%

	
23–34%




	
Glazing type

	
N

	
double/triple

	
double/triple

	
double




	
W




	
S




	
E




	
Shading

	
N

	
yes/no

	
yes/no

	
yes/no




	
W




	
S




	
E




	
Frame type

	

	
plastic/wooden

	
plastic/wooden

	
plastic/aluminium




	
Roof insulation

	
material

	
EPS white/EPS graphite/PUR/rock wool/wood wool/ICB

	
EPS white/EPS graphite/PUR/rock wool

	
EPS white/XPS




	
thickness

	
20–25 cm

	
9–12 cm




	
Wall insulation

	
material

	
EPS white/EPS graphite

	
EPS white




	
thickness

	
1–80 cm

	
10–15 cm

	
2–5 cm




	
Floor insulation

	
material

	
EPS white/EPS graphite/rock wool

	
EPS white/XPS




	
thickness

	
4–10 cm

	
1–5 cm
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Table 2. Comparison of labour costs in the construction sector [18] and household natural gas [54] and electricity prices [55] in Portugal and Hungary.






Table 2. Comparison of labour costs in the construction sector [18] and household natural gas [54] and electricity prices [55] in Portugal and Hungary.











	
	
	Portugal
	Hungary





	Hourly labour cost in the construction sector
	EUR
	10.0
	7.5



	Natural gas price for household customers
	EUR/kWh
	0.078
	0.033



	Electricity price for household customers
	EUR/kWh
	0.218
	0.110
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Table 3. Most important indicators of optimisation in the two cases.
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Budapest

	
Lisbon






	

	

	
GWP

	
LCC

	
GWP

	
LCC




	
Maximum improvement potential

	
rIPmax

	
26%

	
14%

	
24%

	
17%




	
Mininum improvement potential

	
rIPmin

	
9%

	
−22%

	
21%

	
13%




	
Absolute improvement potential

	
IPmax

	
5.39

	
2.98

	
3.15

	
3.90




	
kg CO2-eq./m2a

	
EUR/m2a

	
kg CO2-eq./m2a

	
EUR/m2a




	
Pareto spread indicator

	
PSIIP_max

	
0.67

	
2.53

	
0.11

	
0.24




	
Improvement potential of the trade-off solution

	
rIPDI_min

	
20%

	
12%

	
23%

	
17%




	
Minimum distance to ideal point

	
DImin

	
0.26

	
0.06
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Table 4. Values taken by the variables within the optimal solutions for the two locations or the indication of neutral/trade-off classification of the variable.
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Design Parameter

	
Budapest

	
Lisbon






	
Fenestration ratio

	
N

	
0.01 ± 0.00

	
0.01 ± 0.01




	
W

	
0.01 ± 0.01

	
0.01 ± 0.00




	
S

	
trade-off

	
0.22 ± 0.02




	
E

	
0.01 ± 0.00

	
0.01 ± 0.00




	
Glazing type

	
N

	
neutral

	
neutral




	
W

	
neutral

	
neutral




	
S

	
triple (88%)

	
trade-off




	
E

	
neutral

	
neutral




	
Shading

	
N

	
neutral

	
neutral




	
W

	
neutral

	
neutral




	
S

	
trade-off

	
no (100%)




	
E

	
neutral

	
neutral




	
Frame type

	

	
trade-off

	
trade-off




	
Roof insulation

	
material

	
trade-off

	
trade-off




	
thickness

	
trade-off

	
0.13 ± 0.02




	
Wall insulation

	
material

	
trade-off

	
wood wool (97%)




	
thickness

	
trade-off

	
0.05 ± 0.02




	
Floor insulation

	
material

	
trade-off

	
neutral




	
thickness

	
trade-off

	
0.01 ± 0.01
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Table 5. Characteristics of the clusters in the Portuguese case.






Table 5. Characteristics of the clusters in the Portuguese case.





	
Graphical

Representation

	
Parameters

	
Cluster

	
GWP Share and

Improvement Potential

	
LCC Share and

Improvement

Potential






	
 [image: Sustainability 13 13531 i001]

	
Roof

	
14 ± 2 cm

	
cork (51%)

	
 [image: Sustainability 13 13531 i002]

	
 [image: Sustainability 13 13531 i003]

	
 [image: Sustainability 13 13531 i004]




	
Wall

	
06 ± 1 cm

	
wood wool (97%)




	
Floor

	
01 ± 1 cm

	
- neutral -




	
Fenestr.

	
21 ± 2%

	
wooden frame




	
Glazing

	
triple (67%)

	
not shaded

	
 [image: Sustainability 13 13531 i005]

	
 [image: Sustainability 13 13531 i006]




	
 [image: Sustainability 13 13531 i007]

	
Roof

	
13 ± 1 cm

	
EPS white (60%)

	
 [image: Sustainability 13 13531 i008]

	
 [image: Sustainability 13 13531 i009]

	
 [image: Sustainability 13 13531 i010]




	
Wall

	
05 ± 2 cm

	
wood wool (97%)




	
Floor

	
01 ± 1 cm

	
- neutral -




	
Fenestr.

	
22 ± 2%

	
plastic frame




	
Glazing

	
triple (56%)

	
not shaded

	
 [image: Sustainability 13 13531 i011]

	
 [image: Sustainability 13 13531 i012]




	
 [image: Sustainability 13 13531 i013]

	
 [image: Sustainability 13 13531 i014]

	
 [image: Sustainability 13 13531 i015]











[image: Table] 





Table 6. Characteristics of the clusters in the Hungarian case.






Table 6. Characteristics of the clusters in the Hungarian case.





	
Graphical

Representation

	
Parameters

	
Cluster and

Pareto Position

	
GWP Share andImprovement

Potential

	
LCC Share and Improvement Potential






	
 [image: Sustainability 13 13531 i016]

	
Roof

	
47 ± 4 cm

	
EPS graphite (94%)

	
 [image: Sustainability 13 13531 i017]

	
 [image: Sustainability 13 13531 i018]

	
 [image: Sustainability 13 13531 i019]




	
Wall

	
64 ± 5 cm

	
wood wool (100%)




	
Floor

	
37 ± 5 cm

	
wood wool (76%)




	
Fenestr.

	
75 ± 3%

	
wooden frame




	
Glazing

	
triple

	
shaded

	
 [image: Sustainability 13 13531 i020]

	
 [image: Sustainability 13 13531 i021]




	
 [image: Sustainability 13 13531 i022]

	
Roof

	
40 ± 5 cm

	
EPS white (58%)

	
 [image: Sustainability 13 13531 i023]

	
 [image: Sustainability 13 13531 i024]

	
 [image: Sustainability 13 13531 i025]




	
Wall

	
39 ± 6 cm

	
EPS graphite (54%)




	
Floor

	
28 ± 7 cm

	
EPS white (87%)




	
Fenestr.

	
60 ± 6%

	
wooden frame




	
Glazing

	
triple

	
shaded

	
 [image: Sustainability 13 13531 i026]

	
 [image: Sustainability 13 13531 i027]




	
 [image: Sustainability 13 13531 i028]

	
Roof

	
41 ± 5 cm

	
EPS white (71%)

	
 [image: Sustainability 13 13531 i029]

	
 [image: Sustainability 13 13531 i030]

	
 [image: Sustainability 13 13531 i031]




	
Wall

	
38 ± 6 cm

	
EPS white (60%)




	
Floor

	
24 ± 8 cm

	
EPS white (83%)




	
Fenestr.

	
50 ± 8%

	
wooden frame




	
Glazing

	
triple

	
not shaded

	
 [image: Sustainability 13 13531 i032]

	
 [image: Sustainability 13 13531 i033]




	
 [image: Sustainability 13 13531 i034]

	
Roof

	
36 ± 7 cm

	
EPS white (97%)

	
 [image: Sustainability 13 13531 i035]

	
 [image: Sustainability 13 13531 i036]

	
 [image: Sustainability 13 13531 i037]




	
Wall

	
28 ± 9 cm

	
EPS white (71%)




	
Floor

	
17 ± 6 cm

	
EPS white (85%)




	
Fenestr.

	
41 ± 7%

	
plastic frame




	
Glazing

	
triple

	
not shaded

	
 [image: Sustainability 13 13531 i038]

	
 [image: Sustainability 13 13531 i039]




	
 [image: Sustainability 13 13531 i040]

	
Roof

	
20 ± 4 cm

	
EPS white (99%)

	
 [image: Sustainability 13 13531 i041]

	
 [image: Sustainability 13 13531 i042]

	
 [image: Sustainability 13 13531 i043]




	
Wall

	
16 ± 2 cm

	
EPS white (98%)




	
Floor

	
2 ± 2 cm

	
EPS graphite (89%)




	
Fenestr.

	
23 ± 3%

	
plastic frame




	
Glazing

	
double

	
not shaded

	
 [image: Sustainability 13 13531 i044]

	
 [image: Sustainability 13 13531 i045]




	
 [image: Sustainability 13 13531 i046]

	

	
 [image: Sustainability 13 13531 i047]

	
 [image: Sustainability 13 13531 i048]
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Table 7. Net heating, cooling, and lighting energy demand and U-values of the GWP-optimal, trade-off, and LCC-optimal solutions for the two cases.
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Budapest

	
Lisbon




	
GWP-optimal

	
 [image: Sustainability 13 13531 i049]

	
Qheating

	
10.17

	
kWh/m2a

	
Uflat roof

	
0.064

	
W/m2K

	
 [image: Sustainability 13 13531 i050]

	
Qheating

	
0.08

	
kWh/m2a

	
Uflat roof

	
0.249

	
W/m2K




	
QCooling

	
4.87

	
Uwall

	
0.055

	
QCooling

	
1.48

	
Uwall

	
0.287




	
Qlights

	
2.60

	
Ufloor

	
0.099

	
Qlights

	
3.01

	
Ufloor

	
0.999




	
rIPGWP

	
25.6%

	

	
Ufloor *

	
0.082

	
rIPGWP

	
24.1%

	

	
Ufloor *

	
0.384




	
rIPLCC

	
−20.9%

	

	

	

	

	
rIPLCC

	
13.6%

	

	

	

	




	
Trade-off

	
 [image: Sustainability 13 13531 i051]

	
Qheating

	
13.91

	
kWh/m2a

	
Uflat roof

	
0.102

	
W/m2K

	
 [image: Sustainability 13 13531 i052]

	
Qheating

	
0.18

	
kWh/m2a

	
Uflat roof

	
0.267

	
W/m2K




	
QCooling

	
6.71

	
Uwall

	
0.093

	
QCooling

	
1.57

	
Uwall

	
0.335




	
Qlights

	
2.86

	
Ufloor

	
0.166

	
Qlights

	
3.00

	
Ufloor

	
0.999




	
rIPGWP

	
19.6%

	

	
Ufloor *

	
0.126

	
rIPGWP

	
22.8%

	

	
Ufloor *

	
0.385




	
rIPLCC

	
12.5%

	

	

	

	

	
rIPLCC

	
16.8%

	

	

	

	




	
Cost-optimal

	
 [image: Sustainability 13 13531 i053]

	
Qheating

	
24.39

	
kWh/m2a

	
Uflat roof

	
0.198

	
W/m2K

	
 [image: Sustainability 13 13531 i054]

	
Qheating

	
0.37

	
kWh/m2a

	
Uflat roof

	
0.310

	
W/m2K




	
QCooling

	
3.20

	
Uwall

	
0.188

	
QCooling

	
2.20

	
Uwall

	
0.393




	
Qlights

	
3.39

	
Ufloor

	
0.642

	
Qlights

	
2.98

	
Ufloor

	
0.963




	
rIPGWP

	
9.0%

	

	
Ufloor *

	
0.310

	
rIPGWP

	
21.8%

	

	
Ufloor *

	
0.381




	
rIPLCC

	
14.3%

	

	

	

	

	
rIPLCC

	
17.2%

	

	

	

	




	

	
 [image: Sustainability 13 13531 i055]








* U-value equivalent according to EN ISO 13370 [61].
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