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Abstract

:

Enormous development of technology over the past two centuries has been associated with a considerable drawdown of non-renewable raw materials and an increase in the amount of harmful emissions. Thus, building direction in the field of construction implies a significant implementation of sustainability. The preference for environmentally friendly technology solutions is the right way to meet the sustainability trend. The main aim of this study was to analyze and verify selected construction systems of buildings designed for agricultural primary production in terms of their environmental impacts. The supporting construction systems of the comparative design variants was designed from a variety of material bases (concrete, steel, and wood). To evaluate environmental construction systems, the LCA methodology in mode “Cradle to Gate” was used. Parameters of sustainability related to the environmental impact were analyzed. These results could be a useful tool for the evaluation and comparison to an appropriate choice of the design option for an industrial building designed for agricultural primary production in terms of environmental impact.
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1. Introduction


The interest in sustainable development in the last forty years has shaped our current sustainability approaches, such as the definition of sustainable development, i.e. development that satisfies the needs of the present without affecting the ability of the generations to come to satisfy their own needs [1,2].



Sustainability consists of economic, environmental and social factors and their relations [3]. Social priorities involve a growing global consensus on which we should protect and improve animal welfare [4].



Sustainable agriculture is agriculture that satisfies the needs of the present without affecting the ability of the generations to come to satisfy their own needs [5]. Sustainability has become a central concept partly due to the apparent need to produce sufficient food for the ever-growing world population and to simultaneously preserve the environment and contain climate change [6,7]. Therefore, the focus has been on food production, environmental services and social goods, although we also need to consider their consumption, along with other factors, e.g. losses and waste generated during production, sale and distribution [8,9,10].



Sustainable intensification is understood as increasing the volume of production, while concurrently improving efficiency in the use of inputs and reducing harmful impact of food production on the environment [11]. Social and economic changes are needed to understand what outputs are required of those involved in food production, along with new research to deal with objectives which are more complex than simply achieving larger production volumes [12].



Agriculture and its various fields have undergone numerous transformations and developments, improving its quality. Rural areas and areas outside city centers (peripheries), which have been neglected up until recently, are now gaining in importance [13]. It is mainly these areas’ significance in terms of ecology and sustainability that is growing—they are significant as a place where the environment’s natural elements exist and recover, acting as a basic precondition of preserving human health, including healthy and quality food and nourishment. Food production is an important social factor that is crucial for human survival, so its qualitative aspect is a key determinant of living standards, and is also important in terms of sustainability [14,15].



At present, the emphasis is put on the development of environmentally friendly technologies. It is not only about energy-saving technologies, but also an overall approach that aims to minimize any undesirable environmental impacts of plant operation, or the production and use of products themselves [16]. It is important to always choose a technology that is more environmentally friendly, and to consider all its consequences [17]. The incentives for experts to start dealing with eco-vacancy are mainly population growth, limited fossil stock and rising environmental pollution [18]. The aim is to optimize their parameters to minimize the burden on the environment, in particular with regard to resource use; production, transport and distribution; consumption; and end-of-life disposal [19,20].



The most important aspect in assessing environmental impacts is energy consumption [21,22,23], which is related to a limited amount of energy sources as well as accompanying negative phenomena such as atmospheric emissions contributing to acid rain, smog and greenhouse effect (Embodied energy (EE), Global warming potential (GWP) and Acidification potential (AP)) [24,25]. In particular, the greenhouse effect is most likely the most serious of the current environmental impact at all [26].



Currently, the Life Cycle Assessment (LCA) analysis method is applied worldwide. The LCA method has a fixed structure and is performed according to the international standards of the ISO 14040 series. Commercially available process databases and material and energy flows are used to efficiently process LCA studies [27,28]. It is one of the most important information tools for environmentally oriented product policy. The LCA can be defined as collecting and evaluating inputs, outputs and possible environmental impacts of the product system throughout the life cycle [29]. According to ISO 14040 and 14044, life cycle assessment is performed in four different phases.



Based on the above-mentioned selected aspects of sustainability in the context of the agricultural sector, we set the following goal and the direction of our research. The subject of the study of our work was the most frequently used construction systems of agricultural buildings considered in terms of selected aspects of sustainability. In the course of our work, we focused on the evaluation of the cradle-to-gate variant. “From Cradle to Gate” is the assessment of the partial life cycle of a product from the extraction of raw materials (“cradle”) to the factory (exit) gate (i.e., before it is transported to the consumer) [30]. The use and disposal phases of the product are omitted in this case. Cradle-to-gate evaluations are sometimes the basis for environmental product statement (s). In particular, the following aspects were considered in the evaluation: EE, GWP and AP. In addition, our work was complemented by an analysis of the transport of building materials from manufacturers to the construction site in terms of greenhouse gas production and emissions.




2. Methodology of Research


The research object was real buildings designed for agricultural primary production (livestock farming). The paper presents analysis of the environmental advantages of a modern prefabricated wooden panel construction with traditional building systems based on prefabricated reinforced concrete components and a steel structural system through the above parameters. To evaluate the sustainability of the compared construction systems, a part of the LCA was implemented within the set boundaries of the assessment. The LCA analysis was further extended by assessing the CO2 production during transport of the fixed components and materials needed for construction.



2.1. Research Subject


The subject of the research was selected structural systems of industrial buildings used mainly as agricultural objects in the V4 countries (Czech Republic, Slovak Republic, Poland, and Hungary—Central Europe) [31]. Examined and compared construction systems were designed on the basis of different construction materials (concrete, steel, and wood). All of the construction variants being compared were implemented by so-called fly-by-assembly (based on similar assembly principles with a different material basis). In addition, the compared objects had a comparable capacity of objects in terms of the built-up area and the obsolete space (Table 1), while maintaining the comparable thermal and technical properties of the structure.




2.2. Methodology of Environmental Parameters Assessment


The environmental evaluation of construction systems was made by LCA methodology in mode “Cradle-to-Gate”. The materials were investigated in three constructions groups: foundation, superstructure and roofing. Considered building materials and structures are shown and specified in the notes below (Figure 1, Figure 2, Figure 3, Figure 4, Figure 5 and Figure 6). The composition of floor structures was the same for all variants (iron–concrete slab, 145 mm; waterproofing, 5 mm; underlying concrete, 100 mm; compacted gravel–sand bedding, 100 mm).



The environmental characteristics of the EE, GWP and AP of analyzed structural systems or their respective materials were evaluated by the basic characteristics of the IBO database (Austrian Institute for Healthy and Ecological Building (IBO) Passivhaus-Bauteilkatalog) [32]. The aforementioned environmental aspects were determined according to Equations (1)–(3).


  E E =  ∑  i = 1  n  E  E i  ×  w i     [ MJ ]  



(1)




where:




	
EE is embodied energy



	
EEi is coefficient of embodied energy for ith material [MJ·kg−1]



	
wi is weight of ith material [kg]
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where




	
GWP is global warming potential



	
  E C  O   2 i      is coefficient of carbon dioxide equivalent for ith material [kgCO2eq·kg−1]



	
wi is weight of ith material [kg]
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where




	
AP is acidification potential



	
  E S  O   2 i      is coefficient of sulphur dioxide equivalent for ith material [kgSO2eq·kg−1]



	
wi is weight of ith material [kg]








In the context of sustainability, realization of construction works raises the question of further transporting the necessary materials and products on site, which is the main producer of CO2 emission. The environmental aspect of the assessment was therefore extended to include the impact of the transport of construction materials and products used in the construction of the assessed variants from production to the construction site. The analysis of transport processes of both variants focused on the number of rides (NR) (Formula (4)) which related to the total weight and volume weight of products and materials, but especially to the production of CO2 emissions. CO2 emissions (   E  C  O 2     ) generated from the transport of construction materials from the gate of material producer to gate of building site and its value depended on number of rides, transport distances and average value of CO2 emissions of transport vehicles (Formula (5)). The weight of the material transported was closely related to the number of drives of the mechanisms. An average useful vehicle load capacity of 20 ton (with respect to acceptable load of roads in region V4) was regarded in calculation. For analysis, an average quantity of the emissions of 0.8 kg/km was considered. Various distances were examined in the transport analysis, assuming an average fuel consumption of 30 L per 100 km.


  N R =  ∑   .     k = 1   i = 1      .    n l       w i    t  c k          [ - ]  



(4)




where




	
NR is number of rides



	
wi is weight of ith material [kg]



	
tck is transport capacity of kth transport vehicle [kg]
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(5)




where




	
   E  C  O 2      is CO2 emissions



	
NRi is number of rides for ith material [-]



	
di is transport distances for ith material [km]



	
    x ¯   C  O   2 k        is average value of CO2 emissions for kth transport vehicles [kg·km−1]









2.3. Specification of Research Entities


The experimental objectwas the construction of farm buildings designed for cattle breeding. To compare expected advantages of a modern wooden system, alternatives to the building based on the traditional building system of precast concrete and steel construction were also compared.



In the calculations of selected variants, the basic requirements placed on the construction systems were considered:




	-

	
the span of a module structure according to the applicable regulatory requirements;




	-

	
assembly method of construction;




	-

	
resistance to settling environment;




	-

	
fire resistance according to valid legal regulations;




	-

	
resistance to mechanical damage; and




	-

	
easy maintenance, cleaning and disinfection.









Reinforced concrete structures have considerable resistance to aggressive environments, mechanical damage and low maintenance. Steel full-body structures have a smaller weight than concrete and more variability, but these structures place great emphasis on perfect anti-corrosion protection and the need for frequent maintenance. Modern wood-glued solid structures are resistant to aggressive environments, are quickly assembled and provide great variability.



2.3.1. Reinforced Concrete Construction System C1a


Vertical support structure consists of columns attached to monolithic or prefabricated feet. The pillars are prefabricated with pockets for the storage of bundles, which are assembled from two pieces connected by a steel rod. The construction span is 12 m, the longitudinal module is 6 m. The construction height to the bottom edge of the bar is 3.15 m. Perimeter tents are made of sandwich panels (concrete–thermal insulation–concrete).




2.3.2. Reinforced Concrete Construction System C1b


In this single-story construction system, the support pillars are attached to the base. Pre-filled, full-length jaws are hinged on pillars. Other structural elements include base sills, corrugated roof trusses, roof panels and gutter beams. Construction span is 12 m with 6 m longitudinal module. The height for the housing is 3.9 m. The wall casing is made up of prefabricated sandwich panels.




2.3.3. Steel Construction System S1a


The construction system is in the transverse direction formed by loose columns with a hinged jaw. The construction is a three-armed, rigid drawbar with hinges. Columns and pillars are welded from thin-walled profiles. Construction span is 12 m with 6 m longitudinal module. The height of the hall is 3.6 m. The wall casing is made up of prefabricated sandwich panels with aluminum sheet covering.




2.3.4. Steel Construction System S1b


The supporting structure consists of a welded three-armed frame of unequal box cross section. Frame stands are hinged on concrete feet. Construction span is 12 m with 6 m longitudinal module.




2.3.5. Construction System Based on Wood W1a


The supporting peripheral tents consist of thermal-insulating sandwich panels, on which roof trusses are laid. The nodes are connected system Gang-Nail. The stability of the object is secured in the transverse direction by the 6 m-long snap-hooks, lined with bases and horizontal longitudinal beams. The layout of the structure is 12 m with a 6 m transverse module.




2.3.6. Construction System Based on Wood W1b


The main elements are full-faced glued, circumferential glued wooden pillars. The end stand is connected to the transverse (a two-armed frame is created). Intersections are embedded in construction at an axial distance of 3 m. The object’s extension is 12 m with a 6 m transverse module. The height of the building is 4.8 m. The wall casing is made of thermal insulating sandwich panels.






3. Results


In the context of sustainability, the underlying environmental characteristics within the defined boundaries were assessed. For better clarity, the analysis was selected according to the main technological stages (foundations, superstructure, and roofing) (Figure 7, Figure 8, Figure 9, Figure 10, Figure 11 and Figure 12). In addition, the individual variants were evaluated as a whole but also as part of the structure, Module 1, without a front (Figure 7, Figure 8 and Figure 9).



Analysis of selected construction systems from the perspective of EE show comparable values between prefabricated concrete structures and steel construction systems (Figure 10). In the category of concrete-based construction systems, minor deviations in terms of foundation and superstructure were found for the C1b variant compared to C1a (11.4%). This difference was caused mainly by the need for more massive columns in the construction system C1b, which also involved the need for more massive foundations, which in the end resulted in higher parameters in terms of EE. Similar findings were also observed in the category of steel-based structural systems where the difference between the variants S1a and S1b was 7.6%. With these structural systems, deviations were also needed in the case of a more massive skeletal structure in the S1b system, with the need for more massive foundations. By comparing the W1a and W1b wood construction variants, a 7.5% difference was observed in favor of the W1a design system. This difference can be attributed, in particular, to the use of more massive wood elements in the W1b system with a higher weight of the upper structure and the need for a more massive foundation structure.



Comparison of constructional systems in terms of material bases in the context of embodied energy (EE) showed a minimal mean difference (4.2%) between concrete and steel construction systems. A significant difference was observed between steel and wood-based systems (25%) and even timber-based construction systems had a significantly more favorable balance on average of 28.6% compared to concrete-based construction systems. This finding points to the considerable benefit of the use of wooden construction systems in terms of embodied energy.



In terms of GWP, similar differences between construction variants C1a and C1b (11.7%) and between S1a and S1b (8%) were observed for EE (Figure 11). A more significant difference was noted between the concrete-based construction systems and the steel-based systems (15.3%). Significantly large difference was observed for systems based on wood compared to systems based on steel (62.9–91.1%) and the difference between systems based on wood and concrete was 68.6–92.5%. This significant difference is the result that the wood has a negative GWP balance, so its use is projected in this valuation parameter. In addition, the lower weight of the wood-based construction is seamlessly reflected in the need for smaller foundation structures compared to other concrete and steel options. A significant difference was also observed between W1a and W1b timber systems (76%). This was due to the fact that the W1a system is in practice designed and raised using an aluminum-based covering to increase the undesired balance of the whole building structure compared to the W1b construction where the multi-layer asphalt roofing was used. A more thoughtful and appropriate design in terms of the unsuitable balance of the materials used would achieve a more acceptable value of the resulting structure.



The assessment of construction systems in terms of AP points to 15.5–28% differences between wood-based constructions systems compared with steel and concrete-based systems (Figure 12). This observed difference was not as meaningful as in the previous parameters, attributable, in particular, to the use of glued wood-based and OSB boards in wood-based system variants. Since the production of glued structural elements based on wood and OSB boards is technologically demanding and contributes significantly to emission generation, ultimately, the wood-based materials mentioned above have a better balance in terms of environmental parameters than concrete, steel and aluminum materials. Improved wood recovery as such could be achieved by reducing and streamlining the entire production process of the production of wood-based components and in combination with materials that are effective in terms of the necessary requirements with a reasonable environmental impact.



In the category of concrete systems, a 12% difference between C1a and C1b was observed. This difference can be attributed to the more massive base structures at C1a and also to the more massive skeletal structure of the upper structure. In the category of steel-based systems, a lower difference between S1a and S1b (7.5%) was observed. Minimal differences were caused, similarly the concrete-based systems, with more massive foundation structures and a more massive construction of the S1b skeleton compared to S1a. In terms of AP, the minimum differences in the category of wood-based systems was observed between W1a and W1b (1.8%).



Environmental benefits of modern prefab wooden building compared with the heavy prefabricated reinforced concrete and steel structure also lies in considerably lower weight structures, affecting both the overall load as well as the intensity of transport. In the case of the transport of materials, a significantly higher number of rigs was observed during the transport of materials in the absence of concrete-based systems compared to other comparable systems. These aspects are closely related to the amount of emissions produced, calculated according to Scheme 6. From the point of view of technological stages in the category of concrete-based systems, the basic stage of the superstructure was followed by the roofing phase and the base phase was involved in the production of CO2 emission throughout the transport of materials from production to the lowest stagnation rate (Table 2). Steel- and wood-based systems were comparable in the production of CO2 emissions in the transport of materials from production to construction in terms of technological stages. However, the production of CO2 emissions when transporting the materials needed for the roofing was significantly lower than at the start-up stage followed by the superstructure stage.



The analysis of selected construction systems in terms of CO2 emission production during the transportation of materials from construction to construction shows comparative values between steel-based structural systems and wood-based systems (Figure 13). In contrast to the construction system mentioned above, the concrete-based construction system has an undesirable balance of CO2 emission production during the transport of materials. Steel-based construction systems have a lower carbon dioxide emissions balance on average of 58.3% of materials compared to concrete-based systems. A similar finding was made by comparing wood-based systems and concrete-based systems where this balance is 55.6% in favor of wood-based systems. Such enormous undesirable values for concrete-based systems are based on a considerably heavier structure compared to the comparison system. Even when transporting 100 km of steel- and wood-based systems, CO2 emission emissions are lower than those used for conveying systems based on concrete at a distance of 50 km.



In the category of concrete-based construction systems, the difference between C1a and C1b was 11.5% at all three transport distances. The differences between these variants were due to a more massive skeleton and base in C1b variation over C1a. In the category of steel-based systems, the difference between S1a and S1b was only 5.6%. With W1a and W1b wood-based systems, this difference was only 2.5%. These findings suggest that the steel- and wood-based variants are not distributed in terms of weight and mass used as in the case of concrete-based systems.




4. Discussion


Hoxha et al. [33] focused on building research as we did in our analysis of LCA. They pointed out that the LCA evaluation method has its broad-spectrum use not only in the construction industry but in almost every industry sector. In their research, they focused on the analysis of several buildings, in particular in terms of the material base, and looked for the most significant differences between them. They concluded that the most beneficial effects on the environment in terms of LCA are derived from building materials such as steel, concrete and components. These arguments are also taught by our analysis. We determined the decisive impact on the overall environment is the production of the building materials and their subsequent use. Analyzing the impact of transport of used materials on the construction of evaluated systems, we can state that the impact of transport on the environment is not as significant as the production of building materials in terms of the assessed parameters. However, the impact of the transport of building materials cannot be omitted, because not only is a considerable amount of emissions produced during transport but also the transport itself affects the surrounding environment by its external influences. The mentioned authors also added the fact that the use of wood significantly affects the overall environmental footprint in a positive sense. We also found a positive balance of wood versus other materials in our study.



Takano et al. [34] and Martínez-Rocamora [35] similarly suggested that LCA analysis is a topical subject in the construction industry. These authors focused on the analysis of several wood-based buildings in the context of various selected material characteristics of environmental indicators. Subsequently, Takano et al. [34] found that the databases they were analyzing were not significantly different, but some differences were observed. In the context of our work and their work, there is a certain parallel in that wood and timber use in building systems is, according to the findings, beneficial from the point of view of the LCA. However, according to our findings as well as those of the mentioned authors, the environmental benefits of wood are indisputable, but the use of wood and wood-based elements is not always appropriate and possible, especially in terms of static and physical characteristics, depending on the type of use.



According to Soust-Verdaguer et al. [36], construction and its effects on the surrounding environment are constantly confronted with sustainability. Therefore, the authors mentioned that it is necessary to consider aspects of construction in relation to the surrounding environment. For such assessment, for example, LCA analysis is very useful and the more desirable for the evaluation of different variants. In our opinion, more or less detailed analyses are necessary if the construction industry is to be sustainable in the future. What is also evidenced by our present work is the impact of different variants of industrial agricultural construction in relation to the environment. The above-mentioned authors provided one important point that, based on LCA analyses, a number of sources can be saved in the future, both in energy production of building materials and energy in terms of the operation of construction sites. All of these aspects, in our opinion, ultimately reflect sustainability in this sector of construction.



Vilches et al. [37] and Häfliger et al. [38] pointed out that LCA assessment is a specific element in the design phase of construction projects. Therefore, these aspects need to be given due attention. Because of the deliberate and efficiently chosen composition of materials and design solutions, it is possible to achieve much better results in the resulting variant of investment projects. In addition, Häfliger et al. [38] identified, as we do in our work, that materials significantly contribute to the environmental impact and are particularly sensitive to the modeling of the resulting variants.



With the work of Cabeza et al. [39], our thoughts also stand out. They reported that most of the LCA study deals with the analysis of classical urban buildings or settlements, which divert views of the manufacturing sector or industrial buildings. Industrial buildings and structures with industrial character are represented in the construction sector by a large percentage, thus it is also necessary to deal with this area of construction. We also support these statements and therefore we have chosen to focus our present analysis on the impact of different agricultural construction options on the environment in terms of assessed LCA parameters within defined boundaries. Anand and Amor [40] added that, due to rapid development and progress in the building sector, LCA research across borders is very important, at both the material and component level, as well as at building and complex building systems. The above-mentioned assertion also coincides with our findings, based on our work, which suggests that a more effective resource management and a more sustainable construction sector can be achieved by appropriate analysis of the impact of construction on the environment.



The conclusions of our study show that the implementation of heavy reinforced concrete and steel structures reduces the sustainability of construction. On the other hand, the use of wood-based design solutions is once more effective with regard to the comparison of conventional concrete and steel systems, as well as in relation to production, implementation, and transport and its negative impact on the surrounding environment. Of course, it is not always possible to apply wood-based structures in terms of static or functional nature. However, a thoughtful and appropriate solution is to reduce the environmental footprint in the future while maintaining the desired functional requirements of the resulting construction or construction solution.



Nowadays, more environmentally friendly solutions such as wood-based structures are increasingly being launched. Finally, our work is also proof that the realization of wood-based buildings makes it possible to achieve more sustainable and efficient construction. Apart from classical buildings (family houses and administrative buildings), where woodworks are used to a greater extent than in the industrial sector, one of the big challenges is the larger implementation of wood-based buildings in industrial construction with its indisputable advantages in terms of sustainability and efficiency of construction process.




5. Conclusions


The results of this analysis, which compared assembled construction systems on different material bases for primary agricultural production, point to the benefits of modern wood-based construction systems compared to traditional materials (concrete and steel). The aforementioned benefits were manifested especially in the evaluated areas of environmental parameters embodied in energy, acidification potential and, especially, global warming potential. The percentage difference of global warming potential was significantly high for steel-based systems compared to wood-based construction systems (62.9–91.1%), and the difference between the wood and concrete systems ranged from 68.6% to 92.5%. From the point of view of the generation of CO2 emission throughout the transport of materials and components, the benefits of steel- and wood-based systems have been demonstrated over the iron–concrete systems, mostly due to a significantly higher weight of the transported materials and elements necessary for the construction of the iron–concrete systems. Thus, we conclude that, with a suitable combination of traditional and modern structural elements, we can achieve significantly more efficient constructions and structures with a more favorable environmental impact while maintaining the basic requirements of the bearing capacity, stability and the resulting function of the building itself. Cleaner and more environmentally friendly technologies are of great importance for sustainability. Therefore, this analysis and its findings can contribute to a better decision-making process within a more sustainable construction sector.
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Figure 1. Structural and materials characteristics of construction system C1a [31]. Note: 1, column 0.3 m × 0.3 m; 2, three-armed beams with steel rod; 3, ribbing wreath; 4, roof rack plate SZD; 5, peripheral sandwich panel rough 0.2 m; 6, window belt; 7, base reinforcement 0.2 m × 0.35 m; 8, prefabricated foundation foot; 9, beam ceiling (wood T profile); 10, ceiling panel (thickness 0.1 m); 11, covering (fiber–cement boards). 
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Figure 2. Structural and materials characteristics of construction system C1b [31]. Note: 1, column 0.6 m × 0.3 m; 2, prestressed girders; 3, roof panel (width 1.2 m); 4, asphalt cover on the leveling cement screed; 5, gutter element (width 0.6 m); 6, beam ceiling; 7, thermal insulating ceiling panel; 8, longitudinal stiffener 0.3 m × 0.6 m; 9, attic panel; 10, window belt; 11, wall iron–concrete panel (width 0.25 m); 12, plinth beam 0.25 m × 0.6 m; 13, prefabricated foundation foot. 
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Figure 3. Structural and materials characteristics of construction system S1a [31]. Note: 1, column of rectangular cross-section welded from thin-walled profiles U 162 mm × 55 mm × 4 mm; 2, beam of rectangular cross-section welded from two thin-walled profiles U 210 mm × 50 mm × 4 mm with attachments 90 mm × 14 mm on the flanges; 3, rod 95 mm × 4 mm; 4, beam of thin-walled profile U 162 mm × 55 mm × 4 mm; 5, covering of profiled aluminum sheet KOB 1004 × 0.8; 6, beam support welded from two profiles L 80 mm × 50 mm × 6 mm; 7, thermal insulation ceiling panel made up of aluminum profiled sheets KOB 1004 and mineral wool mats of thickness 80 mm (embedded in a plastic film); 8, wall thermal insulating panel (thickness 90 mm) (panel cover with aluminum profiled sheet); 9, reinforced concrete prefabricated element; 10, prefabricated foundation foot with anchor hooks. 
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Figure 4. Structural and materials characteristics of construction system S1b [31]. Note: 1, prefabricated foundation foot with anchor holes; 2, steel frame of closed variable cross-section; 3, beams of rolled profile; 4, covering of profiled aluminum sheet; 5, ceiling beams of rolled sections; 6, ceiling panels are covered with profiled aluminum sheet with thermal insulation from mineral wool; 7, beams of rolled profiles; 8, wall panel (composition as in ceiling); 9, external cladding of profiled aluminum sheets. 
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Figure 5. Structural and materials characteristics of construction system W1a [31]. Note: 1, prefabricated foundation foot; 2, prefabricated base portion; 3, masonry with thermal insulation; 4, a load-bearing peripheral panel with thermal insulation and necessary installation transitions; 5, reinforcing pillars; 6, outer beam; 7, beam girder with joint plates Gang–Nail; 8, battens; 9, covering of profiled aluminum sheet 10, ceiling thermal insulating panel. 
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Figure 6. Structural and materials characteristics of construction system W1b [31]. Note: 1, column; 2, glued cross members; 3, glued beams 180 mm × 360 mm; 4, supporting roof thermal insulating panel with a ventilated cavity 3000 mm × 1200 mm × 270 mm; 5, roof panel with hole for skylight installation; 6, roof thermal insulating panel-gutter 4000 mm × 1200 mm × 270 mm with inlet vents to the roof; 7, double skylight; 8, ventilating attachment; 9, multilayer asphalt roofing; 10, wall thermal insulating panel 1200 mm × 3000 mm × 100 mm; 11, masonry; 12, prefabricated foundation foot with anchor holes. 
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Figure 7. Module 1: Analysis of EE. 
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Figure 8. Module 1: Analysis of GWP. 
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Figure 9. Module 1: Analysis of AP. 
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Figure 10. Whole construction: Analysis of EE. 






Figure 10. Whole construction: Analysis of EE.



[image: Sustainability 10 04394 g010]







[image: Sustainability 10 04394 g011 550] 





Figure 11. Whole construction: Analysis of GWP. 
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Figure 12. Whole construction: Analysis of AP. 
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Figure 13. All construction: Analysis of emissions. 
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Table 1. Structural characteristics of construction systems.
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Type

	
1 Module

	
All Construction






	

	
Size

	
Built-Up Area (m2)

	
Built-In Space (m3)

	
Size

	
Built-Up Area (m2)

	
Built-In Space (m3)




	
C1a

	
6 × 12

	
72

	
324.54

	
12 × 72

	
864

	
3894.48




	
C1b

	
6 × 12

	
72

	
295.20

	
12 × 72

	
864

	
3542.40




	
S1a

	
6 × 12

	
72

	
303.36

	
12 × 72

	
864

	
3640.32




	
S1b

	
6 × 12

	
72

	
295.74

	
12 × 72

	
864

	
3548.88




	
W1a

	
6 × 12

	
72

	
293.88

	
12 × 72

	
864

	
3526.56




	
W1b

	
6 × 12

	
72

	
252.00

	
12 × 72

	
864

	
3024.00











[image: Table] 





Table 2. Analysis of emissions.
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Range 20 km

	
Range 50 km

	
Range 100 km




	
Type

	
Foundations

	
Superstructure

	
Roofing

	
Sum

	
Foundations

	
Superstructure

	
Roofing

	
Sum

	
Foundations

	
Superstructure

	
Roofing

	
Sum






	

	
Emissions CO2 (kg)




	
C1a

	
79

	
735

	
638

	
1453

	
198

	
1838

	
1596

	
3632

	
396

	
3676

	
3192

	
7264




	
C1b

	
151

	
861

	
631

	
1643

	
378

	
2152

	
1577

	
4108

	
756

	
4305

	
3154

	
8215




	
S1a

	
71

	
533

	
21

	
625

	
177

	
1333

	
54

	
1564

	
355

	
2665

	
107

	
3127




	
S1b

	
105

	
536

	
22

	
663

	
262

	
1340

	
55

	
1657

	
524

	
2680

	
109

	
3314




	
W1a

	
85

	
560

	
31

	
677

	
213

	
1401

	
79

	
1693

	
426

	
2802

	
157

	
3386




	
W1b

	
68

	
580

	
46

	
695

	
171

	
1451

	
116

	
1738

	
342

	
2902

	
231

	
3475
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