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Abstract

:

Sensitive and remote areas have come under pressure from growing populations and tourism, often resulting in improper wastewater management. Efficiency, durability, the use of renewable construction materials, and the minimization of environmental impacts must be conformed to a sustainable paradigm. A life cycle assessment (LCA) was applied to compare three different decentralized wastewater treatment systems built at tourist facilities: a source separation sanitation system with a hybrid constructed wetland (S1), a sequential batch reactor (SBR) with a hybrid constructed wetland (S2), and a solar-powered composting toilet (S3). Benchmarking showed that S1 was preferred over S2. The differences were up to a factor of two, except for eutrophication, which was significantly higher for S2 (10×). S3 had the lowest environmental impact, but S3 treated only the blackwater fraction, i.e., urine, faeces, and toilet paper, and excluded greywater treatment, i.e., handwashing and/or kitchen wastewater. The scenario analysis showed that the environmental performance could be improved by installing solar panels, but this would increase the impact on the abiotic depletion of elements by 83% for S2. The LCA indicated the advantages, disadvantages, flexibility, and potential for design improvements to meet the environmental sustainability and market demands for system diversity.
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1. Introduction


Decentralized source separation wastewater systems, when properly designed, have proven effective for tourist destinations in remote areas because they are nearly emission-free, use little water and energy, and are relatively easy to manage [1,2,3]. In properly designed wastewater source separation systems, human excreta do not enter the water cycle, preventing both the release of pathogens into the aquatic environment and eutrophication. In case of blackwater (BW) treatment, the nutrients are recycled and biogas recovery is achievable. Greywater (GW) is usually associated with reuse after treatment due to its low contaminant content [4]. In remote and sensitive areas, various decentralized wastewater treatment solutions can be employed, such as (1) composting toilets with or without urine source separation [5,6], (2) sequence batch reactors [7], (3) anaerobic baffled reactors [8], (4) biofilters [9], or (5) constructed wetlands (CW) [10]. Practical applications of decentralized and/or separation systems in remote/sensitive areas showed that several factors influence their performance, such as environmental conditions (e.g., low temperatures and water accessibility), seasonal peaks in tourist visits, and maintenance requirements. Under remote conditions, even sophisticated solutions sometimes fail [11].



Ecological vulnerability has been defined as the ability of an ecosystem to withstand natural and anthropogenic disturbances in space and time, and its capacity to return to its original and sustainable state [12]. Sensitive and remote areas that are under pressure from a growing population and tourism are particularly vulnerable. A relevant example is karst areas, which are often protected for their natural values and diverse biodiversity [13]. Karst areas are highly susceptible to pollution because of their nature, geomorphological, and hydrological features, developed on water permeable rocks which enable fast infiltration with a significant lateral extension and highly effective recharge points, covered with shallow or sparse soils and vegetation. [14]. Inadequate or untreated wastewater released into such environments has significant negative consequences for wildlife and humans [15,16].



Wastewater management in remote and sensitive areas therefore requires systems with a high performance that are robust, adaptable, reliable, and allow for easy maintenance. In addition, the current practices in terms of energy and water consumption and the recovery rate of nutrients and materials are not always compatible with a sustainability approach, so the introduction of new technologies in line with stricter regulations is encouraged.



In addition to the problem of effective treatment in remote areas, another challenge is the management of the effluents, such as storage and further handling. For example, at high-altitude tourist facilities, it is common practice to discharge sludge, urine, and other effluents directly into the environment, which can be hazardous. Another common practice is their temporary storage on site and transport by helicopter to the facility where the effluents will eventually be treated. In Slovenia, for example, new regulations prohibit the direct discharge of wastewater into water bodies or indirect discharge less than 300 m from the shore of a natural or artificial lake [17]. The wastewater that cannot be discharged should be separated, and the fractions (greywater and blackwater) should be properly treated. Moreover, the proper management of composting toilets must be applied [18].



To improve sustainability, the planning of such technologies must consider not only their efficiency, but also other aspects such as durability, the use of renewable materials, and the environmental impact (i.e., the environmental performance of the technologies). LCA can be used to improve the sustainability of technologies. LCA is an effective tool that is commonly used as a decision support tool for wastewater management and the evaluation of the environmental performance of wastewater treatment systems by quantifying their environmental impacts [19]. In general, several factors influence the environmental impact of wastewater treatment technologies, such as the resource recycling potential, water source, energy use, source separation potential, and the scale of the technologies. For instance, when comparing centralized and decentralized systems using LCA, the latter showed environmental benefits by preventing pollution at the source, recycling nutrients, and reducing the energy requirements. The factors that made a significant difference were water sources and nutrient emissions [20]. The idea of transitioning from a centralized to decentralized GW treatment system in a newly developed area and to a BW treatment system at a tourist resort has been explored by Morandi and Steinmentz [21] and Estévez et al. [22], respectively. In both cases, it was shown that, given specific boundary conditions, the existing centralized treatment options can be successfully integrated into transitional approaches to resource-oriented sanitation, or even completely replaced. When considering the decentralized scenario (membrane technology for the anaerobic digestion of the BW instead of the centralized greywater treatment), Estévez et al. [23] found a better environmental performance in terms of resource recovery and a 2 kWh·m−3 lower energy demand required for the operation, based on a sensitivity analysis. Even so, these kind of on-site recovery facilities must be seriously optimized in terms of global warming potential for the operation phase.



These examples highlight the need for LCA studies that should incorporate the environmental impacts of wastewater treatment systems that are suitable for transitional states and energetic benefits, or consider hybrid wastewater treatment options, as seen in Resende et al. [24]. It has been noted that, in addition to the scale, technology, operation, and products that determine the competition between centralized and decentralized systems, another important factor is the system boundaries considered in the LCA [23]. Given this, there are several challenges that will lead to further developments that must consider new data bases, new correlations for energy use at different scales, and the integration of LCA studies into environmental policy issues. Scale is an important factor in implementing decentralized systems in remote and sensitive areas. There are a few studies that address the issue of an optimal decentralized scale for different community sizes. Xue et al. [25] showed with LCA that urine source recovery systems, household-installed composting toilets, BW for energy recovery, and GW for reuse back to toilets, deployed at a community scale were better than centralized systems at a city scale in terms of eutrophication, global warming, and energy potentials. Cashman et al. [26] conducted an LCA and cost analysis under different scenarios of membrane bioreactors at different scales, designed for different population densities under a range of climate conditions. The results demonstrated the importance of a complex system analysis to understand the environmental and cost trade-offs of different technologies. Such an analysis is required before a community can make an informed decision about transitioning to membrane bioreactor technologies.



In another study, Kobayashi et al. [27] conducted a comparative LCA to evaluate the environmental impacts at different scales of decentralized GW treatment (CWs and membrane bioreactors), with different reuse options for a hypothetical community (a maximum of 3500 people equivalent) in regions with severe cold periods. In this case, it was shown that, in addition to the scale of the decentralized systems, the amount of reused water and the mix of electricity technologies are critical in determining certain LCA indicators such as the global warming potential, eutrophication potential, and human health (e.g., carcinogenic potential).



Providing wastewater infrastructure for touristic facilities in sensitive and/or remote areas, such as natural parks and mountainous regions, demands careful consideration to achieve environmental sustainability and minimize the impacts. To our knowledge, few studies have comprehensively compared the environmental impacts of decentralized wastewater treatment systems designed for such areas, and for high-seasonal tourist fluctuations that include the end-of-life stage and benefits beyond the system boundary. Through a comparative LCA, this study evaluates three decentralized wastewater treatment systems: a source separation sanitation module with a hybrid constructed wetland (S1), a sequential batch reactor (SBR) with a hybrid constructed wetland (S2), and a solar-powered composting toilet (S3). These systems were selected for their demonstrated effectiveness in pollution prevention and because of the need for decentralized solutions in remote areas. The comparison aims to advance sustainable diversity in the market and the LCA results will inform the future improvements of these systems, motivated by a commitment to nature conservation.




2. Materials and Methods


2.1. LCA Approach, Assumptions and Functional Unit


LCA is a technique used to quantify the environmental impact of a product system or service from raw material acquisition through end-of-life disposition. LCA is based on the quantification of all inputs (e.g., energy and raw material requirements) and outputs (e.g., environmental releases associated with each life cycle phase) [24]. The LCA method was applied in accordance with ISO 14040, ISO 14044, and EN 15804. We considered all the life cycle stages of the evaluated systems and calculated the environmental impacts for each stage. The CML 2001 Life Cycle Impact Assessment method (created by the Institute of Environmental Sciences of Leiden University) was applied in this study [28]. This method is one of the most common impact categories used in the LCA community and provides one of the most up-to-date practices for midpoint indicators. The results of the CML 2001 impact assessment method were presented in terms of the impact categories most relevant to GW and/or BW treatment systems, such as: the abiotic depletion of elements (ADP-e) [kg Sb eq.], the abiotic depletion of fossil resources (ADP -f) [MJ], the acidification potential (AP) [kg SO2 eq.], the eutrophication potential (EP) [kg Phosphate eq.], the freshwater aquatic ecotoxicity potential (FAETP) [kg DCB eq.], the global warming potential (GWP 100 years) [kg CO2 eq.], the human toxicity potential (HTP) [kg DCB eq.], and the marine aquatic ecotoxicity potential (MAETP) [kg DCB eq.].



The functional unit selected for the environmental assessment is the sanitary system used over a 30-year period, which is the expected lifetime of such systems [29]. It is assumed that the facility in a sensitive/remote area is open only during the tourist season (e.g., four months per year), so that 10,000 people visit the site and use the sanitation system per year (or season). In such a case, 300,000 people use the sanitation system over a 30-year period.



The Professional and Extension Database (last updated in 2022), which is integrated in the GaBi (professional LCA software), was used for the background inventory data.




2.2. Description of Wastewater Treatment Systems and System Boundaries


The systems selected for this study can be installed in protected, sensitive areas, characterized by different environmental extremes (freezing or excessive temperatures) and subjected to technical challenges (their design, construction, operation, and integration into the local environment), but are also under the pressure of a high-seasonal fluctuation in tourists. Figure 1 describes the concept design of these systems.



S1 was a source separation system designed for the collection, separation, and treatment of BW and the GW on-site at a sanitary touristic facility on the coastline of Slovenia [1,30]. The BW (urine, faeces, and toilet paper) was collected using two vacuum toilets with a low water consumption (0.8 L/flush). The GW, from hand washing, was treated in a CW. The BW collected from the vacuum toilets was separated into two filters to obtain a liquid fraction and a solid fraction of the BW. The liquid fraction from the filters was then treated in a biofilter and recirculated in an evaporation module (an evaporation tank combined with a cascade dryer) powered by solar vacuum collectors, before the final evaporation. The resulting solids (sludge) from the filters were composted in a compost reactor.



S2 was a decentralized sequencing batch reactor (Compact SBR 21000) treating mixed wastewater (the GW from kitchen and showers and BW) from a tourist facility at high altitude in Slovenia. The wastewater was first screened through a grease trap and collected in a settling tank. From there, the wastewater was dosed into the aeration tank. The wastewater was finally treated in a CW before being released into the environment.



S3 was a dry toilet with solar collectors, designed for use in tourist facilities in the mountain region, including high altitudes. This system consisted of a wooden house containing a toilet unit and a compost container where the material (referred to as concentrated BW in this work) was collected and composted. When the container was full, it was moved and entered a secondary composting process. The composting process produced a certain amount of leachate (urine mixed with faeces) that was returned to the secondary composting process. A ventilation system prevented odours from the toilet while accelerating the composting process by heating it. The air was heated using the solar collectors attached to the house, and was directed into the room using a fan attached to the end of the ventilation pipe [5].



The system boundaries of the treatment systems include the construction (module A), use (module B), and end-of-life (module C) stages. Loads and benefits beyond the system boundary (module D) were also taken into account (Figure 1).



In the case of the construction stage (module A), the manufacturing of all relevant materials, building blocks, and devices was considered. The delivery distance of the materials is case specific; therefore, the delivery was excluded from the system boundaries. In the case of S1 and S2, it was assumed that these two sanitary systems were integrated into an existing tourist facility. For this reason, the construction of the building was not included in the LCA analysis. S3 was not part of the existing tourist facility, but a standalone wooden construction with two rooms (e.g., toilets).



The use stage (module B) is associated with the electricity consumption required for the operation of the systems, as well as the discharge of effluent water from S1 and S2 to the surface stream. In the case of S3, electricity was required only for ventilation to avoid bad odours. The use stage (module B) also includes the consumption of soap, water (S1 and S2), or hand sanitizer (S3).



The end-of-life stage (module C) includes landfilling or the incineration of construction waste generated after the demolition of wastewater treatment systems and the incineration of sludge (S2). Most construction waste is landfilled or recycled after the end-of-life stage of the sanitary systems, while wood components (S3) and geotextiles are incinerated.



Loads and benefits beyond the system boundary (module D) refer to the recycling, reuse, and/or energy recovery of the waste construction materials and other building blocks generated after the demolition of wastewater treatment plants, as well as the beneficial use of the compost derived from sludge (in agriculture as a substitute for mineral fertilizer). It is assumed that all the metal parts integrated into the sanitary systems can be recycled, as well as some of the components of pumps and solar collectors. Natural aggregates can be reused, while energy recovery refers to the incineration of wood components (S3) and geotextiles.



Sludges are generated in all systems, but their treatment differs. The sludge produced in S1 and S3 can be used as raw material for compost, which is free of pathogens. This compost can be used in agriculture. The sludge produced in S2, on the other hand, contains pathogens and must therefore be treated accordingly, usually by incineration at incineration plant.



The usage of sanitary systems is associated with toilet paper consumption. However, toilet paper consumption was not included in the LCA because it is the same for all three sanitary systems.



An additional simplification of the LCA study relates to the emissions (e.g., heavy metals) released to the soil from the use of compost as a substitute for mineral fertilizer in agricultural areas. This type of emissions was omitted from the system boundaries due to a lack of relevant data.




2.3. Life Cycle Inventory Details


The types and quantities of the construction materials and building blocks incorporated into each of the three GW and/or BW treatment systems are listed in Table 1, Table 2 and Table 3.



For S1, it was assumed that each person produces 1.3 L of BW (0.3 L of urine, 0.2 L of faeces, and 0.8 L of water for toilet flushing) and 1.2 L of GW (assuming the average water consumption for hand washing). In such a case, 300,000 people would produce 390 m3 of BW and 360 m3 of GW. After treatment in the biofilter, the liquid fraction of the BW is directed to an evaporation tank, where it is sanitized and evaporated. The GW, on the other hand, can either be discharged into the surface stream or reused after treatment with the CW. The parameters of the chemical oxygen demand (BOD = 41 mg/L), biochemical oxygen demand (COD = 89 mg/L), total phosphorus concentration (23 mg/L), ammonium concentration (33 mg/L), nitrogen dioxide concentration (0.3 mg/L), and nitrate concentration (7.3 mg/L) were considered to evaluate the impact of effluent discharge to surface water [30]. The S1 sanitation system, described in detail by Oarga-Mulec et al. [1], required 15.1 kWh of electricity per day. A total of 300,000 users of this sanitary system would produce about 3270 kg of sludge, which can be used as a raw material for compost production. The sludge was mixed with the ground bark of conifers, peat, and wheat bran in the ratio of 70%:5%:6.6%:18.3%. The compost obtained can be used as an additional source of phosphorus for agricultural purposes [1]. According to the Statistical Office of the Republic of Slovenia [31], 285 kg of mineral fertilizers are needed for one hectare of cropland. It was assumed that the same amount of compost is used per hectare of cultivated land. This compost is a substitute for mineral fertilizers.



In S2, each person was assumed to produce 14.1 L of BW (0.3 L of urine, 0.2 L of faeces, and 13.6 L of water for toilet flushing) and 1.2 L of GW (associated with hand washing). Both BW and GW are treated together in S2. Therefore, 4590 m3 of wastewater is treated, assuming 300,000 users of the sanitary system. Half of the wastewater treated in S2 is evaporated in the CW, while the rest (i.e., 2295 m3) is discharged into the surface stream. The same chemical parameters of effluent water were taken into account as considered in S1, with the same pollutant concentrations. However, the discharge of the effluent to surface water is significantly higher in S2 (2295 m3 versus 180 m3). S2, with the integration of a CW, requires about 20.6 kWh of electricity per day. During the service life of the S2, approximately 75,000 kg of sludge is produced, which is incinerated in the incineration plant.



In S3, each person was assumed to produce 0.2 L of faeces and 0.3 L of urine; both are collected in mobile containers. Since S3 does not use water, users of this sanitary system must disinfect their hands, for which an antibacterial agent is used. The consumption of hand sanitizer (based on isopropyl alcohol) is assumed to be 3 mL (i.e., 5 g) per person. The users of S1 and S2 wash their hands with tap water and soap consumption was assumed to be 1.5 g per hand washing, considering the data from Muñoz [32]. The electricity consumption for air ventilation is 0.48 kWh per day (two air ventilators, each consuming 0.24 kWh per day). The amount of sludge produced in S3 over a 30-year period is 38,400 kg, and it undergoes secondary composting to ensure its maturity and safety from pathogens. Thereafter, the toilet compost can be used on agricultural land, as in S1.



Data on material requirements, electricity consumption, and output flows were estimated primarily from previously published literature, annual reports, and additional data from all three systems’ manufacturers and operators. When data needed for the LCA calculations were not directly available, estimates were made based on available statistics and literature searches cited throughout the study.
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Table 1. Life cycle inventory data for the construction of the source separation treatment system for blackwater and greywater (S1). Data gathered from literature [1,33].






Table 1. Life cycle inventory data for the construction of the source separation treatment system for blackwater and greywater (S1). Data gathered from literature [1,33].





	
Blackwater Treatment System




	
Components

	
Unit

	
Amount

	
Material






	
Pumps

	
Pieces

	
6

	
Electronic device




	
Biofilter *

	
kg

	
21

	
Expanded clay




	
Blackwater collecting tanks

	
kg

	
27

	
Sewer pipe glass-fibre reinforced




	
Liquid fraction collecting tank (1 m3)

	
kg

	
45

	
Sewer pipe glass-fibre reinforced




	
Cascade dryer

	
kg

	
15.6

	
Steel




	
Evaporation tank

	
kg

	
58.3

	
Steel




	
Solar vacuum collector

	
m2

	
15.6

	
Sollar collector




	
Valves

	
kg

	
6.72

	
Fitting brass




	
Plastic containers

	
kg

	
20

	
HDPE




	
Sewer pipes

	
kg

	
10

	
PVC




	
Heating pipe

	
kg

	
2.5

	
Copper




	
Insulation

	
kg

	
3.8

	
EPS




	
Plexiglass lid

	
kg

	
0.07

	
PMMA




	
Greywater treatment system (constructed wetland)




	
Pumps

	
Pieces

	
2

	
Electronic device




	
Valves

	
kg

	
1.94

	
Fitting bras




	
Natural aggregate (0/2)

	
kg

	
7.200

	
Limestone, crushed




	
Natural aggregate (16/32)

	
kg

	
36.000

	
Limestone, crushed




	
Aerated pipes

	
m

	
6.8

	
Rain drain pipe




	
Geotextile

	
m2

	
100

	
PET




	
Plastic foil

	
m2

	
40

	
Polyethylene film




	
Plastic containers

	
kg

	
5

	
PE-HD




	
Drainage pipes

	
m

	
18

	
PVC




	
Distribution pipes

	
m

	
35

	
PVC




	
Piesometers

	
m

	
3

	
PVC








* The biofilter must be replaced at the end of each tourist season.
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Table 2. Life cycle inventory data for the construction of the decentralized sequential batch reactor and constructed wetland (S2). Data gathered from literature [33,34].






Table 2. Life cycle inventory data for the construction of the decentralized sequential batch reactor and constructed wetland (S2). Data gathered from literature [33,34].





	
Sequential Batch Reactor




	
Components

	
Unit

	
Amount

	
Material






	
Compressors

	
Pieces

	
8

	
Electronic device




	
Pumps

	
Pieces

	
2

	
Electronic device




	
Valves

	
kg

	
8.73

	
Fitting bras




	
Sequential Batch Reactor

	
kg

	
500

	
HDPE




	
Wastewater settling tanks

	
kg

	
1120

	
HDPE




	
Sewer pipes

	
kg

	
8

	
PVC




	
Constructed wetland




	
Pumps

	
Pieces

	
2

	
Electronic device




	
Valves

	
kg

	
1.94

	
Fitting bras




	
Natural aggregate (0/2)

	
kg

	
7.200

	
Limestone, crushed




	
Natural aggregate (16/32)

	
kg

	
36.000

	
Limestone, crushed




	
Aerated pipes

	
m

	
6.8

	
Rain drain pipe




	
Geotextile

	
m2

	
100

	
PET




	
Plastic foil

	
m2

	
40

	
Polyethylene film




	
Plastic containers

	
kg

	
5

	
PE-HD




	
Drainage pipes

	
m

	
18

	
PVC




	
Distribution pipes

	
m

	
35

	
PVC




	
Piesometers

	
m

	
3

	
PVC
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Table 3. Life cycle inventory data for the construction of the dry toilet (S3).






Table 3. Life cycle inventory data for the construction of the dry toilet (S3).





	Components
	Unit
	Amount
	Material





	Gravel
	kg
	1000
	Limestone, crushed



	Geotextile
	m2
	3
	PET



	Timber
	kg
	800
	Solid construction timber



	Sewer pipes
	kg
	3
	PVC



	Solar vacuum collector
	m2
	0.7
	Sollar collector



	Plastic container
	kg
	15
	HDPE










3. Results and Discussion


3.1. Comparison between Three Systems


The results of the LCA show that the environmental performance of S1 and S2 is relatively similar. S1 yields better results in terms of some impact categories, while S2 performs better with other impact categories. The differences are up to a factor of two, except for eutrophication. For this impact category, the impacts of S2 are an order of magnitude higher than those of S1. S3 results in significantly lower environmental impacts than S1 and S2, with the difference generally being an order of magnitude (Figure 2) (Table 4 and Table 5).



In terms of the abiotic depletion of elements, the differences between the three sanitary systems (Table 4) are related to their construction (e.g., the use of different construction materials and their quantities), while the differences in terms of the abiotic depletion of fossil resources are primarily related to the energy required to operate the systems. The solar collectors integrated into S1 contribute significantly to the abiotic depletion of elements in the life cycle of S1 (i.e., 50%), which is the main reason for the higher impact of this sanitary system compared to S2 (Table 1 and Figure S1 in the Supplementary Materials). The situation is exactly the opposite for the impact on the abiotic depletion of fossil resources. The electricity demand of S2 is about one third (36%) higher than that of S1, and the amount of plastic materials in the system is also higher, which is the main reason why S2 has almost twice the impact on the abiotic depletion of fossil resources than S1 (Table 4).



In the case of S3, the abiotic depletion potential of the elements is also mostly affected (83%) by the integration of the solar collector into the system. However, the surface area of the solar collector in S3 is much smaller (0.7 m2) than in S1 (15.6 m2), so the impact on the abiotic depletion potential of the elements is significantly lower (Table 5). The impact on the abiotic depletion of fossil resources in S3 is mainly influenced by the use of hand sanitizer. Isopropyl alcohol, which is produced from fossil resources, is often used as disinfection agent, as in this case.



In terms of the global warming potential, the ratio between S1 and S2 is about 1 versus 1.8 (Table 4). There are three main reasons for this difference. The first reason is the electricity consumption in the use stage (module B), which is higher in S2 than in S1 (20.1 kWh per day versus 15.6 kWh per day). The second reason is that S2 consists of a larger quantity of plastic components that must be disposed of at the end of the system’s service life (module C). Additionally, the third reason is the incineration of the sludge generated in S2 (also a part of module C). The sludge generated in S2 is not suitable for the production of compost that can be utilized in agricultural areas, as is the case with the sludge generated in S1 or S3. Due to its pathogens, the sludge produced at S2 is considered hazardous waste, and is incinerated at an incineration facility. The incineration of the sludge requires the use of support fuel (natural gas) and electricity, and the incineration is associated with a significant amount of greenhouse gas emissions. Our results show that in the life cycle of S2, the incineration of the sludge accounts for 23% of the emissions affecting global warming, the electricity required for its operation accounts for 65%, while the contribution of the construction waste disposal (part of module C) is only 9%.



In the case of S3, the construction stage (module A) yields a reverse impact on the GWP. This GWP mitigation is related to the carbon sequestration in biomass, since S3 is mainly composed of wood construction materials. However, after the end-of-life of the system, these wood materials are incinerated for heat recovery. For this reason, a significant amount of the emissions (39%) impacting the GWP in the life cycle of S3 are attributed to the end-of-life stage, module C, respectively. Most of the GWP emissions (54%) in the life cycle of S3 are attributed to the production of the hand sanitizer agent, which is required by toilet users to disinfect their hands.



In terms of eutrophication, the impacts of S1 and S2 are mainly related to effluent water (accounted in module C). However, the impact of S2 is higher than the impact of S1 by a factor of 10 (Table 4), which is due to the higher discharge of effluent water to the environment (2295 m3 in S2 versus 180 m3 in S1). In contrast, in the case of S3, the eutrophication potential is low because the system generates no effluent to environment. The eutrophication potential of S3 is mainly related to the production of the construction materials (module A).



The acidification potential of the three systems is mainly affected by the electricity needed to operate the sanitary systems. Consequently, S2 has an 8% higher impact on acidification than S1. The impact of S3 reaches only 9% of the impact of S1 (Table 4), since the electrical energy demand of S3 is also relatively low.



The results show that the production of soap consumed in the use stage for hand washing (S1 and S2) has significant impact on the freshwater aquatic eco-toxicity (see module B in Figure 3 and Tables S1 and S2 in the Supplementary Materials). This impact is almost for a factor of 260 greater than those associated with the use of isopropyl alcohol-based hand sanitizers (S3). A recent LCA study found that the use of isopropanol-based hand sanitizers is more environmentally friendly than hand washing with soap [35]. Another LCA analysis revealed that the potential to reduce the environmental impact of green cleaning products such as handwashing soaps may lie in the product formulas and ingredients [36]. In the case of S2, the sludge treatment process (e.g., incineration) results in a significant burden in terms of the freshwater aquatic eco-toxicity potential, contributing 33% of the total impact. The sludge incineration and the relatively large amount of construction waste disposed of in a landfill after the end-of-life of S2 are the main reasons why S2 yields almost a 50% higher impact on the freshwater aquatic eco-toxicity than S1. S3 has a lower impact on freshwater aquatic eco-toxicity compared to S1 and S2 (Table 4).



In terms of the marine aquatic eco-toxicity, S2 yields a 10% lower impact than that of S1 (Table 4). In the case of S1, the emissions affecting the marine aquatic eco-toxicity are increased mainly because of the solar collectors (module A), whose production is relatively harmful to the environment in terms of the marine aquatic eco-toxicity (contributing 31% of the total impact attributed to S1). In the case of S3, the majority of the emissions causing an impact on the marine aquatic eco-toxicity are related to the production of the solar collectors. However, due to the relatively small area of solar collectors required, the impact of S3 on the marine aquatic eco-toxicity is much smaller than that of S1 and S2 (Table 4).



In terms of human toxicity, S1 has an almost 40% higher impact than S2 (Table 4). Human toxicity impacts of S1 are mostly attributed to the construction materials, which account for 82% of the total parameter value (Figure 3). Solar collectors (in the case of S1 and S3) and copper pipes (in the case of S1) integrated into the sanitary systems are the construction materials responsible for most of the impact; other construction materials make a relatively small contribution (Figures S1 and S3 in the Supplementary Materials). However, in the case of S2, the situation is different. This sanitary system does not include solar collectors or components made of copper. The construction materials contribute only 14% of the human toxicity impacts, while the sludge incineration accounts for 53% of the human toxicity impacts in the life cycle of S2. In the case of S3, the human toxicity impacts are mainly due to the production of hand sanitizers (46%) and the construction materials (40% of the total parameter value) (Table S3 in the Supplementary Materials).




3.2. Benefits and Loads beyond the System Boundary


The benefits and loads beyond the system boundary (module D) are generally reported separately, as these credits/burdens are not accounted in the total environmental footprint of the systems studied (Figure 2).



The treatment of the sludge generated in S1 and S3 is related to the production of compost and its use in agricultural areas. Considering the hypothesis that compost substitutes mineral fertilizers in agriculture, such a beneficial use of sludge leads to environmental benefits in terms of the abiotic depletion of elements and several other impact categories. The sludge treatment in S3 is the same as in S1, however the amount of sludge produced is about 12 times higher because S3 does not provide as efficient a sludge decomposition as S1. Thus, S3 yields a relatively large amount of compost that can be used as a valuable raw material in agriculture. The benefits resulting from the avoided production of mineral fertilizers, due to the utilization of compost on agricultural land, outweigh the other burdens affecting the abiotic depletion of elements, abiotic depletion of fossil resources, and global warming potential in the construction (module A), use (module B), and end-of-life (module C) stages of S3, resulting in reverse impacts (Figure 3 and Figure 4).




3.3. Scenario with Solar (Photovoltaic) Panels for In-Site Production of Electricity


For the LCA study, the average European (EU-28) electricity grid mix was considered. This grid mix consists of electricity generated mainly in thermal power plants (about 38%, half from natural gas and half from coal) and in nuclear power plants (about 25%). In total, 23% of the electricity derives from renewable sources (e.g., hydropower and solar energy) [37]. Due to the relatively high share of electricity from thermal power plants, the production of this electricity is associated with emissions that significantly affect the global warming potential, acidification potential, abiotic depletion of fossil resources, and also toxicity related impacts.



It was hypothesized that the environmental impacts of the sanitary systems under discussion could be reduced by installing solar panels (photovoltaics) to generate electricity on site. In fact, the results of the LCA confirmed that, in such a case, the global warming impact of S1 is reduced by 81%, of S2 by 60%, and of S3 by 16% (Table 6).



The installation of solar panels (photovoltaics) to generate electricity on the site also leads to a significant reduction of the systems on the abiotic depletion of fossil resources, acidification, and marine aquatic ecotoxicity (S1 and S3). In the case of S3, these environmental improvements are less significant; the impacts are reduced by a maximum of 19%, in terms of acidification and marine aquatic ecotoxicity (Table 6). However, photovoltaic does not reduce the impact on abiotic depletion of elements, and in fact increases this impact significantly, especially in the case of S2 (Table 6), which requires more photovoltaic panels than S1 or S3.




3.4. Potential to Reduce the Eutrophication Potential of S1 and S2


GW can be reused for toilet flushing after its treatment with the CW, instead of being discharged into the environment (or surface stream). In such a case, the emissions affecting eutrophication can be significantly reduced (i.e., by 78% in the case of S1 and even by 97% in the case of S2). An additional benefit of wastewater reuse is the reduction of the water consumption at the source (i.e., the conservation of groundwater reserves).




3.5. Comparison with Other Studies and Perspectives


Comparing different LCA studies of wastewater treatment for small communities is challenging; the reason is not only due to differences in size, treatment technology, and treatment efficiency, but also to the coverage of system boundaries and the agreement/compatibility of the functional units between LCA studies (the amount of wastewater treated, person equivalents). Guidelines would be required for LCA practitioners to give them instructions on how to conduct harmonized and transparent LCAs of wastewater treatment technologies. Only in such a way would it be possible to conduct reliable comparisons among different LCA studies related to wastewater treatment.



Even when the functional units of two different LCA studies refer to person equivalents, caution is needed when making comparisons, because the amount of wastewater generated per person per day (e.g., GW) varies considerably. For example, Garfí et al. [38] assessed the environmental impact of an activated sludge wastewater treatment system designed for small communities, considering the construction and operation stages (modules A and B). In this case, 1500 people produced 292.5 m3 of wastewater per day, which means that one person produced 195 L of wastewater per day. The global warming potential associated with the treatment of 195 L of wastewater in the activated sludge system is 0.25 kg CO2 equivalents.



In our study, 78 people must use S1 to generate 195 L of GW and BW. The treatment of such an amount of wastewater, associated with modules A and B, results in 5.85 kg CO2 equivalents, which affects the global warming potential. In S2, 13 people generated 195 L of GW and BW, resulting in 1.8 kg CO2 equivalents associated with the wastewater treatment. However, when calculating the global warming potential for a user of S1 or S2, the footprint is relatively lower in the case of S1 (0.075 kg CO2 equivalents per user) compared to S2 (0.14 kg CO2 equivalents per user). This example shows that calculating the results of the LCA for a given amount of treated wastewater, rather than for users (or person equivalents), can lead to controversial results when dealing with decentralized wastewater systems. The proper definition of the functional unit is therefore of significant importance when benchmarking the environmental sustainability of decentralized wastewater systems.



Another comparison refers to the study by Gao et al. [39], who evaluated the environmental performance of composting toilets. They reported that a composting toilet generates about 133 kg CO2 equivalents per person per year, considering the construction and use stages, while the dry toilet (S3) in our study has an inverse impact on global warming when only the construction (module A) and use (module B) life cycle stages are considered (Figure 3). The reason for this difference is mainly related to the construction materials. In the construction stage, wooden structures have the opposite effect on global warming than structures made of non-renewable resources and components (e.g., bricks, concrete, plastic containers).





4. Conclusions


When benchmarking between S1 and S2, S1 is favoured. The main weakness of S2 is that the sludge produced contains pathogens. For this reason, the sludge must be treated as hazardous waste. Incineration, as the most common treatment method, has significant environmental impacts, especially in terms of human toxicity and global warming. S1 shows better results than S2 in terms of the abiotic depletion of fossil resources, acidification potential, eutrophication potential, global warming potential, and freshwater aquatic eco-toxicity potential. For the impacts related to the depletion of elements, human toxicity, and marine aquatic eco-toxicity, the situation is reversed.



The LCA results indicated that S3 can be considered to be the most environmentally sustainable of the three sanitary systems. The facility for S3 is a relatively simple construction, consisting mainly of wooden boards, while S1 and S2 are relatively sophisticated systems. They require parts/building blocks composed of different materials such as large volume plastic tanks, pumps, pipes (metal and plastic), and valves (metal). In addition, S1 requires a steel evaporation tank and solar collectors to provide the heat energy for the evaporation of the liquid fraction of BW. Unlike the other two systems, S3 does not require water for flushing and does not generate effluent to surface waters, except for a small amount of leachate that is recycled through secondary composting.



The scenario analysis of the three treatment systems indicated that the environmental performance of the systems could be improved if on-site solar panels (photovoltaics) were installed to generate electricity, instead of using electricity from the grid. However, solar panel production has a significant impact on the abiotic depletion of elements, which means that these impacts would increase. Their design and application should be flexible depending on the end user and location, and the market also needs system diversity. S3 is not necessarily the best option; social perception in particular can be a strong limitation. Nevertheless, all of these systems fit into the concept of a circular economy because they have features such as source separation, decentralization, and resource conservation (i.e., electricity, water, and recycled nutrients).
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Figure 1. Systems description and boundaries: BF, biofilter; BW, blackwater; ET, evaporation tank; CW, constructed wetland; GW, greywater; and SBR, sequencing batch reactor. 
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Figure 2. Relative comparison of the sanitary systems. System 1 is set as a reference (e.g., 100%). Module D (loads and benefits beyond system boundaries) is typically not included in the results (column plots). Inclusion of module D is presented in line plots. 
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Figure 3. Contribution of different life cycle stages (e.g., modules) of three systems on impact categories associated with: (a) freshwater aquatic ecotoxicity; (b) marine aquatic ecotoxicity; (c) human toxicity; and (d) global warming. 
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Figure 4. Contribution of different life cycle stages (e.g., modules) of three systems on impact categories associated with: (a) abiotic depletion (elements); (b) abiotic depletion (fossil); (c) acidification potential; and (d) eutrophication potential. 
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Table 4. Relative comparison of S1, S2 and S3 regarding their environmental impacts (sum of modules A, B and C). S1 is set as a reference (1.0).
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	Impact Category
	S1
	S2
	S3





	Abiotic Depletion of elements (ADP-e)
	1.0
	0.54
	0.03



	Abiotic Depletion of fossil (ADP-f)
	1.0
	1.74
	0.34



	Acidification Potential (AP)
	1.0
	1.08
	0.09



	Eutrophication Potential (EP)
	1.0
	10.12
	0.02



	Freshwater Aquatic Ecotoxicity Pot. (FAETP)
	1.0
	1.49
	0.004



	Global Warming Potential (GWP 100 years)
	1.0
	1.83
	0.16



	Human Toxicity Potential (HTP)
	1.0
	0.62
	0.02



	Marine Aquatic Ecotoxicity Pot. (MAETP)
	1.0
	0.90
	0.05
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Table 5. Environmental performance of three sanitary systems as the sum of modules A to C. For comparison, the environmental performance was also calculated considering module D: loads and benefits beyond the system boundary (see columns representing the sum of modules A to D).
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	Impact Category
	Unit
	S1

(A–C)
	S1

(A–D)
	S2

(A–C)
	S2

(A–D)
	S3

(A–C)
	S3

(A–D)





	ADP_e
	kg Sb eq.
	1.93 × 10−1
	1.75 × 10−1
	1.04 × 10−1
	1.00 × 10−1
	5.25 × 10−3
	−4.91 × 10−2



	ADP_f
	MJ
	2.64 × 105
	2.51 × 105
	4.59 × 105
	4.59 × 105
	9.06 × 104
	−6.55 × 103



	AP
	kg SO2 eq.
	6.32 × 101
	6.17 × 101
	6.85 × 101
	6.83 × 101
	5.95
	4.74 × 10−1



	EP
	kg PO4 eq.
	4.69 × 101
	4.71 × 101
	4.75 × 102
	4.75 × 102
	9.24 × 10−1
	3.11



	FAETP
	kg DCB eq.
	5.85 × 103
	5.85 × 103
	8.72 × 103
	8.72 × 103
	2.54 × 101
	7.93 × 101



	GWP
	kg CO2 eq.
	2.25 × 104
	2.05 × 104
	4.11 × 104
	4.11 × 104
	3.71 × 103
	−1.22 × 104



	HTP
	kg DCB eq.
	1.02 × 104
	9.83 × 103
	6.34 × 103
	6.30 × 103
	2.03 × 102
	1.32 × 102



	MAETP
	kg DCB eq.
	4.95 × 106
	4.79 × 106
	4.46 × 106
	4.45 × 106
	2.69 × 105
	1.43 × 105
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Table 6. Change in environmental performance of three wastewater treatment systems in the case of using electricity from photovoltaics (PV, EU-28 average), instead of electricity from the grid (EU-28 average).
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	Impact Category
	S1 Change (%)
	S2 Change (%)
	S3 Change (%)





	Abiotic Depletion of elements
	+33
	+83
	+39



	Abiotic Depletion of fossil
	−75
	−59
	−7



	Acidification Potential
	−55
	−69
	−19



	Eutrophication Potential
	−9
	−1
	−14



	Freshwater Aquatic Ecotoxicity Potential
	−1
	−1
	−5



	Global Warming Potential
	−81
	−60
	−16



	Human Toxicity Potential
	−5
	−10
	−7



	Marine Aquatic Ecotoxicity Potential
	−32
	−49
	−19
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