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Abstract

:

The ongoing global climate change and the associated environmental degradation pose a threat to Europe and the rest of the world. Raw materials and energy are required to produce building materials, which are used for construction purposes. Resulting buildings and structures generate waste during construction, operation, and demolition, and they emit potentially harmful substances. Thus, the key to achieving climate goals is to support low-emission materials and technologies in the construction sector, significantly impacting the environment. In the European Union, building materials are not yet subject to mandatory sustainability assessment during the assessment and verification of constancy of performance (AVCP). Objective evaluation of construction materials’ environmental impact requires it to be carried out based on production data on an industrial scale. This article presents the environmental impact of premixed gypsum-based plasters, commonly used in modern construction. Nine environmental indicators (global warming potential (GWP), depletion potential of the stratospheric ozone layer (ODP), acidification potential (AP), eutrophication potential (EP), formation potential of tropospheric ozone (POCP), abiotic depletion potential (ADP)-elements, ADP-fossil fuels, renewable primary energy resources (PERT), and nonrenewable primary energy resources (PERNT)) of premixed gypsum plasters based on natural and flue gas desulfurization (FGD) gypsum were estimated and discussed. Knowledge of the construction products’ environmental impact is fundamental for creating reliable databases. AVCP of construction materials in the future will use the data collected during the voluntary environmental impact evaluation.
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1. Introduction


The coronavirus pandemic shows even more clearly how much the Earth needs a break from excessive human activity. The reduction of greenhouse gas emissions in 2020 in connection with the actions taken in response to the threat of COVID-19 infection will lead to a slight decrease in the annual rate of increase in CO2 concentration in the atmosphere, practically indistinguishable from the natural interannual variability [1]. This information may be a bit surprising when compared to the extreme restrictions we experienced last year due to COVID-19, which, in April 2020, led to daily declines in CO2 emissions from fossil fuels by 11–25% [2]. However, the real-time data from some specific locations, where the World Meteorological Organization makes observations, indicate that concentrations of carbon dioxide, methane, and nitrous oxide continued to increase in 2020 [1]. A year earlier, i.e., in 2019, their concentrations reached their maximum values: 148%, 260%, and 123% of preindustrial levels, respectively, for CO2, CH4, and N2O [3]. Considering that, in the 20th century, global materials use increased by eight-fold [4], and nowadays, in the case of many critical raw materials, their deposits will be exhausted within a dozen/several dozen years, the scale of the problem facing our civilization is visible. The current standard of humanity, made possible by the exploitation of natural capital on an unprecedented scale, increases the uncertainty about the future of our planet.



The construction sector and building operations have substantial direct and indirect impacts on the environment. In 2019, the buildings and construction sector were responsible for almost 40% of energy- and process-related emissions [5]. CO2 emissions from buildings’ operation reached the highest level in history at around 10 Gt [6]. For further development, the construction industry needs building materials. Their production requires raw materials and energy, and the resulting buildings generate waste during both construction, operation, and demolition, and they emit potentially harmful substances. The key to achieving climate and social goals is to support low-emission materials and technologies in construction and combine these actions to phasing out the use of fossil fuels [7]. It is also essential to communicate the research results on building’s/construction material’s environmental impact transparently in prestigious international journals [8]. Data are the most crucial drivers of development today. Their analysis provides information on which the decisions are based. Thus, the data’s knowledge and quality at the input determine whether the intended goals are successfully achieved. The construction sector should consider reducing energy consumption and emissivity in two aspects: operational (related to heating, cooling, cooking, lighting, using various devices in buildings) and environmental impact, including the carbon footprint of building materials and the construction process. Improving the thermal insulation of building partitions allows for reducing energy consumption related to heating/cooling. Reducing a building’s emissivity is related to replacing devices using solid, liquid, or gaseous fuels for electrical appliances provided electricity from low-emission sources. Reducing the environmental impact/carbon footprint of building materials is related to, e.g., the use of low-energy/low-carbon materials, recycled materials, and the extension of a construction product’s service life. The production of a building material always has an impact on the environment. The investigation of greenhouse gas (GHG) emission’s temporal distribution showed the importance of the initial, upfront “carbon spike” from the production of building materials and systems [9].



More building materials are produced each year as the needs are growing. More and more people are living in cities. In 2007, the urban population equaled the number of people living in rural areas, while in 2018, the urbanization rate was 55.3% [10]. As a result of progressive urbanization, by 2050, almost 70% of the world’s population will live in cities [11]. Today, cities around the world consume about 70% of all resources and generate more than 75% of all GHG emissions [11]. The rules for laying down construction products on the European Union market from 1 July 2013 are defined in the Construction Products Directive (CPR) [12]. The manufacturer assesses and verifies the constancy of performance (AVCP) of the construction product concerning its essential characteristics following the relevant technical specification (harmonized European standard within the meaning of CPR or a voluntary European Technical Assessment issued at the manufacturer’s request). Following the conducted AVCP, the manufacturer draws up a declaration of performance (DoP) and affixes the CE marking to the product. The construction product’s essential characteristics refer to the basic requirements for construction works in Annex I to the CPR. One of the basic requirements is the sustainable use of natural resources. It ensures the reuse and recycling of components, the durability of building structures, and the use of environmentally friendly raw materials and secondary materials. However, the AVCP of construction products in terms of natural resources’ sustainable use is not obligatory but only voluntary. The documents on which the assessment is based (European harmonized standard or European Technical Assessment) do not contain the seventh basic requirement.



In 2004, the European Commission issued the M/350 EN Standardisation Mandate to CEN for the development of horizontal standardized methods for the assessment of the integrated environmental performance of buildings [13]. The work of CEN/TC 350 resulted in the publication in 2011 of European Standard EN 15978 [14] for the assessment of the environmental performance of buildings, and one year later, European Standard EN 15804 [15] for the development of environmental product declarations (EPD) of building products. EPD is based on the life cycle assessment (LCA) method, standardized in the standards ISO 14040 [16] and ISO 14044 [17], used to assess the environmental impacts of buildings during production, construction, use—also including repair and replacement, and end of life. EPD complies with the standard ISO 14025 [18]. The EPD, also known as type III environmental declaration, is meant to deliver transparent, reliable, quantified, and comparable information on products’ environmental impact during their life cycle [19,20]. Many different EPD’s programs operate by Product Category Rules (PCRs), and EPDs vary in their data quality and specificity, often leading to misleading comparisons [21,22,23,24,25,26]. Unfortunately, the use of data presented in EPD’s is still limited. They are not mandatory but used voluntarily. Several multicriterion systems exist to assess building sustainability worldwide, such as BAMB, BREEAM, CASBEE, DGNB, Green Globes, HQE, LEED, ÖGNI, SBTool, TQB, etc. [27,28,29,30]. Additionally, manufacturers of building materials use data on the environmental impact of products in business-to-business (B2B) communication, including marketing purposes, preparation of offers for tenders (Green Public Procurement), and fulfilling customers’ requirements [31].



Regardless of the standardization work carried out at CEN/TC 350 in 2011, the European Commission launched the Single Market for Green Products Initiative. The Product Environmental Footprint (PEF) and Organization Environmental Footprint (OEF) methods to measure environmental performance were proposed. Both PEF and OEF apply to the construction. They were the subject of pilot studies with 280 volunteering companies and organizations in 2013–2018 [32]. Based on the testing results, the EC launched in 2020 A new Circular Economic Action Plan for a Cleaner and More Competitive Europe [33], one of the European Green Deal [34] blocks. At the beginning of 2020, the comprehensive review of EPD and PEF, showing that the methods have very distinct requirements that compare results or the alternate use of PEFs and EPDs is impossible, was published [35]. To align the environmental reporting approaches, the European Commission issued an amendment mandate M/350 [36] to require the revision of EN 15804, including aligning with the PEF methodology. As a result, the new version of EN 15804+A2, setting new rules for the EPD of construction products, was published in July 2019 [37]. The new version of EN 15804 will be mandatory from July 2022.



The understanding and implementation of the principles of sustainable development face numerous obstacles all over the world. For example, the question of the scale and level at which should undertake activities in this field is still open. On 11 December 2019, the European Commission, recognizing the need to intensify actions in the field of sustainable development, presented a new ambitious action plan for a climate-neutral Circular Economy in which economic growth does not depend on the consumption of resources [34]. The Circular Economy reduces pressure on natural resources and is a prerequisite for achieving the 2050 climate neutrality goal [38,39]. An essential element of the European strategy is to promote a holistic approach based on the life cycle of the sustainable development of construction products and buildings [40]. The low level of awareness of the links between the economy, society, and the environment is one of the main barriers to sustainable development. The recently published results of research conducted among Polish consumers of the construction industry indicate a strong need to educate society in the Circular Economy [41].



From the perspective of producers, it should also be noted that assessing the environmental impact of construction products is related to the continuous improvement of their own production and procurement processes [42]. Objective assessment of the environmental impact requires it to be carried out based on production data on an industrial scale. It is also essential to create a construction supervision process that would ensure compliance with the set requirements [43]. Knowledge of the environmental impact of construction products is also fundamental to achieving sustainable development goals in many other dimensions [43].



Although the scientific literature on the environmental impact of products is extensive, the number of publications related to building materials is limited [44,45]. This article presents the case-study results of the environmental impact assessment of premixed gypsum-based plasters for the plastering of walls and ceilings for interior application. Premixed gypsum plasters are commonly used in modern construction. Nowadays, in Europe, the demand for Fuel Gas Desulfurization (FGD) gypsum is greater than the production capacity of a combined heat and power plant. This product becomes a valuable coproduct in the production of heat and electricity. The reaction that takes place in several stages in a desulfurization plant, it can be simply written by the equation:


CaCO3 + 2H2O + SO2 + 1/2O2 → CaSO4 · 2H2O + CO2



(1)







Natural gypsum and FGD gypsum are used as binders in gypsum plasters. Commonly in the production of building materials, vast amounts of natural resources are used. As a rule, the use of construction products is generating significant amounts of waste. It is crucial for the above reasons to know what environmental consequences are associated with building material production. Each publication presenting data on the environmental impact of construction material should be treated as an innovation in construction [46]. This article focuses on presenting the environmental impact of plasters based on natural and FGD gypsum. Knowledge of the environmental burden on construction products allows investors, architects, designers, and contractors to choose the right environmental aspect solution. The presentation of data on the environmental impact obtained based on actual data relating to a large and thus representative scale of production is essential for popularizing the principles of sustainable development, including Sustainable Development Goals (SDGs) Number 9, “Industry, innovation and infrastructure,” and Number 11, “Sustainable cities and communities.” Commonly in the production of building materials, vast amounts of natural resources are used. As a rule, the use of building materials is generating significant amounts of waste.




2. Materials and Methods


2.1. Gypsum


Gypsum is one of the essential mineral binding materials used in construction. Gypsum has been used as a building material for thousands of years. Nowadays, two gypsum sources are of industrial importance in the construction sector: natural gypsum and gypsum from flue gas desulfurization processes in power plants using hard coal or lignite (FGD gypsum). The physical and chemical properties of natural gypsum and FGD gypsum are similar, and there are no significant differences between them. Natural gypsum has a lower purity than FGD gypsum (the wet limestone scrubbing of flue gas contains sulfur dioxide) due to many years of geological process formation. Gypsum of natural origin has various types of impurities. FGD gypsum differs in color from grayish-yellow to grayish-white, depending on the type of coal (hard or brown) and the mineral’s degree of sulfur content.



In nature, gypsum is found in many countries on different continents. Poland has extensive resources of gypsum and anhydrite, amounting to approximately 261 million tons. Out of 15 documented deposits of gypsum and anhydrite in Poland, five are currently exploited: Borków-Chwałowice, Leszcze, Lubichów, Nowy Ląd, and Nowy Ląd—Radłówka [47]. In Poland, the first flue gas desulfurization installation at the Bełchatów power plant started into operation in 1994, and at that time, FGD gypsum production began [47]. Nowadays, Poland is a leader in Europe regarding the percentage of electricity produced based on coal. In 2019, this share was less than 80%, with the average for all European Union countries at 17.4% [48]. In Europe in 2016, the production of coal combustion products (fly ash and flue gas desulfurization products) was 40.33 million tons, of which 9.92 million tons was FGD gypsum [49]. In Poland, 3.08 million tons of FGD gypsum were produced in 2019 [50].



According to the European Union’s plans, coal-fired power plants will end their life before 2050 [34]. Based on an agreement signed between the Polish government and mining trade unions in Poland, the last hard coal mine will be closed in 2049 [51].



Considering the prospect of decommissioning coal-fired energy in the European Union, the number of combustion coproducts, including FGD gypsum, will be systematically decreasing in the next thirty years to a simultaneous constant demand for them by other industries, including the production of building materials. This situation is a specific ecological paradox resulting from the modern human domination project over nature [52]. Implementing the civilization development program (energy production with the use of coal) has led to environmental threats to the foundations of human existence (emission of sulfur dioxide harmful to humans, animals, and plants). As part of reducing the energy industry’s negative impact on the environment, a flue gas desulfurization technology was introduced. FGD gypsum is formed, and CO2 is emitted into the atmosphere instead of sulfur dioxide. Initially, FGD gypsum was waste, but as a result of many years of waste management policy, it has become a desirable raw material for building materials and in the cement industry. In the coming years, in connection with EU goals aimed at abandoning coal-based energy production, it will reduce and finally lead to the disappearance of FGD gypsum production. The construction industry and cement producers will be forced to look for an alternative—replacing FDG gypsum with a raw material of natural origin or creating other alternative building materials that use binders other than gypsum. The situation in terms of the future availability of FGD gypsum in other continents is entirely different than in Europe. Currently, in China, it is believed that FGD gypsum will replace natural gypsum for construction processes [53]. Today’s FGD gypsum consumption in China is relatively low due to the lack of reusing methods [54]. Nowadays, crude gypsum (CaSO4 · 2H2O), whether of natural origin or from the flue gas desulfurization process, is used as a regulator of cement setting time [55]. FGD gypsum is also used in agriculture [56]. After calcination, gypsum is used to produce plasters, adhesives, plasterboards, and prefabricated stucco elements [55].




2.2. Gypsum Plasters


In the EU, premixed gypsum plasters characteristics and performance are specified in EN 13279-1 [57]. Whether it is for manual or mechanical applications, gypsum plasters are used for plastering walls and ceilings inside buildings. They are applied as a finishing layer that can be decorated. Producers of gypsum plasters, that use the requirements specified in EN 13279-1 to assess and verify the constancy of the performance of the offered products, have the option to declare up to two groups of gypsum plasters: gypsum plasters—B or gypsum plasters for special purposes—C. Types of gypsum plasters, according to EN 13279-1, are specified in Table 1.



The research subject described in this paper comprises three gypsum plasters for machine applications classified according to EN 13279-1 as B4/50/2, which means that they are lightweight gypsum building plasters (B4) with an initial setting time >50 min and a compressive strength ≥2.0 N/mm2. The first two gypsum plasters, produced at the Konin plant and the Leszcze plant, contain FGD gypsum. Figure 1 shows a schematic view of the gypsum plaster production process. The crude gypsum delivered to the Konin plant is obtained as a coproduct in fumes desulfurization at the nearby Pątnów power plant (less than 500 m). The crude gypsum delivered to the Leszcze plant is obtained at the Kozienice power plant located about 190 km from the Leszcze plant. The third gypsum plaster, based on natural gypsum, is produced in the plant in Leszcze, located in the vicinity of the raw gypsum quarry Leszcze (also about 500 m away).



In Konin’s plant, as a heating agent in the calcination process, saturated water vapor from the nearby located Pątnów power plant is used. This innovative gypsum calcination process provides no emission of CO2, NOx, SOx, and combustion dust.



The Konin plant consists of a gypsum calcination unit, a mixing line, and a packing and palletizing line. The raw material (CaSO4·2H2O) is transported directly from the Pątnów power plant through a converted belt conveyor to a calcination plant. After calcination, gypsum (CaSO4 · 1/2H2O) is transported to silos and then to the mixing plant.



The production plant in Leszcze is complex, consisting of a crude gypsum stone storage, calcination units (one for FGD gypsum and the second for natural gypsum), and a gypsum mixing plant. Natural gypsum stone after the excavation is first precrushed and then transported to the warehouse. In the next step, precrushed gypsum stones are treated mechanically (final crushing, grinding, and drying) and next dehydrated in the calciner. Afterward, gypsum is transported to silos and pneumatically transported to the mixing plant subsequently.




2.3. Life Cycle Assessment (LCA)—General Rules Applied


For this study, the environmental impact was assessed using the LCA method for three gypsum plasters, one based on natural gypsum and two others on FGD gypsum. All products under normal conditions have an expected service life of well over 50 years. The original goal for performing the LCA study was B2B communication [58]. The data used in the calculations relate to 2017 (EPD released in May 2019) production in two locations in different regions of Poland: Leszcze (natural gypsum-based plaster and FGD gypsum-based plaster) and Konin (FGD gypsum-based plaster). The production volume of three gypsum plasters during 2017 was equal to about three-hundred thousand tons. It corresponds to around 11 million square meters of internal walls of the building, assuming 3 cm thick plaster and approximately 22 million square meters of inner ceilings with a 1.5 cm thickness. EPD type III was developed under EN 15804+A1 [59], and its content was verified under ISO 14025 [18] by an independent third body. The life cycle that was the subject of the analysis covered Modules A1 to A3, i.e., from the extraction of raw material to the finished product delivered to the factory gate, where A1—extraction, the processing of raw materials, and the processing of secondary material, including recycling processes, A2—transport to the manufacturer, and A3—production. Manufacturing of the plasters begins from delivering gypsum stone or FDG gypsum to the production plants. For modeling environmental burdens associated with the A1 module—extraction of the raw materials (material consumption, energy consumption, transportation, emissions, and waste), generic LCI data originating from the verified Ecoinvent database and specific EPDs compliant with EN 15804 and ISO 14025 were used. Environmental impacts occurring in A2 and A3 modules were calculated based on the production plants’ data inventory. For LCA calculations, data on annual electricity and energy resources consumption were used. The allocation rules used for the EPD [58] were based on general ITB PCR A [60]. The allocation was done on a product mass basis. All impacts from raw materials extraction were allocated in the A1 module, including materials and energy consumption, transportation, emissions, and waste resulting from the gypsum plasters’ production. Municipal waste and wastewater of Leszcze and Konin factories were allocated to Module A3. Energy supplies for entire production processes were inventoried. Emissions in the factories were measured and were allocated to Module A3. All significant parameters from gathered production data were considered in the assessment, i.e., all material used per formulation, utilized thermal energy, internal fuel, and electric power consumption, direct production waste, and all available emission measurements. It was assumed that the total sum of omitted processes does not exceed 5% of all impact categories. Following EN 15804+A1 [59], machines and facilities (capital goods) required for and during production were excluded, as was the transportation of employees.



Apart from natural gypsum (Leszcze) and FGD gypsum (Konin), other raw materials used in larger quantities, such as lime, perlite, and different fillers, were of local origin, while additives and packaging materials originate from more distant suppliers. Data on transporting the various products to the manufacturing plants were collected and modeled for the assessor’s factory. Means of transport include trucks, and Polish and European fuel averages were applied.



The data for the processes came from the following databases: Ecoinvent version 3.5, specific EPDs, ELCD, Ullmann’s, ITB-Data. Detailed data quality analysis was a part of the external ISO 14,001 audit. Characterization factors are CML version 4.2 based on EN 15804+A1 [59] version (PN-EN 15804+A1:2014-04).





3. Results


Table 2 shows the environmental characteristics of premixed gypsum plasters based on FGD or natural gypsum calculated for 1 kg, of:




	
Global warming potential (GWP);



	
Depletion potential of the stratospheric ozone layer (ODP);



	
Acidification potential of soil and water (AP);



	
Eutrophication potential (EP);



	
Formation potential of tropospheric ozone (POCP);



	
Abiotic depletion potential (ADP-elements; ADP-el.) for nonfossil resources;



	
Abiotic depletion potential (ADP-fossil fuels; ADP-ff.) for fossil resources;



	
Total use of renewable primary energy resources (primary energy and primary energy resources used as raw materials) (PERT);



	
Total use of nonrenewable primary energy resources (primary energy and primary energy resources used as raw materials) (PENRT).








Figure 2 presents data in the form of a compass graph. The presented data are proportional to each indicator’s value to illustrate the interrelationships between the analyzed environmental impacts for individual gypsum plasters.




4. Discussion


Comparing the GWP values (Modules A1–A3) for the three analyzed plasters shows that gypsum plaster based on natural gypsum has a higher environmental burden. The difference between plasters based on FGD gypsum and the natural one in GWP is significant. The product’s load based on natural gypsum is 85.8% higher than the plaster based on FGD gypsum produced in the Leszcze production site and slightly more than twice (102%) a similar plaster based on FGD gypsum from the Konin plant. Considering GWP for natural gypsum-based products, a significant environmental burden is associated with the mining from the quarry and crushing of the stone. For gypsum plasters based on FGD, gypsum mining and crushing do not exist.



The GWP of plaster based on FGD gypsum in the Leszcze is higher by 8.0% (5.9 × 10−3 kg CO2 eq.) than the corresponding product from the Konin location. In terms of other environmental impacts, slight differences are also observed between the FGD gypsum-based plasters from the Leszcze and Konin production plants, which results from the specificity of each location. In terms of GWP, the utilization of FGD gypsum in gypsum production is beneficial compared to natural gypsum. As it was already mentioned, the production of FGD gypsum is limited and will be smaller each year in the future in Poland and worldwide due to carbon dioxide emissions restrictions [48]. Despite the growing awareness of the importance of sustainable development issues and the significantly increasing demand for data/indicators in construction, their number and quality are still insufficient. In gypsum plasters commonly used in EU countries, there is a surprisingly small number of published EPDs. According to the available EPDs, the GWP value (for Modules A1–A3) varies between 0.078 and 0.151 kg CO2 eq. [61,62,63]. EPD’s communication target group is business to business. Therefore, it is important to provide information: we have an environmental declaration, i.e., we care about the environment, and we provide primary data about the product. However, the analysis of FGD gypsum’s impact on the product (premixed gypsum plaster) to natural gypsum is beyond EPD’s holders’ interest. The difference between the GWP values for gypsum plasters based on natural gypsum and FGD gypsum is more significant than the observed difference between carbon dioxide emissions related to the manufacturing of calcined natural gypsum and FGD gypsum in the Czech Republic [64]. For FGD gypsum, 105.3 kg CO2/t was recorded, i.e., a 25.2% lower value than the natural one [64]. In the range of the stratospheric ozone layer depletion potential (ODP), determining the quantitative impact of gypsum plaster on the destruction of the ozone layer, no significant differences were observed between products based on FGD gypsum and natural gypsum. For the acidification potential of soil and water (AP) expressed as SO2 equivalent to the emission of SO2, NOx, HCl, NH3, and HF, there are no significant differences between plasters based on natural and FGD gypsum observed. In the case of eutrophication potential (EP), quantitatively determining the impact on the accumulation of organic matter in waters, differences were observed between the localization of production (Konin and Leszcze). In the same location (Leszcze), no significant differences were observed between the plasters based on FGD and natural gypsum. The value of the formation potential of tropospheric ozone (POCP), determining the relative abilities of volatile organic compounds to produce ground-level ozone, for natural-based gypsum plaster is higher than for FGD-based ones. The gypsum source slightly affects the value of the abiotic depletion potential (ADP-elements) for nonfossil resources. In the scope of the abiotic depletion potential (ADP-fossil fuels) for fossil resources, the value of the indicator of natural-based gypsum plaster is significantly higher than for FGD gypsum-based ones. For gypsum plasters based on FGD gypsum, the total use of renewable and total nonrenewable primary energy sources is similar (Konin—0.876 and 0.749 MJ/kg and Leszcze—0.719 and 0.833 MJ/kg, respectively for PERT and PENRT). In the case of plaster based on natural gypsum, the total use of nonrenewable primary energy resources (PERT) is much higher (1.31 MJ/kg) than the total use of renewable primary energy resources (PENRT) equal to 0.0306 MJ/kg.



Although gypsum is a commonly used mineral binder and environmental impact issues are essential, gypsum was analyzed in terms of environmental impacts only rarely, and sufficiently accurate data are still missing [64]. Of course, the advantage of using FGD gypsum over natural gypsum also in terms of environmental impact is known, for example, for wallboards [65,66]. However, it is not always expressed in a way that is easy to compare with others. However, the message: “using 7.5 Mg of FGD gypsum instead of natural one in wallboard manufacturing resulted in 2007 in reducing 83,000 Mg of CO2 eq., with an additional cost savings of USD 49 to USD 64 million” [65] is convincing. Another example is the comparison of the environmental load of the natural gypsum board with the FGD gypsum board for the sum of the five impact categories (normalized and weighted calculation): GWP, AP, POCP, ADP, and human toxicity (HT) [66]. This comparison shows that the total environmental load of the natural gypsum board is 6% higher than the FGD gypsum board [66]. It is also worth noting the use of recycled gypsum. LCA studies performed for the production of recycled gypsum (from plasterboard and powder waste) showed that the environmental burden is lower than 40% in all the studied impact categories compared to the natural gypsum production [67]. Gypsum-based products, including gypsum plasters, are also important due to the need to develop technologies other than common cement-based construction materials due to the need to reduce carbon dioxide emissions from Portland production clinker [68]. Nowadays, in Poland, the GWP (Modules A1–A3) of Portland cement varies from 482 kg CO2 eq./t for CEM III to 889 kg CO2 eq./t for CEM I [69]. The GWP related to gypsum’s calcination process is 4–8 times smaller than for Portland cement depending on the nature of gypsum (natural or FGD product), purity, manufacturing techniques, transport distances, and other factors. It is also worth noting that gypsum can change its properties through a reversible hydration reaction, and due to that, gypsum products can contribute to a Circular Economy [70]. Knowledge of gypsum plasters’ environmental properties is essential to build environmental awareness of the consumer and support low-emission building design development. It is also essential to further design and develop new products that better meet the sustainability criteria than today’s solutions.




5. Conclusions


The demand for verified and understandable environmental indicators for the average recipient increases from year to year. Knowing them is essential to develop environmentally friendly construction even though, since 2013, under CPR in the European Union countries, one of the seven basic requirements in construction is sustainable development in assessing and verifying the constancy of performance of construction products is not subject to mandatory assessment in this regard.



In this study, the following nine environmental indicators were defined: GWP, ODP, AP, EP, POCP, ADP-elements, ADP-fossil fuels, PERT, and PERNT of gypsum plasters based on natural gypsum and FGD gypsum. In general, gypsum products are characterized by a lower negative environmental impact than commonly used cement products. Premixed gypsum plasters based on natural gypsum are characterized by an almost twice higher GWP value (Modules A1–A3) than similar premixed plasters based on FGD gypsum. Additionally, in the case of the abiotic depletion potential (ADP-fossil fuels) for fossil resources, the value of the natural-based gypsum plaster indicator is significantly higher than for FGD gypsum-based ones. For gypsum plasters based on FGD gypsum, the total use of renewable primary energy sources is much higher than in plaster based on natural gypsum. Natural gypsum-based plaster is characterized by a much higher value of total use of nonrenewable primary energy resources (PENRT) than products based on FGD gypsum. FGD gypsum is a product of the desulfurization of flue gases generated in power plants using fossil fuels (coal). In the past, FGD gypsum was a waste, and due to its management by man, it is now a desirable raw material that is experiencing little availability from year to year. We can call this situation “the ecological paradox.” In other words, FGD gypsum, like other waste, is a measure of the success and failure of humanity in civilization.



Products’ whole supply chain’s environmental implications have to be known and considered. Nowadays, to achieve more sustainable production and consumption patterns, we have to know and consider the products’ whole supply chain’s environmental implications. Sustainability assessment and sustainability indicators can and should be powerful decision-supporting tools that foster sustainable development, not only in the construction sector. Considering the factors mentioned earlier, as much data as possible on construction products’ environmental impact must be widely available. We should support all initiatives helping to achieve this goal, including scientific articles. Each EPD or scientific article is facilitating communication. A few years from now, the environmental impact will be part of building materials’ mandatory AVCP.
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Figure 1. Schematic view of the gypsum plaster production process. 
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Figure 2. Environmental impact indicators of gypsum plasters based on FGD gypsum (Konin and Leszcze plant) and natural gypsum (Leszcze plant). 
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Table 1. Types of gypsum plasters, according to EN 13279-1 [57].
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	Designation
	Notation





	Gypsum plaster
	B



	Gypsum building plaster
	B1



	Gypsum-based building plaster
	B2



	Gypsum–lime building plaster
	B3



	Lightweight gypsum building plaster
	B4



	Lightweight gypsum-based building plaster
	B5



	Lightweight gypsum–lime building plaster
	B6



	Gypsum plaster for plasterwork with enhanced surface hardness
	B7



	Gypsum plaster for special purposes
	C



	Gypsum plaster for fibrous plasterwork
	C1



	Gypsum mortar
	C2



	Gypsum plaster
	C3



	Thermal insulation plaster
	C4



	Fire protection plaster
	C5



	Thin coat plaster, finishing product
	C6



	Finishing product
	C7
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Table 2. Environmental characteristics of unpacked premixed gypsum plasters (loaded into silos, which are then transported to construction sites) based on flue gas desulfurization (FGD) gypsum (Konin and Leszcze plant) and natural gypsum (Leszcze plant) calculated in the year 2019 (data from 2017) [58].
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Indicator (Unit)

	
A1–A3




	
FGD Gypsum-Based Plaster (Konin Plant)

	
FGD Gypsum-Based Plaster (Leszcze Plant)

	
Natural Gypsum-Based Plaster (Leszcze Plant)






	
Environmental impacts, 1 kg of product




	
GWP (kg CO2 eq.)

	
6.73 × 10−2

	
7.32 × 10−2

	
1.36 × 10−1




	
ODP (kg CFC 11 eq.)

	
8.67 × 10−9

	
8.67 × 10−9

	
8.45 × 10−9




	
AP (kg SO2 eq.)

	
2.26 × 10−4

	
1.87 × 10−4

	
2.18 × 10−4




	
EP (kg (PO4)3− eq.)

	
7.57 × 10−6

	
4.66 × 10−6

	
4.93 × 10−6




	
POCP (kg Ethene eq.)

	
2.86 × 10−5

	
2.16 × 10−5

	
3.34 × 10−5




	
ADP-el. (kg SB eq.)

	
3.23 × 10−4

	
3.23 × 10−4

	
2.94 × 10−4




	
ADP-ff. (MJ)

	
6.82 × 10−1

	
7.61 × 10−1

	
1.24 × 100




	
Environmental aspects related to the consumption of raw materials, 1 kg of product




	
PERT (MJ)

	
8.76 × 10−1

	
7.19 × 10−1

	
3.06 × 10−2




	
PENRT (MJ)

	
7.49 × 10−1

	
8.33 × 10−1

	
1.31 × 100
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