

  sustainability-14-05914




sustainability-14-05914







Sustainability 2022, 14(10), 5914; doi:10.3390/su14105914




Article



Environmental and Energy-Efficiency Considerations for Selecting Building Envelopes



Daria Zaborova and Tatiana Musorina *





Institute of Civil Engineering, Peter the Great St. Petersburg Polytechnic University, Polytechnicheskaya, 29, 195251 Saint Petersburg, Russia









*



Correspondence: musorina_t@spbstu.ru







Citation: Zaborova, D.; Musorina, T. Environmental and Energy-Efficiency Considerations for Selecting Building Envelopes. Sustainability 2022, 14, 5914. https://doi.org/10.3390/su14105914



Academic Editor: Lirong Liu



Received: 15 April 2022 / Accepted: 9 May 2022 / Published: 13 May 2022



Abstract


Life cycle assessments in the construction industry reveal that 70–80% of all CO2 emissions occur precisely at the stage of material production (stages A1–A3 of the life cycle). Therefore, not only does the strength and thermal properties of the material selected for construction have major importance, but also the environmental impact of the material and the amount of energy spent to extract, manufacture and transport the materials. The paper presents the thermal calculations for envelope structures, assessing their environmental impact with respect to three parameters: carbon dioxide emissions, total energy consumption and amount of waste generated during material production. The research method used was an analysis of documents from real manufacturers and calculations of the main environmental parameters. Our investigation has led us to conclude that the largest amount of carbon dioxide emissions is produced by structures containing reinforced concrete, since the weight fraction of concrete is significantly greater than that of all other compared materials. The largest amount of non-renewable energy is consumed by structures containing clay bricks and reinforced concrete, since they consist of natural sources. The largest amount of waste is generated by structures containing expanded polystyrene and reinforced concrete consisting of cement, whose production in turn generates a large amount of waste.
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1. Introduction


According to the UN report, CO2 emissions from the construction industry have recently reached record levels. Overall, the construction industry accounts for about 40% of all CO2 emissions [1]. In addition, 30% of all waste is produced throughout the construction cycle. The residential sector and the construction industry are responsible for almost 40% of all energy consumption. Therefore, tremendous efforts are underway globally to adopt energy-efficiency practices [2,3,4,5] and incorporate environmentally friendly measures in construction.



The Paris Agreement on Climate Change came into force in 2016. Its main goals are to reduce CO2 emissions and make a transition to carbon-free cities. Designing buildings with zero or close-to-zero energy consumption is seen as one of the key steps towards smart carbon-free cities [6].



Russia is among the four countries with the highest greenhouse gas emissions, after China, the USA and India (Figure 1).



Carbon dioxide emissions in Moscow amount to about 39.2 million tons per year. The question is then whether it is possible to transform Moscow into a carbon-free or substantially low-carbon city in these conditions. The studies conducted indicate that this can be achieved if the buildings in the city either have zero/close-to-zero energy consumption or are so-called passive buildings [7]. Figure 2 shows the main sources of carbon dioxide emissions in Russia for each industry.



Global CO2 emissions by sector are shown in Figure 3. Evidently, the largest share of emissions is taken by electricity and heat production, as well as by emissions from Russia. Additionally, analyzing these two diagrams, we can see that the ‘Manufacturing & Construction’ and ‘Buildings’ sectors are responsible for 18% of all CO2 emissions.



The scientific methodology used for calculating the environmental impact of buildings is life cycle assessment (LCA). Numerous studies have confirmed that the production of building materials is the main source of greenhouse gas emissions worldwide.



According to global reports [9,10], responsible production of building materials is considered to be one of the cost-effective measures to improve energy-efficiency and decarbonization of the construction industry. According to the ISO 14040/14044 LCA Standard (Environmental management—Life cycle assessment—Requirements and guidelines), the life cycle assessment of a product consists of five stages:




	
Product stage (A1–A3);



	
Construction process stage (А4–А5);



	
Use stage (B1–B7);



	
End-of-life stage (C1–C4);



	
Resource recovery stage (D).








Many manufacturers of materials consider only the first stage of production as follows:




	
Raw materials supply (A1), covering the extraction and processing of all raw materials and energy, which occurs before the start of the production process;



	
Transportation (A2), when the raw materials are transported to the production site. This depends on the distance from the site where raw materials are extracted to the production site, as well as the type of transport (road, freight, rail);



	
Manufacturing (A3), typically including the manufacturing of both products and packaging, as well as transportation of the generated waste.








To assess the potential environmental impact of the material, manufacturers provide the following information:




	
Environmental impacts (global warming potential (GWP), ozone depletion potential (ODP)), abiotic depletion potentials (ADPe), and others;



	
Resource use (renewable, non-renewable, secondary materials and type of fuels, clean fresh water, and others);



	
Waste production (disposal of hazardous, non-hazardous and radioactive waste);



	
Output flows (components for reuse, materials for recycling, exported energy).








Importantly, the material’s strength and thermophysical properties, its environmental impact, and embodied energy should all be evaluated for the material to be selected for construction.



The first stage of the life cycle (A1–A3) has the greatest impact on the environment. Therefore, deciding on the type and amount of building materials is crucial in the construction industry. Selecting the material and manufacturer is very important, as it affects the ecological footprint during construction.



However, it should be considered that selecting materials with low embodied energy can increase the operational energy consumption. Conversely, materials with higher embodied energy tend to consume less operational energy.



The environmental impact of building materials can be found in the environmental declaration of the product [11,12]. Construction EPD (Environmental Product Declaration) is based on ISO 14040/14044, ISO 14025, EN 15804 or ISO 21930 standards. The EPD is obtained through the following steps:




	
Data collection;



	
Life cycle assessment;



	
Information report;



	
Third-party verification;



	
Publication.








This document is valid for 5 years and includes:




	
Company information;



	
Product information;



	
Cradle-to-cradle or cradle-to-grave LCA;



	
Environmental impacts;



	
Interpretation of LCA results;



	
References.








The EPD for building materials is perfectly integrated with the latest Sustainability Rating schemes for the construction industry (LEED, BREEAM, DGNB, GREEN ZOOM), focused on assessing different aspects of environmental sustainability of buildings based on several quantitative and qualitative criteria.



Tackling the challenge to reduce the carbon footprint from building materials, scientists around the world strive to develop new, more environmentally friendly and safe production processes, and even small improvements can have far-reaching consequences.



Eco-friendly mineral fiber insulation materials are the most common in construction (as insulation layers). They are based on recycled rocks that have been transformed into fine fibers. Thermal conductivity of insulation significantly affects the thermal properties of the structure [13,14,15].



Clay bricks are environmentally friendly in composition. The main disadvantage lies in the CO2 emissions from firing bricks in the furnace. Various additives can be used as eco-bricks.



Concrete is the most widespread building material, requiring huge amounts of energy and resources for production. The main reason why concrete is hazardous is that its composition contains a large amount of cement. Over 50% of the materials used in the building industry are linked to cement [16]. A recent study has established that more than 6 billion tons of concrete are produced worldwide every year, releasing a huge amount of carbon dioxide and other greenhouse gases into the environment, which leads to global warming [17]. Cement production accounts for 8–10% of the global CO2 emissions. Carbon dioxide is produced when limestones and clays are crushed and heated to high temperatures [18]. Various additives are used to reduce the percentage of cement in concrete, which affects multiple factors (mechanical, thermal and environmental). Recently, as adverse environmental effects have accumulated, increasingly stringent requirements have been imposed on conducting environmental impact assessments (EIA) and issuing construction permits [19].



We can conclude from reviewing the literature that a crucial problem is constructing a multilayer envelope wall which meets the environmental and energy-efficiency requirements.



The goal of the study is to select an envelope structure with optimal heat transfer resistance with minimal harmful effects on the environment.



This goal was reached through the following steps:




	
Select several envelope structures made of materials most commonly used in construction;



	
Calculate thermal resistance and dew point in all structures;



	
Calculate the CO2 emissions, the energy spent to produce the material and the amount of waste generated at the production stage (A1–A3).








Thus, an analytical method is proposed for selecting the envelope structure, considering the negative environmental impact of the structure.




2. Materials and Methods


The article discusses several multilayer envelope structures. Each structure has a load-bearing layer, insulation and cladding layer. The tables below provide the building materials to be used for combining layers and identifying the optimal design. Table 1 shows the materials and their composition, Table 2 shows the thermophysical characteristics of the materials: density, coefficient of thermal conductivity and heat capacity.



Structures are compared in various combinations, containing different types of insulation and bearing layers. Figure 4 and Table 3 show models of multilayer envelope structures.



The research method consists of analyzing the documents from real manufacturers and calculating the main environmental parameters: carbon dioxide emissions, non-renewable energy consumption and waste generated during the production of the material.



One of the important characteristics for selecting the envelope structure is the heat transfer resistance. Heat transfer resistance is a quantity that characterizes the level of thermal insulation properties of envelope structures. The higher its value, the lower the costs of operational energy consumption. The heat transfer resistance is determined by the formula:


  R =  1   α  i n t     +   δ  ( x )   λ  +  1   α  e x t     ,  



(1)




where αint and αext, W/(m2⋅°C), are the heat transfer coefficients of the inner and outer surfaces of the wall, δ, m, is the thickness of the layer, λ, W/(m⋅°C), is the thermal conductivity coefficient of the material and     δ  ( x )   λ   , m2·°C/W, is the thermal resistance of a single layer of the envelope structure.



The wall should meet the requirements for thermal protection of the buildings specified in regulatory documents [20,21].



Renewable and non-renewable resources as well as energy are spent on producing any building material. The following materials were selected for the study (Table 1): the load bearing materials used were aerated concrete, clay brick, silicate brick, reinforced concrete and energy-efficient brick; the thermal insulation materials were basalt wool, glass wool and extruded polystyrene foam. The amounts of CO2 emitted by each material during its production are shown in Figure 5.



Figure 5 shows that insulation, especially from extruded polystyrene foam, has the greatest negative impact on the environment. Such results for insulation materials are also confirmed by other studies [22,23,24,25]. However, the volume fraction of each material is different. For example, the volume fractions of materials for load-bearing structures, such as concrete, metal and brick, typically greatly exceed those of insulating materials in any building. Therefore, it is important to consider structures with real volumes of different materials.



The necessary information for each material was collected from the environmental product declaration; this included CO2 emissions, energy spent on material production and the amount of waste. These indicators were calculated for all structures (Type 1–13).



The database of the manufacturers available on the world market [26] was used to compile Table 4 for four types of materials considered in the paper (insulation, structural concrete, brick and aerated concrete).



The given index only considers manufacturing impacts. As an example, Figure 6 shows basalt wool insulation selected from the available rating of materials.



Thus, the selected materials have the following ratings presented in Table 5.



The next section contains calculations based on the data given above.




3. Results and Discussion


Table 6 shows the heat transfer resistance, amount of carbon dioxide, total consumption of non-renewable energy and amount of waste generated by each structure per square meter of the wall, considering the thickness of each layer.



The required value of heat transfer resistance for St. Petersburg is 2.97 m2·°C/W. All the considered structures meet the requirements for thermal protection in buildings.



Figure 7, Figure 8 and Figure 9 show a comparison of the calculated parameters for all walls. Figure 7 shows the calculated carbon dioxide emissions during material production for each structure.



A sharp rise in the amount of CO2 emissions is observed in structures containing reinforced concrete, i.e., Type 11, Type 12 and Type 13. Since the fraction of reinforcement in this material is only 1.5% of the total weight, the greatest negative impact on the environment is from producing cement.



One of the solutions to reduce harmful emissions into the atmosphere is to include additives into concrete, reducing the percentage of cement. We have developed a patent [27] for a novel building material based on a vegetable additive (dry hogweed), which reduces the weight fraction of cement by 2%. Consequently, given the same thickness of the bearing layer (0.3 m), the additive reduces carbon dioxide emissions by 2.25 kg per 1 m2 of reinforced concrete. Furthermore, the negative impact of the material on the environment can be significantly reduced by decreasing the amount of clinker in the composition of concrete.



Figure 8 shows the calculated non-renewable energy consumption during the material production for each structure.



The largest amount of non-renewable energy is required to produce structures combining clay bricks and reinforced concrete with extruded polystyrene foam, i.e., Type 4, Type 5, Type 6, Type 7 and Type 11.



Figure 9 shows the calculated waste generation during the material production for each structure.



As evident from the diagram, the structures with the highest waste index were detected in walls containing extruded polystyrene foam and reinforced concrete, i.e., Type 1, Type 4, Type 7, Type 11, Type 12 and Type 13). Together, these two materials account for the largest amount of waste.



After analyzing the results of the calculations, we should identify the structures with the least harmful impact on the environment while considering all three environmental parameters (CO2 emission, non-renewable energy and waste).



This results in 5 of the 13 proposed structures fitting the considered criteria, where the load-bearing layer is a porous material (aerated concrete, silicate brick), and mineral wool is used as an insulating material.



Moreover, energy-efficient bricks that combine load-bearing and thermal insulation layers exhibit good results. These data are illustrated by Figure 10, presenting the environmental parameters for the selected structures.



The calculations performed indicate that it is impossible to select a structure from the proposed materials so that the smallest values of all three indicators (CO2 emissions, non-renewable energy, waste) are preserved, compared with other options meeting the thermophysical requirements. For example, a structure can have the lowest CO2 emissions but require the highest non-renewable energy consumption to produce. On the other hand, this analysis allows the exclusion of structures and materials that are clearly harmful to the environment at the design stage.



The process of comparing the parameters is complicated since each has its own weight and significance from an ecological standpoint. Consider the following effects of these parameters:




	-

	
Carbon dioxide emissions affect the Earth’s heat exchange with the surrounding atmosphere, causing global warming and, ultimately, climate change;




	-

	
Nonrenewable energy does not accumulate and cannot be replenished over a certain period, which means that natural resources (coal, oil, gas, etc.) are exhausted because of exploitation. This results in the depletion of the Earth with subsequent food shortages;




	-

	
Waste is generated during the material production, so it must be disposed of by the manufacturer. The number of landfill sites is growing, and large amounts of carbon dioxide emissions are also generated during disposal.









However, since carbon dioxide is also released into the atmosphere when fossil fuels and solid waste are burned, the Global Warming Potential should be regarded as a key criterion when selecting the material.



The layers in the envelope structure should be combined rationally to construct an energy-efficient and environmentally friendly wall. The emissions from the same material may differ by 2–3 times depending on the composition, additives and manufacturer.




4. Conclusions


Global warming and climate change have become a major problem in recent years; as a leading industry with high energy consumption and high levels of pollution, construction is under great pressure to reduce carbon emissions.



The paper considered various envelope structures consisting of various materials that are in demand in the construction market. All considered structures meet the requirements for heat transfer resistance over 3.2 m2·°C/W. In all cases, the zone of possible moisture condensation is found in the insulation layer, which protects the main structure. It can be concluded from the analysis that an energy-efficient material is not necessarily environmentally friendly. Importantly, if materials with low energy consumption are selected, this can lead to an increase in embodied energy, waste or carbon dioxide emissions.



All calculations were based on official documents supplied by manufacturers, i.e., environmental product declarations. This Type III Environmental Declaration is based on the ISO 14025 standard, reporting third-party verified data about products and services’ environmental performances from a lifecycle perspective.



At present, we must rely only on information from manufacturers that adopted the EPD, since there are no open methods for calculating environmental parameters. Unfortunately, not all manufacturers provide open access to information for calculating the environmental impact of their materials, so it is difficult to assess the construction market in Russia.



We have concluded that the largest amount of carbon dioxide emissions is produced by structures containing reinforced concrete, since the weight fraction of concrete is significantly greater than that of all other compared materials. For example, 750 kg of reinforced concrete per square meter is required for envelope structures of Types 11, 12 and 13. As an option for optimizing these structures (Types 11, 12 and 13), a thickness reduction in the bearing layer (reinforced concrete) and an increase in thickness of the insulation layer may be considered. Additionally, thermal resistance of the wall will not decrease.



The largest amount of non-renewable energy is consumed by structures containing clay bricks and reinforced concrete, since they consist of natural materials (clay, clinker, etc.). The largest amount of waste is generated by structures containing expanded polystyrene (since its composition is largely synthetic) and reinforced concrete consisting of cement which produces large amounts of waste during production (large pieces of raw materials, furnace dust, sorption substances, etc.).



In our further research, we intend to build on the experience from [28], considering not only the relationship between the type of insulation selected and carbon dioxide emissions, but also the configuration of the structure and different climatic zones. This article proved that expanded polystyrene has a negative impact on the environment, considering the climatic zone of the building site.



Furthermore, our future studies will focus on materials with additives or synthetic materials, such as aerogel [29,30,31,32].
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Figure 1. Total global greenhouse gas emissions in 2018. 
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Figure 2. Greenhouse gas emissions by sector, Russia, 2018 [8]. 
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Figure 3. Greenhouse gas emissions by sector, World, 2018 [8]. 
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Figure 4. General view of multilayer structure for each type. 
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Figure 5. CO2 emissions per 1 ton of material. 
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Figure 6. Position of the material (basalt wool insulation) in the rating. 
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Figure 7. CO2 emissions for each type of structure. 
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Figure 8. Non-renewable energy indicators for each type of structure. 
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Figure 9. Waste generation during production for each type of structure. 
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Figure 10. Environmental parameters of optimal structures. 
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Table 1. Types of materials for envelope structures.






Table 1. Types of materials for envelope structures.





	Material
	Composition





	Aerated concrete
	40–72% sand; 9–45% cement; 10–20% calcium oxide; 2–5% gypsum; 0.01–0.4% aluminum



	Clay brick
	65.3% clay; 27.6% sand; 2.1% sawdust; 5% water



	Silicate brick
	80–90% sand; 5–8% lime hydrate; 5–10% water



	Reinforced concrete
	78% filler; 14.3% binders; 6% water; 1.5% reinforcement (reuse); 0.2% additives



	Insulated brick
	90.6% clay; 0.4% ash; 1% sawdust; 7% water; 1% expanded polystyrene



	XPS insulation
	90% polystyrene; 8% foaming agents (carbon dioxide, other foaming agents); 2% flame retardant, pigments



	Basalt wool
	90–95% basalt; 5–10% binding agent (formaldehyde)



	Glass wool
	55% cullet; 15% sand; 30% other raw materials










 





Table 2. Thermophysical characteristics of materials.
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	№
	Material
	Density,

[kg/m3]
	Coefficient of Thermal Conductivity, [W/(m·°C)]
	Heat Capacity,

[J/kg·°C]





	1
	Aerated concrete
	884
	0.21
	840



	2
	Clay brick
	1212.9
	0.79
	880



	3
	Silicate brick
	1620
	0.66
	880



	4
	Insulated brick
	650
	0.056
	1000



	5
	Reinforced concrete
	2500
	1.7
	840



	6
	XPS insulation
	33.7
	0.034
	1340



	7
	Basalt wool
	16.5
	0.037
	800



	8
	Glass wool
	28
	0.034
	920










 





Table 3. Composition for each type of structure.






Table 3. Composition for each type of structure.





	
Type

	
Combination




	

	
Bearing Layer

	
Insulation

	
Cladding Layer






	
Type 1

	
Aerated concrete

	
XPS insulation

	
Clay brick




	
Type 2

	
Aerated concrete

	
Basalt wool

	
Clay brick




	
Type 3

	
Aerated concrete

	
Glass wool

	
Clay brick




	
Type 4

	
Clay brick

	
XPS insulation

	
Clay brick




	
Type 5

	
Clay brick

	
Basalt wool

	
Clay brick




	
Type 6

	
Clay brick

	
Glass wool

	
Clay brick




	
Type 7

	
Silicate brick

	
XPS insulation

	
Clay brick




	
Type 8

	
Silicate brick

	
Basalt wool

	
Clay brick




	
Type 9

	
Silicate brick

	
Glass wool

	
Clay brick




	
Type 10

	
Insulated brick




	
Type 11

	
Reinforced concrete

	
XPS insulation

	
Clay brick




	
Type 12

	
Reinforced concrete

	
Basalt wool

	
Clay brick




	
Type 13

	
Reinforced concrete

	
Glass wool

	
Clay brick











 





Table 4. Material rating (compiled from the One Click LCA database).






Table 4. Material rating (compiled from the One Click LCA database).





	Insulation,

kg CO2e/m3
	Structural Concrete,

kg CO2e/kg
	Brick,

kg CO2e/kg
	Aerated Concrete,

kg CO2e/kg





	Very low: 33
	Very low: 0.15
	Very low: 0.15
	Very low: 0.16



	Low: 36.8
	Low: 0.18
	Low: 0.17
	Low: 0.31



	Average: 57
	Average: 0.21
	Average: 0.22
	Average: 0.36



	High: 149.2
	High: 0.25
	High: 0.26
	High: 0.43



	Very high: 344
	Very high: 0.35
	Very high: 0.37
	Very high: 0.52










 





Table 5. Material rating.






Table 5. Material rating.





	№
	Material
	kg CO2e/kg





	1
	Aerated concrete
	0.21



	2
	Clay brick
	0.17



	3
	Silicate brick
	0.13



	4
	Insulated brick
	0.23



	5
	Reinforced concrete
	0.15



	6
	XPS insulation
	94.4



	7
	Basalt wool
	34



	8
	Glass wool
	46.9










 





Table 6. Calculated parameters of envelope structures.






Table 6. Calculated parameters of envelope structures.





	Type
	СО2,

kg
	Non-Renewable Energy,

MJ
	Waste, kg
	Thermal Resistance,

m2·°C/W





	Type 1
	91.28
	1033.90
	16.08
	4.70



	Type 2
	85.04
	773.90
	3.52
	4.46



	Type 3
	86.31
	827.56
	3.10
	4.70



	Type 4
	86.40
	1590.87
	13.50
	3.63



	Type 5
	80.16
	1330.87
	0.94
	3.39



	Type 6
	81.43
	1384.53
	0.51
	3.63



	Type 7
	95.96
	1290.03
	13.59
	3.70



	Type 8
	89.72
	1030.03
	1.03
	3.46



	Type 9
	90.99
	1083.69
	0.61
	3.70



	Type 10
	72.32
	1083.52
	1.64
	9.19



	Type 11
	149.03
	1477.60
	106.15
	3.45



	Type 12
	142.79
	1217.60
	93.60
	3.21



	Type 13
	144.06
	1271.26
	93.17
	3.45
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