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Abstract

:

This paper presents a comparative analysis of the carbon footprint, energy demand and life cycle costs of a model of a building located in the Central Europe climate zone. One specific example—the quantitative differences in global warming potential, life cycle costs and thermal comfort—has been shown, depending on the different construction (wood, brick) and heat sources used; traditional and energy-saving solutions have been considered. The research was carried out using the EnergyPlus simulation program for a multi-zone model of a naturally ventilated single-family house. Calculations were made for a 25-year life cycle using the standard climate data for Warsaw (Poland). The real occupancy schedule of the individual rooms was adopted and the instantaneous ventilation airflow was modeled, and its intensification due to the additional opening of windows was optimized. An estimated budget of the entire structure of the building and the heat sources was used for the cost analysis. The research has succeeded in developing some general conclusions and guidelines and recommendations for both the investors and designers of energy-saving and environmentally friendly houses. Considering the most economical an ecological solution, wooden houses are better than brick houses. In the wooden building, however, there are a larger number of thermal discomfort hours.
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1. Introduction


One of the key objectives in current global climate and energy policy is reducing the emission of greenhouse gases. Households consume energy and this is a major factor in CO2 emissions. Reducing energy consumption has a beneficial effect on both the operating costs of a building as well as the environment. The building materials used in the construction of a house are also an important factor. The materials with the smallest impact on the environment in all phases of the life cycle should be used. Some investors choose to improve the insulation of external partitions beyond the minimum requirements; this results in a reduction in heat consumption over the life cycle, i.e., reducing the building’s operating costs. However, any energy saving actions must not affect the quality of the indoor environment. Well-insulated buildings are less able to exchange heat with the outside environment, which in summer can significantly reduce the thermal comfort of the inhabitants. The building becomes a kind of “thermos” and without additional cooling system it is not possible to remove the additional internal heat. This issue is especially important in an age of warming climates; therefore, the aim of this research is to assess which of the popular types of building construction in Central Europe has the smallest impact on the natural environment in terms of carbon dioxide emissions, generates the lowest life cycle costs of the building, and allows the minimum requirements for thermal comfort in buildings with natural ventilation to be met. The goal is to also calculate the detailed costs of such a construction and correlate the costs incurred by the investor with the environmental costs.




2. Background on Building Energy Modeling and Life Cycle Assessment


2.1. Life Cycle Assesment


EU countries are set to implement the provisions of the Paris Agreement (signed in 2015), which set individual targets for each country to reduce CO2 emissions in sectors of the economy such as transport or construction. This is why it is so important for newly designed buildings to be analyzed in terms of their environmental impact—the Life Cycle Assessment (LCA). The main principles, requirements and framework for life cycle assessment are described in two standards: ISO14040:2006 [1] and ISO14044:2006 [2]. From the point of view of the LCA, buildings are products; therefore environmental analysis is carried out for entire facilities. As a result, all of the individual products and processes are analyzed, which in turn allows the environmental impact of the building to be obtained; such research is carried out all over the world. Gustavsson et al. [3] analyzed an 8-storey building, made using wood-based technology. They primarily studied the primary energy consumption and carbon dioxide emissions at all stages of the life cycle of the building, including heating variants. Another example is the research of Blengini et al. [4], the purpose of which was to determine the carbon footprint and energy life cycle for traditional single-family, low-energy houses in Italy. Studies have shown that, in a traditional building, the greatest environmental impacts occur during the building’s operation (i.e., primarily heating), and in a low-energy building the impacts have been reduced fourfold by equalizing the environmental impact at all stages of the building’s life cycle. Research into LCA has also been carried out in Poland; Borkowski [5] studied the LCA for three single-family houses. This study confirmed that the building’s operation phase has the greatest environmental impact. Lewandowska et al. [6] focused on a very detailed LCA, in which two model houses for a four person family were studied with a usable area of 98 m2; one was constructed using brick technology, the other in wood. The houses were also designed in two variants—conventional and passive. Analysis of the results that were obtained from the LCA showed that the passive brick house was the worst option. The thermal comfort and life cycle costs were not taken into account in this analysis.




2.2. Life Cycle Costs


In the construction industry, most financing decisions are based on the initial investment costs. When considering different alternative versions of a building design, not only should the initial cost of a given version be considered, but so should the subsequent operating costs. A life cycle cost (LCC) analysis can be used to assess the long-term cost effectiveness of an investment. An analysis of a building’s life cycle costs allows the total cost incurred by the investor during the entire life of the building to be determined—its construction, operation and demolition. This analysis also allows the financial benefits resulting from the use of alternative energy sources to be estimated [7]. The total economic cost of the project can be assessed by analyzing the initial costs and discounting any future expenses [8].



The LCC is a very popular parameter that can be used as an objective function in optimizing buildings and their systems [9,10,11,12,13,14,15,16,17,18,19]; many studies have analyzed the optimal building envelope. Different variants of the thickness of the insulation of the external walls, roofs, floors and various windows have been adopted as decision variables. Pala et al. [17] carried out an optimization on an example of a tenement house in Finland with three construction alternatives (i.e., reinforced concrete, wood and steel). Braulio-Gonzalo et al. [12] selected eleven alternative insulation materials, both conventional and those produced using natural products, to optimize a single-family home in Spain. An article in the literature [14] has described the life cycle cost for typical Australian homes. It describes how various roofing materials and floor designs affect the environment at different stages during the life of buildings (i.e., construction, operation, maintenance and final disposal). In turn, the Udawatth and Halwatura study [19] focused on the LCC calculation of wall materials (brick, cement blocks and concrete blocks) that were used to build inexpensive homes in Sri Lanka. Jaber and Ajib [15] presented an assessment of the building angle, window size and insulation thickness from an economical, energy and environmental point of view for a typical residential building located in a Mediterranean climate.



More comprehensive LCC analyses have also included optimization of heating, ventilation and air conditioning systems, as well as heat sources in the building. Bichiou and Krarti [20] developed and presented a comprehensive energy simulation environment to determine the optimal envelope for a single-family house and its heating and air conditioning systems, as well as how they work in five climatic conditions. Based on the analysis of life cycle costs, Kaynakli [16] determined the optimal insulation thickness for various types of fuel used in the heat source.



Many studies investigated energy-efficient, passive or nearly zero-energy buildings (nZEB) and buildings using renewable energy sources [21,22,23,24,25,26,27]. Audenard et al. [21] conducted an economic analysis of a passive house and compared it with a standard house. The researchers estimated that the cost of a passive house is equal to the cost of a standard house after 29 years if energy costs remain constant and after 18 years if the cost of electricity increases by 5%. Marszal and Heiselberg [26] analyzed the 30-year LCC of a multi-storey zero-energy residential building in Denmark and concluded that investing in a heat pump is more profitable than using a district heating system.




2.3. Thermal Comfort


According to ASHRAE standards [28] thermal comfort it is “condition of mind that expresses satisfaction with the thermal environment and is assessed by subjective evaluation”. Thermal comfort is sensed differently by every person in a room. It is important to model thermal comfort at the design stage of the building in order to predict the indoor climate conditions that will occur during the period of operation of the building [8]. Several thermal comfort models have been described in the literature, but Fanger’s model and the adaptive model are among the best known. Fanger’s model predicts the average thermal sensation and the dissatisfaction of a large group of people when exposed to thermal conditions [29]. This model has been adopted by the ISO7730: 2005 [30], ASHRAE 55 [28] and EN15251:2007 [31] standards, which are commonly used by engineers to determine and design the thermal environment in buildings [32]. Many studies have demonstrated the role of Fanger’s model, but it has also been proven that it does not work well in naturally ventilated buildings [33,34]. Therefore, an adaptive model was developed to expand this method for use in buildings with natural ventilation. The adaptive thermal model incorporates the assumption that people are able to adapt to changing conditions in the indoor environment through the use of various adaptation opportunities [35]; the model can be found in the EN15251:2007 [31] and ASHRAE 55 [28] standards. The adaptive method differs from Fanger’s model, as it is not based on the prediction of people’s sensations but on the range of the operative indoor temperature that is indicated. The model defines three comfort categories: I (90% acceptability), II (80% acceptability), III (65% acceptability); category II is assumed to be the acceptability limit of indoor conditions.



Over the past few years, many important studies have investigated the energy efficiency of a building, in particular paying attention to indoor thermal comfort [24,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50]. Many researchers have conducted simulations that were coupled with optimization methods. For example, the design and operation of a “cheap” apartment were numerically optimized using a simulation-based approach in the literature [47]. In the case of naturally ventilated and air-conditioned buildings, three objective functions were used: the construction cost, thermal comfort and the 50-year operation cost. Thermal conditions were controlled and evaluated using two comfort models: Fanger’s model and the adaptive model, depending on the proposed HVAC system. In the paper by Harkouss et al. [24] a comprehensive study has been presented on the optimal passive design of residential buildings; the adaptive thermal comfort of occupants was improved by using appropriate passive cooling strategies, such as blinds and natural ventilation. The aim of the study by Oliveira et al. [48] was to present a methodology for optimizing building construction solutions and ventilation and air conditioning systems in lightweight buildings in order to ensure thermal comfort and reduce energy consumption. Sarkar et al. [49] showed that the high thermal mass of multilayer walls and roofs produce good results in terms of indoor thermal comfort (the adaptive model), both in summer and winter for buildings located in a composite climate.




2.4. Research Gap and the Aim of this Research


The presented review of the relevant literature has demonstrated the immense interest of researchers in the subject taken in this study; the vast majority of the articles in the bibliography are however papers where the LCA only concerned building fragments. Most often these are external partitions, which have an indisputable impact on the environmental result (they affect the energy consumed for heating). A very large group of studies concerned the Mediterranean climate. The vast majority of the authors analyzed air-conditioned buildings; these are rare in the Central European climate. Such buildings are easier to model because constant ventilation airflow can be assumed; this parameter is difficult to model in buildings with natural ventilation. In many of the studies, the authors assumed a constant minimum required airflow defined by an appropriate standard, which definitely affects the results of the calculated heat demand in naturally ventilated buildings [51,52]; there have been few studies on this subject in Poland. The already published research of the authors of this article attempted to fill this gap in the knowledge, including single-criteria optimization of windows [53] and multi-criteria optimization of thermal insulation and the type of windows, taking into account thermal comfort and the LCC [52]. Interesting results were obtained in the above research and the emergence of interesting new scientific threads has provided inspiration to continue researching this field.



In non-air-conditioned buildings with natural ventilation, the building envelope affects both the outdoor environment and the investment and operating costs, as well as the indoor environment; this is why all three of these issues were analyzed in this study. The main aim of the article was a comparative analysis of the greenhouse gas (GHG) emissions, the investment and operating costs and the thermal comfort of a single-family house model constructed using various construction technologies. The specific example that has been used has shown the quantitative differences in global warming potential (GWP), life cycle costs (LCC analysis) and the number of thermal discomfort hours, depending on the building technology used (wood, brick) as well as the heat sources. Traditional and energy-saving solutions have also been considered. The tests were carried out using a multi-zone building model; a real occupancy schedule of the individual rooms was adopted. The instantaneous ventilation airflow has also been modeled, and its intensification due to the additional opening of windows has been optimized. For the LCC analysis, a detailed estimated budget of the entire building’s structure and its heat sources has been prepared.



There is a lack of extensive and detailed research such as this in Poland; direct translation of results from neighboring countries can lead to erroneous conclusions, especially in the field of environmental impact. Poland is a developing country where both the electricity and energy for heating mainly come from coal. Therefore, certain commonly known ecological solutions based on the use of electricity may not be applicable in Poland. The analyses and results that have been presented here can be useful for most Central and Eastern European countries.





3. Methods


3.1. Research Object


The analyses in this article were carried out for a single-family house with a heating area of 150 m2. In studies on both the GWP and LCC in the Polish climate, buildings with gable roofs are most often described [6,54]; this is why a flat-roofed building was adopted in the study. The model was of a simple and compact two-storey house, without a cellar. Currently, there is a mounting decline in the construction of single-family houses with double- or multi-pitched roofs, which were eagerly designed at the end of the last century. In addition to aesthetic reasons, this is also associated with the building’s shape factor, which largely determines the heat loss through the external walls.



The house was designed for a 2 + 2 family model with seven rooms on the ground floor and nine rooms the first floor (Figure 1); the building’s shape factor was 0.98 m−1.



The building was designed for two construction variants; the first variant was a brick structure. The reinforced concrete ceiling was mounted on load-bearing walls made of Porotherm hollow blocks which were insulated using polystyrene. The second design variant was a wooden structure (“Canadian house”), in which the ceiling structure consisted of wooden beams and the walls were made of wooden studs; the walls and ceilings were insulated with mineral wool. Brick and wooden structures are the most common technologies used for single-family buildings in Poland.



The building, using both technologies, was designed in such a way as to meet the current requirements for thermal insulation of external partitions in Polish Standards [55]. In addition, all of the analyses were carried out for the insulation requirements of external partitions for a passive building. Table 1 summarizes the heat transfer coefficients for the external partitions of the analyzed buildings.



The following terms have been adopted throughout this article:




	
BSTD—Brick building that meets standard requirements,



	
BPASS—Brick building that meets the requirements of heat transfer coefficients for passive buildings,



	
WSTD—Wood building that meets standard requirements,



	
WPASS—Wood building that meets the requirements of heat transfer coefficients for passive buildings.









3.2. Thermal Model of the Building


The building model was prepared in the OpenStudio program [56], the calculation engine of which is the EnergyPlus (EP) program. OpenStudio is a set of tools that can be used to support energy modeling of a building. The application includes SketchUp for 3D modeling that allows quick creation of a building’s geometry for use in EnergyPlus. EP is a validated building energy simulation; EP is a well validated building energy simulation tool. It is a package of many modules that allows integrated calculations of the mass and energy transfer inside the building to be carried out, taking into account the heating, cooling and ventilation systems and the control strategy. This is done by simulating the building and the related energy systems in various environmental and operational conditions [57].



The building model consisted of nine thermal zones (some rooms of similar temperature and usage were joined to form one zone). The calculations were made using the standard climate data for Warsaw (typical meteorological data for energy calculations of buildings [58]). The temperatures that characterize this climate have been summarized in Table 2. The energy calculations were carried out using a 15-min time step for a full calendar year. In each zone, assumptions were made regarding occupancy hours, the switch on time of the devices and operation of the lighting. The total heat gains from one person were assumed to be 126 W [28]. The time schedules for the occupants were based on the habits of Polish society and EN16798-1:2019 [59], divided into weekdays and weekends. The lighting was switched on when the lighting intensity in the room dropped below 200–300 lx, depending on the type of room (the lighting power depended on the intensity of the natural light). The heat gains from the devices were adopted according to the ASHRAE standard [60].



Climbing plants (that shed leaves in the winter) were planned for the building’s facade, above the windows in the living room and across the width of the entire building facing south. In the EP model, it was assumed that from April to October the shading factor that resulted from the greenery was 0.4; during the rest of the year it was 0.8. In order to prevent the rooms from overheating, internal window blinds were used. The window shading depended on the intensity of the solar radiation. The blinds were used if the lighting in the room exceeded 200 lx and the indoor temperature was more than 22 °C.



During the heating period, an appropriate temperature was set in each zone depending on its intended use. In most cases it was set at 21 °C, except for the bathroom and the laundry room, which were set at 24 °C; at night the temperature was set at 18 °C. Throughout the entire day the temperature in the utility room was set at 16 °C and the garage was set at 8 °C. An ideal heating model was assumed—the thermal power followed the changes in room temperature (the operating model of the control valves and the system’s response delay were not taken into account). From June to August the heating system was turned off and, because there was no cooling system in the building, the internal temperature resulted from the heat balance of the rooms.




3.3. Thermal Comfort


An important part of this study was determining the thermal comfort in the building. In this study, an adaptive model of thermal comfort was adopted. For each calculation, the number of discomfort hours (Hdis) was determined as the sum of the discomfort hours from all the rooms that were intended for people to permanently reside in (e.g., living room, study room, children’s rooms and bedroom). Thermal comfort was only calculated for the occupied hours in each zone. During the heating season (from September to May), the night hours from midnight to 6 am were excluded from the calculations, during which the temperature was intentionally reduced to 18 °C. The adaptive model of thermal comfort determines the degree of comfort in buildings with natural ventilation, as long as the weighted average outdoor temperature exceeds 10 °C. Therefore, in winter periods, when lower temperatures occur in Poland, this model is not able to determine the thermal comfort in the rooms. During this period, it was assumed that the heating system ensures proper thermal comfort. Hence, for the external climate adopted in the study, the thermal discomfort was mostly indicated in the summer for overheating situations. There were sporadic times in the summer where it was too cold in the rooms.




3.4. Ventilation


The building was naturally ventilated; the infiltration airflow was calculated using the “Infiltration by Effective Leakage Area” method [61]. This method is one of the predefined models in the EP program. The airtightness coefficients for the windows, doors and window inlets were based on the airtightness tests regarding residential buildings in Poland [62,63]. The effective leakage areas of the chimney and roof were established according to ASHRAE [60]. It is common practice for residents in buildings without cooling or mechanical ventilation to open windows in order to improve the indoor environment. In order to model the additional ventilation (opening the windows), a built-in EP model was used, described as “Wind and Stack Open Area”; the main parameter in this model is the window opening area. For the window opening area that was assumed, the airflow changed with the external climate conditions. In real situations, how far the window is opened is decided by the residents. The occupants will open the windows to a greater or lesser degree, depending on the thermal conditions in the room and the external temperature. In the EP program, a model based on the “IF THEN” rule was built to model the process of opening the windows; this was implemented in the EMS part of the EP program.



Assumptions for the windows controller (Figure 2):




	
the windows are only opened to lower the temperature of the room, i.e., the outside temperature Tout must be lower than the temperature of the room Tin (dTin_out = Tin−Tout> 0). The degree of window opening will depend on the value of dTin_out. The window will be opened further for small values and less for large ones,



	
the window will be opened if the room has poor thermal comfort (the temperature is too high). The adaptive comfort model based on the EN15251:2007 standard [31] was adopted in this paper. Therefore, the comfort parameter will be the operative comfort temperature (Totc). The difference between the operating room temperature (Toin) and Totc (dTin_tc = Toin−Totc> 0) will indicate if the room temperature is too high in relation to the optimal (comfortable) temperature. For larger dTin_tc values, the window will be opened further than for small values,



	
each window has three areas that can be opened. This will be calculated as the product of a certain coefficient (C, which can take three values (Wk, k = 1,2,3)—which is identical for all of the windows) and the total area of the window Aj (j = 1, …, the number of windows),



	
the window opening area will change at certain times (on weekdays: 6, 8, 15, 18, 22, on weekends: 8, 11, 14, 17, 18, 22). In between the abovementioned hours, the windows will be fixed,



	
the windows will be assumed to be closed if there are no residents in the building,



	
the maximum allowable air change rate ACHmax = 10 h−1.








The operation of the controller was dependent on the parameters; these were: the temperatures (dTo1, dT1, dT2) and the C coefficients (each time they were selected from three possible values Wk).



In fact, as already mentioned above, it is the experience of the residents that affects the degree of window opening for a given weather situation.



For this paper, it was decided to optimize these parameters. Opening the windows should increase the thermal comfort of residents, but this should not be at the expense of increased energy consumption which can occur when the building is overcooled. Therefore, two-criteria optimization was used to optimize the parameters; the following two objective functions were minimized:




	
the total number of thermal discomfort hours (Hdis, h). It was assumed that this will be the number of hours where the thermal comfort is outside the 2nd category of climate in the adaptive model [31],



	
the building’s heat demand (Qheat, kWh).








In order to optimize 12 values (three temperature values, three Wk values and six Wk positions in the controller) a multi-criteria version of the genetic algorithm method was used. The most popular NSGA-II method that is used in engineering applications was selected for the calculations [64]. The MATLAB (R2017a, The MathWorks Inc., Natick, MA, USA) program was used in the calculations, which was combined with the EP program. The objective functions were calculated in EP and the optimization process and the entire exchange of information between both programs were carried out in MATLAB. Due to the fact that the controller was built into the EMS part of the EP “idf” batch file, parallel simulations could be performed for different opening variants of the windows; this significantly accelerated the optimization process. The connection diagram of the optimization and simulation program is shown in Figure 3.



As a result of the multi-criteria optimization, a set of non-dominated solutions (Pareto front) was obtained. From these, the most advantageous configuration was chosen (Multi-Criteria Decision Making—MCDM); this can be done in many ways. In this study, the utopia point criterion was analyzed: the best configuration of this lies closest to the ideal solution (utopia point—solutions for which both functions are minimized); such a result is very often taken into account in technical analyses. The results given later in the article (Hdis, Qheat) have been correlated with this optimal solution.




3.5. The Life Cycle Costs


The calculated annual heat demand has been converted into energy consumption using the annual efficiency of the heating system. Five heat sources were selected for the analysis: a classic solution, which is the most common in Poland—a condensing gas boiler and in addition: either an electric boiler, a coal boiler, a heat pump (air-water) or a biomass (pellet) boiler. Only a change in the heat source without a change in the other elements of heating system was assumed. In the case of a heat pump, it was assumed that the electricity needed to drive the pump was entirely generated by solar photovoltaic panels (PV). Table 3 summarizes the efficiency of the heating systems, the heat source costs and the carbon dioxide emissions in the production of 1 kWh of energy.



The calculation of the cost of the building’s structure was made using the BIMestiMate software (4.1.0, Datacomp, Krakow, Poland) [65]. The minimum labor rate for 2019 was adopted in the cost estimation. The calculation included the closed building’s shell (building with complete load-bearing structure, ceilings, roof, windows and doors, as well as the insulation, partition walls and the internal and external plaster).



The building’s life cycle costs were calculated using Equation (1), according to the methodology described in the literature [51]. The net present value method was used where total economic cost of the building was evaluated by analyzing initial costs and discounting future expenditures such as operational costs for heating over the service life; the calculations were carried out for a period of 25 years. Due to the duration of the analysis, the costs of any renovations were omitted. The research assumed a nominal interest rate of f = 3.9%, according to the mortgage rates in Poland, an inflation rate of i = 2.5%, based on the Polish National Bank’s inflation target for 2020 and an increase in energy prices of e = 2%. The market prices of fuel were used to assess the heating costs as follows: 0.54 PLN/kWh for electricity, 0.16 PLN/kWh for biomass, 0.19 PLN/kWh for gas and 0.12 PLN/kWh for coal (1 PLN = 0.2191 €):


LCC= IC + a(re,N)·EC



(1)




where IC—investment costs (building construction costs + heat source costs), a—discount factor which takes into account the effect of inflation (calculated according to the literature [51]), re—the real interest rate, including the effect of the escalating energy price (calculated according to the literature [51]), N—lifespan of the building and EC—the annual energy cost for heating.




3.6. The Global Warming Potential (Greenhause Gases)


The environmental impact calculations were carried out using the One Click LCA (2015) program [66]. This software is fully compliant with the EN 15978:2011 standard [67]. The EN 15978:2011 standard is in line with the ISO 14040/44:2006 standards [1,2]. One Click LCA supports calculations of all life cycle stages from cradle to grave as defined in the EN 15978:2011. The One Click LCA supports all the 24 impact categories listed in the EN 15804:2012 standard [68] based on CML methodology.



This article analyzed only global warming potential, due to the fact that restrictions on this parameter were introduced in the Paris Agreement; it is a relative measure of how much heat a GHG traps in the atmosphere. The GWP is calculated in carbon dioxide equivalents (CO2e) meaning that the greenhouse potential of an emission is given in relation to CO2. The GWP is estimated over a specific time horizon, the selection of which affects the obtained values of carbon dioxide equivalents. In this study (due to the One Click LCA limitations) the GWP was calculated over a 100-year time horizon (GWP100, with AR4 metric in used software). In recent years, the problem of time interval selection for GWP calculations has been widely studied [69], however the GWP100 is the primary and most commonly metric used (e.g., in trading regimes such as under the Kyoto Protocol) to compare the climate impacts of emissions of different greenhouse gases. It is the middle value of the three time horizons (20, 100, and 500 years) providing a balanced representation of the various time horizons for climate response.



In this research, a functional unit was adopted as: erecting a two-storey residential building shell made of two alternative materials, with an area of 154 m2, and energy consumption for heating over a 25-year period for various heating systems. The analyzes have been limited to construction product stage (modules A1–A3 according to the EN 15978:2011 standard) and operational energy use (B6—only the part related to energy consumption for heating). The list of calculated materials is presented in Appendix A (Table A1 for brick building and Table A2 for wood building). The energy demand has been calculated in the EnergyPlus program (see Section 3.2). The specific GWP for 1 kWh of heating energy, depending on the heat source, is presented in Table 3.





4. Results


This research focused on analyzing the differences between the LCC, GWP and Hdis, depending on the building construction and type of heat source used. It was assumed that the building’s finishing elements and the elements of all of the building’s installations (except for the heat source), as well as the electricity for lighting and the domestic hot water consumption were unchanged in all of the analyzed variants, therefore they were omitted in the environmental and cost analyses. The results that have been presented include the building’s structure, heat source and the energy for heating.



4.1. The Global Warming Potential Analysis


4.1.1. Greenhouse Gas Emissions from the Building Structure


Lower GHG emissions occurred in the case of a wooden house (Figure 4), compared to a brick house. For BSTD and WSTD buildings, this was about 11,400 kgCO2e, which was 20% of the total emissions; for BPASS and WPASS this value was 9600 kgCO2e (16%). This was the result of the use of natural materials in the wooden building, the production of which is associated with lower GHG emissions. The difference only between the external walls of a brick and wooden building is about 2000 kgCO2e.



The analyses have also shown that producing and using thicker insulation material is associated with greater GHG emissions. For a brick house this is 6500 kgCO2e, for a wooden house it is 8100 kgCO2e, which is a 12% and 18% increase, respectively.




4.1.2. Greenhouse Gas Emissions from Heating


However, the use of additional insulation has some advantages; GHG emissions associated with heating decreased as the requirements for the insulation of external building partitions increased (Figure 5). For all of the heat sources, the emissions in a passive building were over 40% lower than in a standard building.



Analyzing the results obtained, it could be noted that, regardless of the case for each building, the largest GHG emissions occurred when an electric boiler was used. This is due to the fact that most of the electricity produced in Poland is generated as a result of burning coal in power plants; this generates vast amounts of carbon dioxide. When only considering GHG emissions from heating in Poland, paradoxically there is a lower environmental impact from using a coal boiler than an electric boiler. In Poland, the production of 1 kWh of electricity produces about 0.95 kgCO2e; for example in Austria and the Czech Republic these values are 0.28 kgCO2e and 0.59 kgCO2e, respectively [66].



It was assumed in the study that all of the electricity demand required to power the heat pump was produced by the photovoltaic panels. Therefore, during operation, the heat pump emits zero CO2e, which makes it the most environmentally friendly choice in terms of emissions. Even the GHG emissions associated with the production of the PV panels, which in the analyzed cases was 3800 kgCO2e for the B/WSTD buildings and 2700 kgCO2e for the B/WPASS buildings, was almost three times lower than the emissions associated with 25 years of operation of the biomass boiler, which is characterized by relatively low GHG emissions.



As can be seen in Figure 5, the use of a gas boiler in a building is associated with lower GHG emissions, compared to a coal boiler (about twice as much), while compared to a biomass boiler it is almost four times higher.



It should be noted that the emissions created during 25 years of operation of the electric boiler significantly exceeded the GHG emissions associated with the building’s construction. In the case of a standard wooden house, this was up to four times as much (for the WPASS case it was two times as much); in the case of a building with a biomass boiler, the situation was the opposite. The environmental costs of 25 years of operation of this boiler accounted for only 20% and 10% of the construction costs for standard and passive buildings respectively.





4.2. The Life Cycle Costs Analysis


The research has shown that the costs of constructing a house are similar for both of the analyzed technologies. By comparing the buildings designed according to the current standard, it was found that the cost of a wooden house was 23,300 PLN (10%) lower than a brick house; for passive buildings, the difference was 20,600 PLN, which means that a wooden building can be erected for only 8% less. As can be seen, the effect of increasing the thickness of the insulation, which results in a decrease in the heat transfer coefficient of the external partitions, did not have a significant impact on the cost of the entire investment for both technologies; these costs increased by 7.6% and 9.6% respectively for buildings B and W.



Table 4 presents the costs of materials and labor for the considered building cases. It can be seen in the table that the labor costs are approximately 6000 PLN higher for a wooden building. On the other hand, the prices of materials for a wooden building are lower by 28,000 PLN for the standard building and 26,000 PLN for a passive building.



In the case of a brick building, the material costs accounted for about 3/4 of the total cost. The cost of the equipment for each case of this building was about 1% of the total costs. In the case of a wooden building, the material costs accounted for around 70% of the total costs; the equipment costs made up about 1% of the total costs.



The most advantageous solution in terms of the overall (construction + heat source) valuation was a standard wooden house WSTD with a coal boiler. Brick houses generate higher costs compared to wooden houses (Figure 6), with a similar tendency in each variant; this was independent of the heat source. For example, when considering the BSTD and WSTD buildings with an electric boiler, the LCC value was about 5% higher for the BSTD; this was mainly due to the higher construction costs in this case. The largest share of the construction costs in the total LCC was calculated for the BPASS and WPASS buildings. The costs incurred in erecting a BPASS building with a coal or gas boiler accounted for 88% of the total LCC (87% for the WPASS). The higher the requirements for thermal insulation that are imposed on the buildings, the higher the share of the cost of the building’s construction in the LCC. This is due to the higher costs of the materials, but also the reduced operating costs for heating (lower heat demand due to the improvement of the insulation parameters).



Comparing the LCC for buildings with an electric boiler to those with other heat sources, it can be stated that the solution with an electric boiler was the most expensive for a 25-year operating period. For both technologies, the total LCC for buildings using an electric boiler were greater than 310,000 PLN. This is related to the price of electricity for 1 kWh, which remained at a high level in relation to the price for 1 kWh of energy from other sources.



The heat pump is the most expensive investment solution, however, overall (i.e., taking into account the construction and operating costs) it does not cause a significant cost overrun and the LCC value is comparable with cases of buildings with biomass, gas and coal boilers (the differences did not exceed 7%).



The use of a conventional raw material, in this case hard coal, is the most economically viable solution. The cash outlay for the construction and operating range was between 265,000 PLN and 291,000 PLN, depending on the building variant. Comparing the BSTD building with a coal boiler with the same building with other heat sources, the difference in the LCC ranged from 1% for a heat pump, to 2% for a gas boiler, 7% for a biomass boiler, and up to 31% for an electric boiler; large differences such as these are mainly associated with the energy medium. Undeniably, hard coal is the cheapest raw material that is available today in Poland. Coal boilers are also not as expensive as e.g., biomass boilers or heat pumps; there is a very similar relationship for the WSTD building.




4.3. Thermal Comfort Analysis


Table 5 presents the total thermal discomfort hours summarized for all the rooms and from the entire annual period that was considered. The annual heat demand for the building has also been compiled; the methodology for calculating Hdis and Qheat is described in Section 3.4. These values correspond to one of the optimal solutions that could be achieved (utopia point). Figure 7 shows the Pareto Front for a wooden building.



The analysis of the solution where the windows were not opened (the point marked with the blue square in Figure 7) shows that the energy savings in better insulated buildings are paid for by an increase in the number of thermal discomfort hours. By comparing the BSTD and BPASS buildings, it can be seen that a 44% reduction in heat demand was achieved at the expense of a 150% increase in the discomfort hours (43% and 194% in a wooden building for BSTD and BPASS, respectively). This is obviously a theoretical case (hardly anyone has permanently closed windows in a building that uses natural ventilation), however, it shows how significant an impact that taking into account the calculation the additional ventilation has on the results; this is an indispensable element of using buildings with natural ventilation. In further considerations, the solution of the utopia point was then considered (the point marked with a red circle in Figure 7).



For a brick building, it can be seen that a much smaller number of discomfort hours occurred in a building that was constructed according to the standard requirements. In the case of a passive brick building, the number of discomfort hours increased—by as much as 140% compared to the BSTD, while there was a reduction in the heat demand of 43%. In a wooden building, a slightly higher heat demand could be observed compared to a brick building (on average about 200 W). However, compared to a brick building, the number of discomfort hours increased significantly for each variant of the house (Hdis increased by 310 h for WSTD and 359 h for WPASS). The wooden building experienced less heat accumulation and reacted faster to changes in the air temperature that is associated with opening windows. Hence, most likely, in order to obtain better thermal comfort in this building, a much more frequent change of the position of the open window in relation to the brick building would be required. However, this would require the use of mechanical ventilation with a properly programmed controller. Since it was assumed that only buildings with natural ventilation were investigated in this article, such a case was not analyzed.



As the Hdis values only weakly illustrate the scale of the problem, the percentage share of the thermal discomfort hours was calculated in relation to the total occupied hours in the rooms throughout the year and in the June-August period (Table 6). For both the annual and summer periods, the best thermal conditions occurred in the BSTD building. The periods of discomfort mostly occurred in the summer when the building was mainly cooled by ventilation from the windows. While reducing the heat transfer coefficient of the external partitions, and thus providing greater insulation for the building, an increase in the maximum and average temperature in the rooms was observed. This was due to a reduction in the building’s ability to exchange heat with the external environment. The building cools down much more slowly during the night, when the outside air temperature is lower. Therefore, such a building has a much-reduced ability to use ambient cooling. A significant increase in the number of discomfort hours for a passive building was observed in both the annual and summer periods. When a building is very well insulated, it must be noted that it will be difficult to maintain a comfortable temperature in the summer without the use of air conditioning. In this study, on average, for 27% of the time that the BPASS building was used and even 33% of the time for the WPASS building, the rooms in the buildings were too warm in the summer. It should also be noted that the thermal conditions in individual rooms were different and, e.g., in the study-room in a well-insulated wooden building, discomfort was felt for almost 60% of the time that the room was occupied. Firstly, the room was only used during the day, i.e., when the daily temperature was the highest, secondly it is a small room with relatively large internal heat gains (in addition to people and additional office equipment, e.g., a computer).



Table 6 also summarizes the maximum ventilation values in rooms where the values were obtained by opening windows. The aforementioned low Hdis in the BSTD building was obtained with an air change rate that was more than two times less than those in the other buildings. This study did not include the analysis of local discomfort, but it should be borne in mind that possible drafts with a large airflow may also affect the thermal sensation of the residents.



Comparing the results for two different building technologies, it can be noted that in a wooden house, the indoor temperature had significantly higher maximum values, by even 4 °C (the children’s rooms in a passive house). This is because the wooden structure is lighter (it has a lower heat capacity), compared to the brick structure, and thus the building responds faster to changes in the outside temperature.





5. Discussion


Considering the analyses carried out earlier, it can be concluded that wooden technology generates the lowest GHG emissions, which is associated with the use of more natural construction materials. The most preferred variant in terms of the GWP is a standard insulated wooden house; the heat source used in this option was a heat pump with photovoltaic panels; the total GHG emissions from the heat source and the emissions from the materials that formed the building’s structure was the lowest for this case in comparison with the other considered cases. It should be noted that an increase in the requirements for thermal insulation of the external partitions does not produce a reduction in the total GHG emissions. From the point of view of reducing GHG emissions, both the heat sources and the building materials are important.



Considering the most economical solution, wooden houses are better than brick houses. The most economically advantageous variant of the heat source is a traditional coal boiler; this is due to the lowest investment and operating costs.



In the wooden building, however, there were a larger number of thermal discomfort hours; this was due to the lighter structure of the building. Any increase in the outdoor temperature results in a faster change in the indoor temperature, compared to a brick building. At the same time, more frequent overheating of rooms is felt by the residents. Unfortunately, as a result of improving the insulation parameters of the house, the number of discomfort hours increased. In this aspect, the standard insulated brick house is the best option.



If thermal comfort is omitted, then the optimal solution among those analyzed will be the variant that has the lowest environmental impact and the lowest life cycle costs. Figure 8 shows the differences in the buildings’ life cycle costs and GHG emissions compared to the most popular solution among Polish investors—a standard brick building with a gas boiler. The worst variant among those analyzed turned out to be the same brick building but with an electric boiler (highlighted in red in Figure 8). The most preferred variant, in terms of life cycle costs and GHG emissions in the presented analyses, is the standard wooden house with a heat pump and PV (variant marked in green in Figure 8); this type of building also fits well in terms of thermal comfort, in this aspect it is only worse than the BSTD building.



However, it should be emphasized that the ventilation of the building will be of great importance for the results that have been obtained, and thus also for choosing the best solution. In this article, a special controller has been proposed to model this process. The purpose of the controller is to imitate the behavior of the occupants in the process of opening the windows. However, this is extremely difficult because people have different individual preferences; this is why it was decided to optimize the controller in this paper. As a result of this optimization, the Pareto front received non-dominated solutions. The Pareto front represents the optimal solutions that can be obtained for a given type of building, depending on how the rooms are ventilated. This analysis has shown that a very wide range of thermal discomfort hours and the corresponding heat demand can be obtained for each type of building.




6. Conclusions


The research has succeeded in developing general conclusions and guidelines as well as recommendations for the investors and designers of energy-saving and environmentally friendly houses as follows:




	
Considering the costs of erecting a house in both brick and wooden technology, it should be stated that the lower cost investment is the one that uses wooden construction materials; this is due to the lower costs of these materials. However, it should be remembered that some of these savings will be offset by additional expenses, such as the need to employ specialized construction workers who have experience in erecting such buildings, among others. However, even the wooden building meets the insulation requirements; as for passive houses (which have higher insulation costs) they may be more cost-effective than a brick building that only meets the minimum insulation requirements (lower insulation costs);



	
Due to the lower LCC and lower GHG emissions, houses made using wooden technology can be seen as more attractive. Unfortunately, wooden buildings are worse than brick buildings in terms of thermal comfort as there are a greater number of thermal discomfort hours (up to twice the number of hours);



	
Increasing the insulation thickness of the external partitions beyond the standard value will reduce the instantaneous heat loss in winter, however, due to the higher investment costs, the life cycle costs are only lower in the case of buildings with expensive to operate heat sources (e.g., an electric boiler); in addition, this can adversely affect the thermal comfort of buildings without an air-conditioning system in the summer; if it is decided to insulate the external walls, such as in passive buildings, air-conditioning should be considered in order to meet the thermal comfort requirements;



	
The most environmentally friendly heat source, from the point of view of GWP, combines a heat pump and a biomass boiler. The GHG emissions in a building with these sources are on average about 3–4 times lower (depending on the degree of insulation of the external partitions) compared to a building with an electric boiler. Buildings with a gas boiler emit about 1.5 times more GWP on average, compared to buildings with a heat pump. However, in terms of the LCC, buildings with a coal boiler are the best;



	
In order to reduce GHG emissions, a house using wooden technology and a heat pump as the heat source should be chosen; in this case, however, larger expenses should be planned for at the investment stage, but in the longer term, the total costs will be no more than 5% higher than the costs of the same building with the cheapest to operate heat source—a coal boiler;



	
Houses that use electricity from the grid for heating generate the largest amount of GWP, regardless of the technology used to build them. Renewable energy sources, such as a heat pump with photovoltaic panels and a biomass boiler, reduce the investment and operation expenditure by 11–25%, depending on the type of building in relation to the total LCC in the same buildings with an electric boiler.








The abovementioned conclusions were determined on the basis of analyses that were carried out in this study and relate to a single-family house intended for occupancy by a four-person family over a 25-year period of operation.



Limitations and Future Research


Many assumptions have been made in the article, which are difficult to determine in the long- term operation of a building due to, e.g., changes in the energy prices, changes in the climate, the occupants’ time in the building and their behavior. Additionally, the research was conducted for a standard climate; this was obtained as a result of 30 years of observations, and the calculation method means that any extreme temperatures were flattened. Future research will be conducted for the actual and future predicted climate data that may occur in 20 years time, taking global warming into account. The results that were obtained are of interest; in particular in terms of thermal comfort and the heat demand of the building.
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Table A1. The full data source for GWP calculation used in One Click LCA program—brick building.






Table A1. The full data source for GWP calculation used in One Click LCA program—brick building.





	Resource Name
	Quantity (STD/PASS)
	Environment Data Source
	Environmental Product Declaration (EPD) Program
	Environmental Product Declaration (EPD) Number
	Date





	Acrylic emulsion paint, for exterior application
	627.9 kg
	EPD Jotashield Antifade Colours, P.T. Jotun Indonesia Jotun A/S
	EPD Norge
	NEPD-1736-712-EN
	2019



	Ceramic tiles
	159.3 m2
	EPD Italian Ceramic Tiles
	Institut Bauen und Umwelt e.V.
	EPD-COI-20160202-ICG1-EN
	2016



	EPS foam insulation
	8.0/24.0 m3
	EPD Expanded Polystyrene (EPS) Foam Insulation (density 15 kg/m³) EUMEPS
	Institut Bauen und Umwelt e.V.
	EPD-EUM-20160269-IBG1-EN
	2017



	Floor screed mortar, cement screed
	12.3 m3
	Oekobau.dat 2017-I, EPD Mineralische Werkmörtel: Estrichmörtel Zementestrich quickmix Gruppe GmbH & Co. KG
	Institut Bauen und Umwelt e.V.
	EPD-QMX-20160208-IBC1-DE
	2014



	Glass wool insulation, unfaced
	6.7 m3
	EPD Frame-S37
	International EPD System
	S-P-00661
	2016



	Gypsum plaster for internal walls and ceilings
	5.1 m3
	Gypsum plasters ALFA, BETA, GAMMA, ZETA, SPRINT, TEMPO, Dolina Nidy 2014
	Instytut Techniki Budowlanej
	ITB EPD No 17/2014
	2014



	Gypsum plasterboard
	4.7 m3
	Gypsum plasterboard, Rigips PRO and Rigips 4PRO, SaintGobain 2014
	Instytut Techniki Budowlanej
	ITB EPD No 25a
	2014



	Hollow core concrete slabs, generic
	34.0 m3
	One Click LCA
	One Click LCA
	-
	2018



	Insulation, EPS facade panel
	27.0/73.6 m3
	EPD ALLIGATOR FARBWERKE GmbH Dalmatiner Fassadendämmplatte 032
	Institut Bauen und Umwelt e.V.
	EPD-DAW-20152319-CBD1-DE
	2016



	Insulation, XPS
	2.6 m3
	XENERGYTM XPSDämmplatte Dow Deutschland GmbH & Co. OHG
	Institut Bauen und Umwelt e.V.
	EPD-DOW-2013111-D
	2013



	Inward-facing window, with wooden frame
	30.4 m2
	EPD Gilje innadslående eXtra vindu Gilje Tre AS
	EPD Norge
	NEPD-1835-789-EN
	2019



	Lightweight bituminous underlays for roof waterproofing
	265.5 m2
	EPD Lightweight underlays For Roof Waterproofing—sector EPD
	International EPD System
	S-P-01329
	2018



	Membranes, FPO/PVC-P waterproofing reinforced with polyester net
	159.3 m2
	EPD for Mapeplan TM—Mapeplan TB, Mapeplan Taf—Mapeplan TI
	International EPD System
	S-P-00906
	2016



	OSB panels
	1.8 m3
	Oekobau.dat 2017-I, EPD SWISS KRONO OSB Panels SWISS KRONO Tec AG
	Institut Bauen und Umwelt e.V.
	EPD-KRO-20150067-IBD2-EN
	2015



	Ready-mix concrete, normal-strength, generic
	22.3 m3
	One Click LCA
	One Click LCA
	-
	2018



	Rock wool insulation, for ventilated facades and cavity walls
	16.0/26.5 m3
	EPD FPL-035/FPL-035-GS/KD-035/KD-035-GS Rock Mineral Wool for ventilated facades and cavity walls Knauf Insulation
	Institut Bauen und Umwelt e.V.
	EPD-KNI-20150327-CBB1-EN
	2016



	Sandstone cladding, natural
	17.7 m3
	Dichiarazione ambientale di prodotto: rivestimento in pietra serena di firenzuola con superficie naturale e sabbiata con bordi rifilati
	EPD Italy
	EPDITALY0065
	2019



	Wall bricks
	70.5 m3
	Oekobau.dat 2017-I, EPD Mauerziegel Arbeitsgemeinschaft Mauerziegel
	Institut Bauen und Umwelt e.V.
	EPD-AMZ-20140244-ICG1-DE
	2015



	Wooden entrance door
	1.8 m2
	EPD Climate door / interior door Nordic Dørfabrikk AS
	EPD Norge
	NEPD-1535-525-EN
	2018
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Table A2. The full data source for GWP calculation used in One Click LCA program—wood building.






Table A2. The full data source for GWP calculation used in One Click LCA program—wood building.





	Resource Name
	Quantity (STD/PASS)
	Environment Data Source
	Environmental Product Declaration (EPD) Program
	Environmental Product Declaration (EPD) Number
	Date





	Acrylic emulsion paint, for exterior application
	602.5 kg
	EPD Jotashield Antifade Colours, P.T. Jotun Indonesia Jotun A/S
	EPD Norge
	NEPD-1736-712-EN
	2019



	Ceramic tiles
	158.5 m2
	EPD Italian Ceramic Tiles
	Institut Bauen und Umwelt e.V.
	EPD-COI-20160202-ICG1-EN
	2016



	EPS foam insulation
	4.2/20.3 m3
	EPD Expanded Polystyrene (EPS) Foam Insulation (density 15 kg/m³) EUMEPS
	Institut Bauen und Umwelt e.V.
	EPD-EUM-20160269-IBG1-EN
	2017



	Floor screed mortar, cement screed
	8.4 m3
	Oekobau.dat 2017-I, EPD Mineralische Werkmörtel: Estrichmörtel Zementestrich quickmix Gruppe GmbH & Co. KG
	Institut Bauen und Umwelt e.V.
	EPD-QMX-20160208-IBC1-DE
	2014



	Glass wool insulation, unfaced
	12.6 m3
	EPD Frame-S37
	International EPD System
	S-P-00661
	2016



	Glass wool/mineral wool insulation, panel
	4.8 m3
	Rock mineral wool (Factory Gliwice), Saint Gobain Isover 2013
	Instytut Techniki Budowlanej
	EPD Rock mineral wool (Factory Gliwice)
	2013



	Gypsum plasterboard
	8.7 m3
	Gypsum plasterboard, Rigips PRO and Rigips 4PRO, SaintGobain 2014
	Instytut Techniki Budowlanej
	ITB EPD No 25a
	2014



	Hardwood studs
	13.5 m3
	The Australian Life Cycle Inventory Database Initiative (AusLCI)
	AusLCI
	-
	2018



	Hollow core concrete slabs, generic
	8.8 m3
	One Click LCA
	One Click LCA
	-
	2018



	Insulation, EPS facade panel
	12.1/43.6 m3
	EPD ALLIGATOR FARBWERKE GmbH Dalmatiner Fassadendämmplatte 032
	Institut Bauen und Umwelt e.V.
	EPD-DAW-20152319-CBD1-DE
	2016



	Insulation, XPS
	2.6 m3
	XENERGYTM XPSDämmplatte Dow Deutschland GmbH&Co. OHG
	Institut Bauen und Umwelt e.V.
	EPD-DOW-2013111-D
	2013



	Inward-facing window, with wooden frame
	30.4 m2
	EPD Gilje innadslående eXtra vindu Gilje Tre AS
	EPD Norge
	NEPD-1835-789-EN
	2019



	Lightweight bituminous underlays for roof waterproofing
	265.5 m2
	EPD Lightweight underlays For Roof Waterproofing—sector EPD
	International EPD System
	S-P-01329
	2018



	Membranes, FPO/PVC-P waterproofing reinforced with polyester net
	84.5 m2
	EPD for Mapeplan TM—Mapeplan TB, Mapeplan Taf—Mapeplan TI
	International EPD System
	S-P-00906
	2016



	Mineral wool insulation with recycled briquette content
	12.7 m3
	EPD_Isover UNI-AKU
	Česká Informační Agentura Životního Prostředí
	3013EPD-15-0392
	2015



	OSB panels
	8.5 m3
	Oekobau.dat 2017-I, EPD SWISS KRONO OSB Panels SWISS KRONO Tec AG
	Institut Bauen und Umwelt e.V.
	EPD-KRO-20150067-IBD2-EN
	2015



	Ready-mix concrete, normal-strength, generic
	22.3 m3
	One Click LCA
	One Click LCA
	-
	2018



	Rock wool insulation panels, unfaced, generic
	15.3/27.2 m3
	One Click LCA
	One Click LCA
	-
	2018



	Sandstone cladding, natural
	17.7 m3
	Dichiarazione ambientale di prodotto: rivestimento in pietra serena di firenzuola con superficie naturale e sabbiata con bordi rifilati
	EPD Italy
	EPDITALY0065
	2019



	Unbonded, non-combustible blown glass wool/mineral wool insulation
	3.6/15.9 m3
	EPD Supafil and Jet Stream (0.037–0.042 W/mK) blown glass mineral wool insulation, Knauf Insulation 2014
	Building Research Establishment (BRE)
	BREG EN EPD000051
	2014



	Wooden entrance door
	1.8 m2
	EPD Climate door / interior door Nordic Dørfabrikk AS
	EPD Norge
	NEPD-1535-525-EN
	2018
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Figure 1. Plan of the ground floor (a) and the first floor (b) of the building. 
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Figure 2. Controller operating diagram. 
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Figure 3. Connection diagram for MATLAB–EnergyPlus. 
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Figure 4. GHG emissions associated with the building construction. 
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Figure 5. GHG emissions related to energy consumption for heating, depending on the type of boiler and building (25 years of operation). 
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Figure 6. The LCC depending on building type and heat source. 
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Figure 7. Pareto Front for the wooden buildings WSTD (a) and WPASS (b). 
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Figure 8. The difference between the buildings’ life cycle costs (dLCC) and GHG emissions (dGWP) compared to a standard brick building (BSTD) with (a) a gas boiler and (b) their correlation. 
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Table 1. Heat transfer coefficients for the external partitions.
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Partition

	
Heat Transfer Coefficient, Uc, W/m2K




	
BSTD and WSTD

	
BPASS and WPASS






	
External wall

	
0.23

	
0.10




	
Ground floor

	
0.29

	
0.11




	
Roof

	
0.18

	
0.11




	
Roof above the garage

	
0.17

	
0.11




	
Window

	
0.85 1

	
0.90 2








1 Solar heat gains coefficient of 0.61 2 Solar heat gains coefficient of 0.51.
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Table 2. Maximum, minimum and average values of temperature that characterize used outdoor climate.
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	Average annual temperature
	8.2 °C



	Minimum annual temperature
	−12.2 °C



	Maximum annual temperature
	33.1 °C



	Average temperature in the heating period
	5.1 °C



	Average temperature the in summer
	17.6 °C
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Table 3. Data for the heat sources.
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	Electric Boiler
	Gas Boiler
	Coal Boiler
	Heat Pump
	Biomass Boiler





	Total efficiency of the heating system1
	0.81
	0.80
	0.67
	2.22
	0.57



	Investments costs of the heat source, PLN (€)
	8300 (1820)
	8200 (1800)
	14,700 (3220)
	36,700/33,0002 (8040/7230)
	15,000 (3290)



	GWP, kgCO2e /kWh
	0.95
	0.24
	0.41
	0.003
	0.036







1 Seasonal efficiency of the heating system, taking into account heat generation efficiency (or coefficient of performance for heat pump), heat control efficiency and heat transfer efficiency; 2 building standard/passive; additional PV investment costs were: 17,200/ 15,300 PLN (3768/ 3352 €) 3 the required electricity was generated by PV (additional GHG emissions from the production of the PV was 3840 kgCO2e—standard building, 2720 kgCO2e—passive building).
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Table 4. The total cost of erecting a house depending on the type of building.
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	Building
	Materials, PLN (€)
	Labor, PLN (€)
	Use of Equipment on the Construction Site, PLN (€)





	BSTD
	180,200 (39,480)
	53,800 (11,790)
	4300 (940)



	BPASS
	196,700 (43,090)
	55,300 (12,120)
	4300 (940)



	WSTD
	151,900 (33,280)
	60,000 (13,150)
	3100 (680)



	WPASS
	171,100 (37,490)
	61,500 (13,470)
	3100 (680)
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Table 5. Heating demand and thermal discomfort in the whole building.
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	Building
	Qheat, kWh
	Hdis, h





	BSTD
	7344
	371



	BPASS
	4205
	894



	WSTD
	7536
	681



	WPASS
	4429
	1253
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Table 6. Percentage of discomfort hours (Hdis) in relation to the occupied hours in the rooms (maximum obtained value and average value for all the rooms), the maximum air change rate (ACHmax) obtained by opening windows and the maximum calculated temperature (Tmax) in the building.
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Building

	
Hdis, %

	
ACHmax, h−1

	
Tmax, °C




	
All Year

	
Summer




	
Max

	
Avg

	
Max

	
Avg






	
BSTD

	
11.6

	
2.9

	
45.9

	
9.3

	
1.5

	
31.61




	
BPASS

	
13.6

	
7.1

	
51.1

	
26.8

	
3.8

	
33.12




	
WSTD

	
12.2

	
5.4

	
45.1

	
17.3

	
3.0

	
35.31




	
WPASS

	
18.9

	
9.9

	
58.1

	
32.8

	
3.8

	
36.42








1 Obtained in the study-room. 2 obtained in the living-room.
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