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Abstract

:

This paper provides a brief review on wastewater treatment system and the application of life cycle assessment (LCA) for assessing its environmental performance. An extensive review regarding the geographical relevance of LCA for WWTPs, and the evaluation of sustainable wastewater treatment by LCA in both developed and developing countries are also discussed. The objective of the review is to identify knowledge gap, for the improvement of the LCA application and methodology to WWTPs. A total of 35 published articles related to wastewater treatment (WWT) and LCA from international scientific journals were studied thoroughly and summarised from 2006 to 2022. This review found that there is lack of studies concerning LCA of WWTPs that consider specific local criteria especially in the developing countries. Thus, it is important to: (1) assess the influence of seasonality (i.e., dry and wet seasons) on the environmental impact of WWT, (2) investigate environmental impacts from WWTPs in developing countries focusing on the site-specific inventory data, and (3) evaluate environmental sustainability of different processes for upgrading the wastewater treatment system. The environmental impact and cost assessment aspects are crucial for the sustainable development of WWTP. Therefore, environmental impacts must be thoroughly assessed to provide recommendation for future policy and for the water industry in determining environmental trade-offs toward sustainable development.
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1. Municipal Wastewater Treatment System


A municipal wastewater treatment system is encompassed of a sewer system and wastewater treatment plant (WWTP) and characterized by Sikosana et al. [1] as the most common sort of wastewater belonging to the low-strength waste stream category. There are two types of sewer system connected to WWTP: (i) separate sewer system with different flow/network for rainwater runoff and domestic/industrial wastewater, and (ii) combined sewer system of the same sewer pipe for both rainwater runoff and domestic/industrial wastewater. A WWTP consists of different processes or operating units (e.g., pre-treatment, primary treatment, secondary treatment, sludge treatment and tertiary treatment) as shown in Figure 1. Pre-treatment and primary treatment are mainly focused on removal of particulate pollutants such as solids, grit, and greases. Secondary treatment treats organic matter, nitrogen, and phosphorus contained in the sewage through biological and chemical processes [2,3,4]. Tertiary treatment is applied to remove remaining small particles and pathogens in some WWTPs.



Finally, sludge treatment treats the excess sludge for stabilisation and volume reduction through sludge thickening and dewatering. The sludge is sent to landfill, used in agriculture, incinerated, or transported to composting plant. Meanwhile, constructing a WWTP is a challenging process that implicates various types of materials such as concrete, timber, steel, and plastics, and involves detail operational design and equipment. The operation of WWTP requires: (i) a large amount of electricity for pumping or aeration, (ii) chemicals for sludge treatment and phosphorus removal, and (iii) transportation of waste, sludge, and chemicals [5]. Consequently, WWTP has substantial environmental impacts during its life cycle (i.e., construction, operation, and demolition) due to the energy consumption, chemical usage, sludge generation, effluent discharge, and gas emissions [6].




2. The State-of-the-Art Methods for Applying LCA in Wastewater Treatment Plants


Over the last 50 years, an increased awareness has developed in global society about protecting the environment particularly water resources. In relation to that, the European Commission Council Directive (1991/271/EEC) concerning urban wastewater treatment stated that the objective of wastewater treatment is to protect the environment from adverse effects of discharging urban and industrial wastewater. A large number of wastewater treatment plants (WWTPs) are designed and operated to prevent pollution to the environment by removing a variety of contaminants from wastewater before discharge, restoring desirable quality to water that has been contaminated by humans or nature [7].



However, to some extent, the pollutants in wastewater could be transferred to air such as greenhouse gases (GHGs) emissions [8,9] and soil such as disposal of sludge due to wastewater treatment, which could lead to negative effects on human health and the environment in other forms. This holistic environmental impact from WWTPs is very challenging to evaluate, and thus, a cradle-to-grave approach is needed to analyse the consequences of these plants to the environment. Some environmental impacts from the operation of WWTPs include climate change from the emission of GHGs, eutrophication from the emission of nutrients to the water body, and ecosystem damage from the emission of heavy metals, with the United Nation’s sustainable development goals addressing climate change, eutrophication, and acidification of water bodies as the most pressing impacts. Therefore, conducting an environmental impact assessment for particular technologies, products or processes is very important to identify their environmental impacts and potential mitigation strategies.



The application of environmental assessment tools provides reliable environmental impact information that assists in decision-making toward sustainable operation of a system or process [10]. At present, the impact of a wastewater treatment system can be assessed through different evaluation tools such as the LCA method, economic and exergy analysis, the environmental impact assessment (EIA) method, and net environmental benefit analysis (NEBA) [8]. LCA is an approach in assessing the environmental impact associated with all stages in the life cycle of commercial products, processes, or services, and according to Nizam et al. [3] should be assessed in order to create environmentally acceptable technology for future development. In LCA, environmental impacts are assessed from raw material extraction of the product or process to the final disposal of the materials, i.e., cradle to grave [3,8].



The use of LCA has started to draw great attention of many researchers and industrial practice in identifying environmental impacts and evaluating the sustainability of wastewater treatment/technology selection [6,11,12]. This is because LCA provides a complete framework of assessment starting from the goal and scope (objective), life cycle inventory, life cycle impact assessment, and interpretation. Meanwhile, an economic analysis could be assessed using cost-benefit analysis (CBA), life cycle costing (LCC), and techno-economic analysis (TEA) [13,14,15]. Usually, this economic evaluation can be combined with LCA to produce a robust evaluation for a system-level analysis towards the sustainable operation of WWTPs.



Compared with LCA analysis for the manufacturing sector, an LCA of wastewater treatment is fairly established with about 20 years of practice. Since 1995, more than 70 international peer-reviewed articles dealing with WWT and LCA have been published with different inventories, boundary conditions, functional units (FU), and impact assessment methods. The various research papers have shown that LCA has evolved in the past two decades to include more improvement and systematic assessment. An extensive review of existing LCA studies was conducted for this research to assess the state-of-the-art knowledge on the environmental impact and benefit of LCA to identify the knowledge gap. Based on the selection of related journals, 60 published articles were found to be related to WWT and LCA from the international scientific journals reviewed, but only 58% of the papers published from 2006 to 2022 (Figure 2) were selected and summarised. The criteria of searched for the published articles was based on the topic of ‘Life Cycle Assessment’ and ‘Wastewater Management and Treatment’ for various countries to analyse various studies conducted on this topic.



A LCA is an approach that considers environmental, economic, and social impacts that a product or service will produce throughout its life cycle. A life cycle sustainability assessment (LCSA) considers the environmental, economic, and social ramifications of a product’s whole life cycle, i.e., from “cradle to grave,” as well as its use and waste disposal [16]. It can be used as a technical tool to identify opportunities to reduce the environmental effects associated with a specific product, system, material or activity through consideration of the burdens during manufacturing and as a finished product [17]. LCA has been applied in various research settings to analyse the environmental impacts of different WWTPs as they have a significant environmental impact on receiving water bodies and cost municipalities or industrial facilities a lot of money [18]. However, the scope of assessment is rather challenging due to the variation in defining the system boundaries and the difficulty in considering wastewater composition and the type of pollutants. Different options of wastewater treatment technology have different performances and impacts on the environment, which may take place during different phases in a WWTP’s life cycle. In the following overview, relevant studies within this field of research are briefly described mainly to provide a benchmark of LCA methodology application in the wastewater treatment.



Based on the detailed review discussed in Section 7, published research on the LCA of wastewater treatment can be classified into two types. One type focuses on using LCA to facilitate technology comparison and selection from the environmental impact point of view. The other type focuses on working on different steps of the LCA method itself (i.e., goal and scope, inventory, impact assessment, and interpretation) to improve the reliability of the LCA results. Some researchers have even developed new models for the calculation of new characterisation factors or new impact categories, such as a new characterisation factor for pollutants or substances to provide more representative and reliable analysis. For instance, one study conducted an environmental evaluation of common technical options for urban wastewater treatment [19], whereas another identified the overall environmental impact of WWTPs (for both water and sludge treatment) using LCA methodology [20]. Some studies have also conducted specific evaluations of GHG emissions from WWTPs [21,22,23], including one environmental–economic evaluation of the sludge treatment process in Korea that used life cycle analysis [6].



In more detail, LCA methodology was also used by Ontiveros and Campanella [24] to evaluate the environmental performance of three different advanced biological nutrient removal processes in Argentina: modified UCT, five stages Bardenpho, and modified Bardenpho from WWTPs. This evaluation can guide the selection of the biological nutrient removal process in the Argentina context from both technological and environmental points of views. In a different aspect, Yoshida et al. [25] conducted a study on the improvement of life cycle inventory and methodology involving the consideration of onsite GHG emissions and long-term emission data in the land application of sewage sludge. In addition, Morera et al. [5] worked on the improvement of LCA methodology in the urban wastewater treatment system and emphasized the improvement of construction detailed inventory including sewer system and inventory improvement with scale assessment. Recent research identified that most studies using LCA for WWTPs aim to evaluate the environmental impact of different technologies including identifying advanced and conventional emission parameters [26,27], analysing control strategies of WWTP performance [12] and identifying the environmental trade-off of different process alternatives. These findings showed that LCA can assess various aspects of identifying environmental impact from wastewater treatment but the methodology from the framework provided by the International Standard Organisation (ISO) could be further improved. The social factor is more complicated and is not included in this review.



A review of 35 published LCA studies of WWTPs (from 2006 to 2022) identified that most of the published studies have been concentrated in the European continent, followed by the Asian continent, mainly contributed by China with little application from other developing countries such as Thailand and Malaysia (Figure 3). In terms of technology coverage, only a few studies have applied LCA to resource recovery, especially in developing countries. The analysis in these 35 papers also revealed that there is variability in the definition of the functional unit (FU) and the system boundaries, the selection of the life cycle inventory and impact assessment methodology, and the procedure results interpretation. As supported by Hauschild et al. [28], the LCA standard of ISO 14040 is still general and unspecific in its requirement. Besides that, there is a scarcity of secondary data which is commonly obtained from published data of LCA studies, and the data may be incomplete [29,30]. Therefore, there is a need to investigate the standardized guidelines for the wastewater treatment operation by evaluating the key steps in the LCA methodology to improve the quality of LCA–WWTP.




3. Key Steps for LCA Assessment


LCA is a standardised methodology to evaluate the environmental impacts associated with a product or process during its complete life cycle as described in two ISO norms, ISO 14040 and 14044 [31]. The concept of LCA first emerged in the late 1960s. In the 1970s, LCA only focused on energy and raw materials, but later the analysis system expanded to emissions, water, air, and soil. Starting in the 1990s, LCA was applied in wastewater treatment after being identified as suitable for related environmental assessments. In 1994, the ISO began developing standards for the LCA method as part of its 14,000 series on environmental management; however, the method was not yet designed in detail for all fields of assessment [32]. Nevertheless, since then more studies on LCA have been undertaken and published in various disciplines, including a variety of boundary conditions, databases, impact assessment methods, and interpretations.



Several software programs have been developed including free and commercial software to assist in the analysis of LCA. At present, various types of commercial LCA software are available such as SimaPro, Gabi, Umberto and, openLCA [33,34]. SimaPro was developed by Pre-Sustainability Consultants in the Netherlands and has been used for more than 20 years in various studies and projects. It is a user-friendly tool that helps to model and analyse complex products or systems such as water and wastewater treatment. It can also calculate environmental impacts and detect environmental hotspots in a systematic way [5]. In addition, OpenLCA, developed in Germany, is another free software for LCA user [24]. All of these programs are professional life cycle modelling tools and available with various embedded databases such as Ecoinvent, European Life Cycle Database (ELCD), and U.S. Life Cycle Inventory (USLCI). However, one of the challenges of LCA is that it requires detailed inventory information for each system assessed [35].



A detailed review on LCA methodology steps was conducted to understand more about the application of LCA. The structured methodology in LCA as stated in ISO starts with defining the goal and scope followed by life cycle inventory (LCI), and life cycle impact assessment (LCIA), and ends with a results interpretation as shown in Figure 4. This methodology highlights the general steps or flow of LCA with general characteristics that have been identified within each step.



3.1. Goal and Scope


In detail, the goal and scope of LCA consist of the objectives, system boundary, and functional unit. The objectives consist of the environmental analysis, the technology comparison, and their effect on the environment or the analysis of life cycle inventory and methodology to various impact categories. The system boundary determines which unit process shall be included in LCA analysis [31] such as construction stage, operation, sludge treatment and disposal, and demolition phase. As shown in Figure 5, all of the studies covered operation since it contributes to the highest to the total environmental impact [12,33,36] with merely 7% of the studies analysing the phases of construction up to its disposal/demolition. Lorenzo-Toja et al. [37] reported that the environmental impact from the construction phase is almost negligible for many impact categories compared with the operational phase.



Similarly, Pasqualino et al. [20] stated that the environmental impact from the construction and demolition phases also could be considered negligible. In the operational phase, approximately 80% of the studies included sludge treatment and disposal in the system boundary due to the importance of this stage to the overall impact [32]. Finally, the functional unit is usually defined as the treatment of a volume of wastewater in 1 m3; however, some studies have used population equivalents (PE/year). In addition, several other options are available for the functional unit in LCA–WWTP such as the quantity of sludge produced and the quantity of removed pollutants [38]. However, no strong justification appears to exist between its selection and technologies used in a specific system of WWT. To analyse this issue, Rodriguez-Garcia et al. [39] studied the effect of a functional unit based on wastewater volume (m3) to identify the different effluent quality of six typologies of WWTPs. They found that global warming and economic cost decrease following better eutrophication.



By contrast, studies with similar FU found that a trade-off exists between lower eutrophication, higher environmental, and economic impact when involving more demanding/upgrading treatment such as water reuse. These conflicting results show that discrepancies still exist when using single FU to identify the effect of different treatment technologies. Therefore, Rodriguez-Garcia et al. [39] have suggested that a second FU should be introduced in specific studies such as those on eutrophication reduction (kg PO43−) to overcome this limitation and strengthen the system under study. This suggestion was supported by Corominas et al. [32] who determined that a FU of a system could influence the final result, especially when comparing WWTPs with different influent qualities or different removal rates.




3.2. Life Cycle Inventory


After the goal and scope are determined, the second step in a LCA is data collection and inventory build-up, a crucial stage when performing an LCA study. In general, life cycle inventory (LCI) aims to identify the inputs (resources), the outputs (effluent and waste), and the respective amounts of emissions over the entire life cycle of the specific process. Generally, it is given in physical units such as kilogram (kg), cubic metre (m3), and kilowatt–hour (kWh). Wastewater treatment data inventory includes the foreground as the primary data (operation), which is usually compiled from the operational record, detailed design document, sampling works, and vendor-supplied information. By contrast, background data (secondary input) such as energy production and chemical production are normally provided by the LCI database (e.g., the Ecoinvent and the ELCD). Ecoinvent, which was developed by the Ecoinvent Centre in Switzerland, is one of the major data inventory providers used in various sectors. In the LCI phase, identified inventories are collected for all processes of the boundary and calculated to the same functional unit.




3.3. Life Cycle Impact Assessment


Prior to the calculation of the environmental impacts, the assessment methodology must be selected to give direction to the category of impact required, such as the midpoint level or the endpoint level. Several different methodologies are available to identify related impact categories in the LCA such as Eco-Indicator99 [33], Recipe [36], EDIP 2003, USEtox, IMPACT2002+, and CML2001 [40]. CML2001 is found to be the highest number in the methodology used by researchers due to its extensive impact categories, high relevance to wastewater treatment at the midpoint level, and accurate results as shown from a previous study [20]. For the life cycle impact assessment (LCIA) phase in every method, the inventory data (LCI) emitted to air, water, and soil compartments are multiplied with their characterisation factor (CF) to convert to environmental impacts in various categories, as shown in Equation (1) [41].


LCIA = LCI × CF

E.g. Freshwater Ecotoxicity Potential (FEP) =

(LCIair × CFair) + (LCIwater × CFwater) + (LCIsoil × CFsoil) (unit: kg1,4-dBeq.)



(1)







Characterisation factors (CFs) of inventory data or pollutants are provided to practitioners either in the literature or by the software used [42]. CF models are built based on the mechanism of the cause–effect chain starting from the emission of pollutants until the receiving compartments. CF values are the total results of environmental fate, exposure, and the resulting effect on the exposed section such as human [43]. CFs were calculated by multiplying fate factor (FF) to exposure factor (XF) and effect factor (EF). Fate factor (FF) denotes the residence time of the substances/pollutants in the receiving compartments. Exposure factor (XF) relates to the actual concentration of substances taken by the receiving compartment, e.g., human. Effect factor (EF) is correlated to the route of exposure, e.g., ingestion and inhalation effect to human toxicity. Exposure factor and fate factor are combined to form the intake factor (IF) of a substance [44].



Nevertheless, various discrepancies still exist between methods provided in LCA. To address this issue, Pizzol et al. [45] compared nine different methodologies focusing on the impact of metals on human health. The results showed a poor agreement between the methods. For example, the contribution of metal to total human health changed greatly between the methods. This poor agreement is due to the different types of metal considered and the different techniques used to calculate the characterisation factor. This indicates that there is no unified LCIA method, especially for the human health impact category. Table 1 lists the origin or provider of each methodology provided in LCA.



Midpoint environmental impact categories are provided in each method. For example, in CML-IA, the midpoint categories involving wastewater treatment normally include abiotic depletion (fossil fuel), eutrophication, global warming, acidification, ozone depletion, and human toxicity potentials. However, water, land, and energy use have been increasingly gaining attention in this research area as new impact categories, depending on the objective of the study. In contrast to midpoint categories, the endpoint damage category is always considered in the LCA assessment as an endpoint area of protection. The categories include damages to human health, ecosystems, and resource availability.




3.4. Interpretation


The final stage of LCA methodology is interpretation. This final stage can identify and evaluate information from the result of the life cycle impact assessment because it can determine the level of confidence in the final results. It starts with an understanding of the accuracy of the result and how it meets the goal of the study. According to Corominas et al. [32] and based on the ISO 14040:2006, the interpretation part in the LCA includes: (a) identification of important issues based on the results of the LCI and LCIA; (b) evaluation of the study considering completeness, sensitivity, and consistency checks; and (c) conclusions, limitations, and recommendations.





4. Geographical Relevance of LCA for WWTPs


Before the 2000s, the majority of the traditional LCA approach was based on site-independence where no consideration was given to geographical and temporal factors. The reviewed study showed that some published papers used secondary data (e.g., from literature) or simulated data to conduct LCA analysis due to the lack of the available primary data, leading to much less reliable results. However, the results still could provide some guidance to a certain degree. For the inventory practice, approximately 55% of studies for LCA–WWTP were based on site operation while others still depended on the estimations, existing simulation data, previous reports, and literature due to the limited availability of reliable databases. The other reason was that performing onsite measurements that obviously can reduce the data uncertainty is often not feasible as the process is expensive and time-consuming.



The analysis of the geographical distribution in LCA found that only a few studies were conducted in developing countries such as India, Egypt, Thailand, and Malaysia. As a consequence, the distributions of studies with regard to the assessed wastewater management systems by LCA on environmental concerns are specific to a few regions only. The drawback of this analysis system is that another country in a different region with a different temperature or economic value cannot meaningfully refer to the existing available data and impact results. This situation shows that the fairly distributed databases around the world are still lacking in LCA analysis studies for WWTPs, especially in developing countries. This idea was supported by Renou et al. [46] who reported that location-specific factors are critical especially for eutrophication and terrestrial ecotoxicity impact category due to the transportation effect by pollutants. Therefore, the selection of inventory data is critical to LCA analysis especially when local factors such as dry and wet season are accounted in the analysis to provide reliable results.



To overcome this limitation, there was a trend after 2000 towards making LCA more site-dependent, considering more site-specific characterization factors such as eutrophication, toxicity impact, and acidification potentials. This is because the point of emission may have a strong impact on these regional and local impact categories. For global warming and ozone layer depletion, characterization factors are justifiable because the emission location has no influence on the transportation effect [47]. Therefore, it is important to identify specific characterisation factors that impact the different countries that have different geographical, climatic, and economic factors, which are significantly lacking in developing countries. This brings into question how the importance of regionalisation criteria and the database influence the LCA results.



Therefore, there is still some possibility that the LCA method for wastewater treatment impact assessments can be improved, especially outside of Europe with consideration for the variability of treatment technology. For example, Yoshida et al. [25] studied the effects of three different inventory databases to the LCA results that are from the European Pollution Release and Transfer Registry (EPRTR), the Denmark national discharge limit data and data collection scheme conducted at the WWTP in Copenhagen, Denmark. They found that the LCA results depended heavily on the onsite data input. For instance, the EPRTR did not capture impact for particulate matter and terrestrial eutrophication. They found that primary data (i.e., site data collection scheme) from WWTPs gave the most reliable LCA results but still needed some improvements, such as the expansion of substance coverage and additional detail collection of energy and chemical usage. On the other hand, for the temporal effect, even though Lorenzo-Toja et al. [37] and Alfonsín et al. [27] identified no clear difference in environmental performance between WWTPs from the Atlantic and Mediterranean regions of Spain, the effectiveness of using the existing secondary databases in a different region, especially in a different climate of a developing country, is uncertain. Therefore, it is well proved that site-specific inventory data is the key to obtaining reliable LCA results.



The review in this chapter shows that research focused on specific local conditions and inventory effects to the LCA results have been rarely assessed in LCA–WWTP related studies. Most of the studies also did not stress the importance of geographically different impacts in terms of data inventory and local factors (e.g., temperature and rainfall). In fact, some of the research outside of Europe uses European datasets for its region without adjusting for uncertain information such as the local impact factors of electricity. One of these factors is the availability of a generic database, which decreases the need for the importance of local primary data. Furthermore, most of the characterisation and normalisation factors are also based on European conditions, where these factors are currently used globally only due to their availability.



However, very few studies have been conducted using LCA in developing countries. The lack of primary data and underrepresentation of the life cycle thinking concepts in developing countries are possibly the main causes for the restricted number of studies published. In the wastewater sector, besides energy and chemical production data, the most important aspects are the effects of temperature, rainfall intensity, local pollutants, and design criteria (e.g., combined or separate sewer systems), all of which could be included and analysed. Moreover, the impact of treatment technology is greatly dependent on the local situation/factors such as geographic location, wastewater characteristic, energy type and source, choices of sludge and waste disposal options, and size of markets for products derived from WWT system such as fertiliser.



The review in this chapter suggests that it is important to have inputs based on a localised primary and secondary database with regard to local characteristic representing specific region such as tropical developing regions or Europe. In other words, the new localised database can keep the commercial data inventory as a benchmark. For example, Europe has a temperate climate (i.e., warm in summer and cold in winter) while tropical zones having warm weather year-round. Indeed, regionalisation is recognised as an important step towards improving the accuracy, precision, and confidence in LCA results.




5. Benefits of LCA for Environmental Impact Evaluation of WWTPs


The current LCA is well described in terms of the framework and can be applied to a wide range of products including waste and water cycles. Therefore, in this situation, LCA could be a tool to identify environmental factors and assess impacts from the wastewater treatment operation [12,24]. Furthermore, Foley et al. [48] pointed out that while their research had provided new inventory data needed about WWTPs, without life cycle impact assessment modelling they could only identify a limited comparison for the impacts by the newly provided data.



Besides identifying the environmental impacts from WWTPs, LCA can assess the trade-off of the new integration of existing technologies in terms of cost and environmental impact [49]. For example, Meneses et al. [12] concluded that the technologies adopted for more stringent effluent standards from WWTPs (i.e., 10–15 mgN/L and 1–2 mgP/L by EU Urban Waste Water Directive) could improve effluent quality but, at the same time, may require additional energy consumption, use chemical reagents, and produce more sludge. Hauck et al. [50] found the trade-off between different environmental impacts by conducting an LCA. They reported a 16% reduction in marine eutrophication, but the climate change impacts increased with 9% from the traditional operation of the Dokhaven Wastewater Treatment Plant in the Netherlands. This increase was due to the increasing use of electricity and shows that the trade-off between effluent quality and other environmental impacts should not be neglected when applying advanced technology. In nutrient recovery, a similar phenomenon was observed. For example, struvite precipitation for phosphorus recovery improved the effluent quality from WWT while recovering nutrient resources. However, the chemical addition for pH control accounted for up to 97% of total struvite cost [51]. Thus, by applying an established methodology, LCA can identify the trade-off of different technologies adopted in WWTPs.



Besides its benefits, LCA still has a series of shortcomings and limitations, especially related to the data quality and methodology choice. Therefore, research is needed to provide recommendations to future LCA practitioners on the suitable data requirement and impact assessment methodology for WWT. To evaluate these limitations, rigorous assessments should be considered especially from various aspects of the LCA to wastewater treatment to identify the most significant environmental issues, including the economic effects.




6. Evaluation of Sustainable Wastewater Treatment by LCA


The world is moving towards sustainable development and a circular economy. In 2015, the United Nations set 17 sustainability-developing goals. This global strategic platform included developing countries, even though developed countries generally have more resources for sustainable development. One of these 17 goals focuses on water and sanitation. The goal includes supporting developing countries in water and sanitation programmes including water efficiency, wastewater treatment, and recycling and reuse technologies. Some developing countries such as China have planned to build concept WWTPs to reconceptualise water, carbon, and energy systems from the systems level, which can help build a ‘circular economy’ that closes resource loops to achieve sustainable development. Thus, further studies on the sustainable application in WWTPs combined with LCA, especially in developing countries, are crucial for continuous guidance towards reaching a circular economy in the wastewater industry. Hence, it was observed that the top journals publishing on LCA studies were from the Journal of Cleaner Production, Water Research, and Science of the Total Environment throughout 2006–2022 (Figure 6) in line with their respective goals surrounding efficient water management and usage.



6.1. Sustainable Application in Wastewater Treatment


A WWTP consists of various processes that are typically in series (e.g., pre-treatment, primary treatment, secondary treatment, and sludge treatment) [51]. Each unit has a specific function designed to remove pollutants in wastewater. Pre-treatment largely removes large solids, grit, and oil, whereas primary treatment is designed to remove suspended solids. Secondary treatment is usually based on a biological process that treats organic matter, nitrogen, and phosphorus. Finally, sludge treatment treats the excess sludge by a thickening and dewatering process, and the dewatered sludge is sent to landfills, agriculture land, or incineration plants. An operating WWTP normally uses a large amount of electricity (e.g., for pumping and aeration), as well as chemicals that enhance nutrients removal and improve sludge dewatering process. The operation of a conventional WWTP is not sustainable and generates various environmental impacts such as eutrophication, acidification, and global warming potentials. This chapter reviews and discusses in detail the environmental issues derived from a WWTP and its potential sustainable treatment by using the LCA application.



6.1.1. GHG Emissions


Wastewater treatment operation generates a significant amount of GHGs including carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O) [52,53]. CO2 is mainly produced from the process of fossil fuels to energy as indirect emissions, which involves with 14–36% of total emissions from a WWTP. Methane is formed in the sewer system and under anaerobic conditions, whereas N2O contributes to 23–43% of emissions during the biological nitrogen removal process [21,23]. Reducing these direct and indirect emissions from WWTPs could assist in tackling global warming wherein energy reduction and recovery through AD, nitritation–anammox, and A–B process (A stage for carbon capture to improve energy recovery by digestion, and B stage for biological treatment to improve effluent quality) in WWTPs could further reduce GHG emissions. For example, the combination of the anaerobic digestion with combined heat and power, and energy-optimising activated sludge could save over 102,000 tonnes CO2/year, which equals 50% of energy optimization [54].



However, to quantify the correct emission, an established environmental tool is required because a complex calculation must be completed, including the range of electricity and chemical consumption, as well as site-specific factors. Currently, the quantification of direct GHG emissions is implemented by observing CH4 and N2O emission, which present global warming potentials (GWP) of 21 kg CO2 eq. and 310 kg CO2 eq. per kg of compound emitted, respectively [55]. The GHGs are produced within the WWTP in various locations and treatments. The main sources of CH4 emission are in anaerobic conditions such as sludge thickeners and sludge storage tanks [22]. Nonetheless, another important source of CH4 is the sewer system [56]. Thus, CH4 is not only emitted from the anaerobic tanks but also in aerated areas via stripping. Meanwhile, N2O is mainly reported to be released from anoxic zones of activated sludge configurations where nitrification and denitrification reactions lead to the production of N2O [57]. Additionally, some studies have also pointed out that N2O emissions occur in de-gritter units, sedimentation tanks, secondary clarifiers, and sludge treatment tanks [58]. Overall, a suitable methodology needs to be identified to calculate GHG emissions from WWTP and find suitable technologies to reduce these emissions.




6.1.2. More Stringent Discharge Standards


The discharging of nitrogenous components of wastewater effluent to a water body can cause the deterioration of water quality and eutrophication to aquatic life [59]. Therefore, the higher limit of effluent discharge from WWT has been introduced especially in urban areas and developed countries such as the USA, Europe, and Japan. For example, the EU Urban Waste Water Directive has set requirements at 10–15 mg N/L and 1–2 mg P/L, which require the improvement and upgrading of wastewater treatment technology such as applying enhanced biological phosphorus removal (EBPR), anaerobic ammonium oxidation (anammox), and aerobic granular sludge (AGS).



Meanwhile, in most developing countries, the discharge requirement is lower because most of the technology is still at a lower efficiency for treatments than that used in developed countries. For example, most of the WWTPs in developing countries only consider nutrient and organic matter removal, whereas most treatment plants in Europe have already applied resource recovery technology such as anaerobic digestion and water reuse technology. Therefore, the scale of environmental impact varies depending on the local factor, as well as regulation and technology adopted mainly for eutrophication impact, which is regularly monitored. The monitoring of effluent data is normally compulsory for all WWTPs to identify the level of nutrients discharged into the water body where it could affect the quality of river or ocean. Thus, the assessment of site-specific discharge standards from a WWTP is crucial, especially in urban areas. These assessments can potentially be used by decision-makers to assess effluent quality regulation and consider upgrading requirements in the future.




6.1.3. Sludge Treatment and Disposal


For the sewage sludge generated from WWT, approximately 10 million and 8 million tonnes of dry sludge were generated in the European Union and United States, respectively, in 2010 [60]. This problem affects the environment where energy is consumed for the treatment and disposal process, polluting underground water and soil by heavy metals and GHG emissions; an estimated 32–39% of CH4 is emitted from the sludge [53]. Apart from a 90% reduction of sludge volume after incineration [61], integrating technologies of anaerobic digestion and struvite recovery could help to reduce the amount of sludge from WWTPs. For instance, Amersfoort WWTP in the Netherlands, which has commissioned three advanced technologies including struvite recovery by Ostara, could reduce 17% sludge volume while recovering 45% of phosphate and producing 60% more biogas to energy.




6.1.4. Nutrient Removal and Material Recovery


Nutrient removal from WWTPs consists of treatments to remove nitrogen and phosphorus before being discharged to water body and requires different processes. In nitrogen removal, nitrogen is oxidised from ammonia to nitrate through nitrification process, which takes place in aeration tanks/secondary treatment tanks. This process is followed by denitrification where nitrate is converted to nitrogen gas, which is released into the atmosphere and consequently removed from the wastewater. The denitrification process needs anoxic conditions to encourage proper biological reaction. Various technologies are increasingly available for nitrogen removal from wastewater that leads to a cleaner discharge to a water body and sustainable application. For instance, nitrification–denitrification is increasingly applied worldwide due to its technical maturity.



Other nitrogen removal technologies such as aerobic granular sludge (AGS) and anammox are increasingly applied because they have the potential to reduce energy and chemical consumption. Apart from this, the A-stage from the A–B process removes about 55–65% of the organic load, and approximately 80% of nitrogen elimination is achieved in the B-stage [62]. Phosphorus removal can be achieved by chemical phosphorus precipitation such as using iron chloride. Phosphorus can also be biologically removed using polyphosphate-accumulating organisms (PAOs) in EBPR. PAO could accumulate great quantities of phosphorus within their cells, and separate the phosphorus from the treated water. Other phosphorus removal technologies include ion exchange chemical removal and the emerging aerobic granular sludge (AGS) process.



The regular application of nutrient reuse from WWTPs is applying sludge to agricultural lands such as composting due to the nitrogen and phosphorus content in the sludge, both of which can be nutrient sources for plants. However, not all the sludge can be directly applied to agricultural lands due to the pollutant contents such as heavy metals, which can harm the environment. This is the reason why more nutrient recovery research and application is increasingly conducted worldwide for better, more sustainable consumption. Recently, the focus has been on chemical phosphorus product due to its scarcity. For instance, various technologies have been developed to recover phosphorus from WWTPs such as Ostara from Canada and Gifhorn, Airprex, and Unitika from Japan where the struvite can be sold as fertiliser. For example, struvite crystallisation by Airprex was used to retrieve phosphorus following the anaerobic digestion process and EBPR. Struvite was produced by air stripping the reactor, while adding chemical product such as magnesium.



In addition, P recovery process could improve the effluent quality and minimize sludge production while meeting the stringent P discharge limit (<2 mg/L). In terms of efficiency, the recovery of phosphorus from the side stream can achieve up to 50% of P recovery potential, whereas 90% can be recovered from sewage sludge ashes by incineration. However, the combination of EBPR systems for P removal with P recovery technology has received wide interest because EBPR could increase the potential for P recovery by more than 90% [63]. Meanwhile, floatation is another process that recovers heavy metals from wastewater, including copper, zinc, chromium, nickel, lead, and iron, through mechanisms of either precipitate, ion flotation, or sorptive flotation [64].




6.1.5. Energy Recovery to Achieve Energy Neutral or Positive Wastewater Treatment


Basically, energy can be recovered from WWTPs by the process of anaerobic digestion of sludge. However, according to Stillwell et al. [65], this type of technology can only recover approximately 30–40% of the total energy requirements in WWTPs. Therefore, single technology such as the AD of sludge is not enough to achieve energy-neutral or -positive WWTPs, requiring appropriate optimization and technology improvements. For example, technologies such as anammox or the A–B process have to be integrated into the traditional operation of a WWTP to achieve energy-neutral status. As a reference, the Strass WWTP in Austria, which was designed and operated with two-stage activated sludge plant (A–B process) integrated with side-stream anammox and sludge digestion has significantly achieved an 8% energy surplus [66].



This is possible due to achieving an average energy consumption of 0.3–0.5 kWh/m3 while the source of carbonaceous materials in wastewater reached a recovery of 1.7 kWh/m3 energy. Therefore, by combining the emerging technologies such as side stream anammox with the adsorption-biological (A–B) stage process followed by anaerobic digestion (AD), energy self-sufficient wastewater treatment could be achieved. An environmental assessment tool such as LCA can be used to evaluate this technology integration and identify the environmental benefits from the energy recovery. However, an intensive assessment methodology should be identified for a convincing result due to the complex technology integration, which requires every detailed aspect of the design and assessment.




6.1.6. Integrated Technology to Upgrade Wastewater Treatment Plant


Conventional WWTPs remove organic matter for the protection of the aquatic environment. However, with an increasing population, municipal WWTPs are faced with the challenge of ensuring sustainable treatment, which includes nutrient removal and resource recovery. Sustainable wastewater treatment greatly relies on treatment technologies. Several new technologies have been developed to treat wastewater more efficiently with low energy and chemical consumption, great potential for resource recovery, higher effluent quality, reduced sludge production, and reduced GHG emission. However, the vast majority of these novel technologies are still in the early stages of research without foreseeable commercialisation. For the pressing task of achieving or moving towards sustainability, plants must rely on existing and mature technologies. In fact, it has been widely accepted that applying the existing technologies and integrating them effectively can achieve more sustainable wastewater treatment instead of waiting for the maturity of novel technologies [60].



Furthermore, it has been found that some technologies can reduce energy consumption and GHG emissions, whereas others achieve resource recovery. Besides the environmental impact, the integration of various technologies also deals with technical and economic impact assessments to identify those technologies that are technically applicable and economical [67]. However, research on the holistic analysis of integrated technologies in the wastewater treatment area is still a fairly new approach. The lack of a comprehensive analysis about the comparison of the environmental impacts and benefits from integration treatment technology to existing plants hinders the practical application of the proposed technologies [68]. In addition, most of this type of research so far has not considered local factors, which may cause great discrepancies.



Thus, there is a possibility to introduce a new configuration of WWT involving nutrient removal and resource recovery (e.g., water, energy, and nutrients) from suitable existing technologies that may retrofit current technology treatment for the future. WWTPs could generate electricity and heat from the methane produced by sewage sludge in anaerobic digestion, in addition to the energy efficiency, nitrogen and phosphorus removal that has been adopted in many WWTPs mainly to reduce eutrophication impact in the water body. The elimination of phosphorus by chemical precipitation could achieve low phosphate concentration in the effluent, making this technology widely used [69].



A few technologies have been developed towards more sustainable treatment, and among the technologies that have been practised on full-scale systems are EBPR and struvite recovery. EBPR is able to decrease the number of chemicals used for the phosphorus removal [69], and P recovery technology produces a high grade of P minerals in the form of magnesium ammonium phosphate (e.g., struvite—NH4MgPO4.6H2O) for use as fertiliser [70]. EBPR can be a less expensive process to construct and operate; it also generates less sludge and does not use a chemical substance [71]. Solids generated in EBPR can significantly offset the demand for synthetic fertilisers through integration with P struvite recovery technology (Foley et al., 2010). However, this nutrient removal and resource recovery treatment has some limitations, such as increases in energy consumption, chemical consumption, and cost [72], so holistic assessments are needed for the sustainable upgrading of wastewater treatment. Sena and Hicks [73] highlighted that environmental impacts associated with P recovery that involve infrastructure construction, energy, and chemicals required could outweigh the benefits. Furthermore, hotspot analysis to upgrade WWTPs for nutrient removal and resource recovery is important for the identification and selection of efficient technology.





6.2. Application of LCA to Select Sustainable WWTPs


This review clearly shows that different technologies have been developed, integrated, and applied to achieve energy and phosphorus recovery, improve effluent quality, and reduce GHG emissions. In addition, the successful demonstration of STRASS is an aspiring example to show that utilising a combination of existing technologies can lead to energy-neutral wastewater treatment and gain environmental benefits. As seen, the achievements of this plant are a promising demonstration of the sustainable wastewater treatment system. However, the question on how to apply this to a wider context still needs systematic level assessment in environmental and economic aspects, with consideration for local factors. As more technologies are being developed or applied to upgrade existing wastewater treatments for resource (e.g., water, energy, and nutrients) recovery and more stringent discharge standards are being implemented, environmental impact analysis from different aspects is imperative to achieve ‘real’ sustainable wastewater treatment. This situation shows that the selection of a mature and efficient environmental and economic assessment tool is important to achieve convincing results towards more efficient wastewater treatment with low impact to the environment.



In essence, sustainable wastewater treatment should, over a long-term perspective, be able to treat wastewater while protecting human health and environment with minimal use of scarce resources. In addition, it should also produce beneficial recovery products and be socially, technically, and financially viable. This is because wastewater, which was previously considered as a disposal liability, can now become valuable resources. Water reuse, nutrient removal and recovery, and energy self-sufficiency are among the core parts of wastewater treatment operations working towards sustainability. Apart from this, other environmental factors such as eutrophication, GHG emissions, and pollution from residual sludge have to be considered at the same time to evaluate the sustainability of wastewater treatment. This is because the current global concern is to identify the trade-off between environmental issues such as eutrophication, global warming, toxicity, and electricity used, with more stringent effluent limits and the increased utilisation of some resource recovery technologies such as struvite precipitation of phosphorus.



Due to the significant effect of upgrading technology to the environment and economic, a few studies have evaluated the effect of upgrading plants compared with the existing treatment. Nevertheless, research regarding upgrading wastewater treatment using LCA are various and inconsistent in terms of technology integration and assessment methodology, and most studies have not included an economic assessment. Studies have been conducted to identify the environmental effects of upgraded processes in WWTPs [4,74], but the complexity of these studies vary with different system boundaries and selected technologies and impact categories. The impact of phosphorus recovery from WWT is rarely considered where, for example, comprehensive and quantitative LCA studies involving the impact of phosphorus struvite recovery from WWT technology are still limited [36]. In fact, only a few studies of LCA focused on energy recovery and, for these, important methodological issues in LCA still need to be addressed. Therefore, due to the lack of methodology consistency and transparency in the current practice for LCA–WWT, it is important to emphasize the need for a robust, transparent, and standard method for sustainable technology assessment.



A holistic assessment is especially important for the mature technology that is increasingly applied worldwide, including in developing countries. In a study by [75], LCA was applied to evaluate the impact from WWTPs with upgrading technology of phosphorus removal. They concluded that biological P removal as a best practice should only be added with a chemical process if necessary, based on the life cycle environmental analysis of two P removal scenarios (e.g., biological versus chemical P removal). The results by Hao et al. [4] who studied LCA of resource recovery technology (e.g., water reuse, electricity, thermal, and P recovery) of WWTP in China found that thermal energy recovery from sludge incineration significantly contributed to 40% of total resource recovery score, followed by 30% electricity recovery, and achieved net-zero impact from total environmental value. Meanwhile, P recovery only achieved 6% from the total resource recovery process. This review indicates the need to combine both nutrient removal and resource recovery using local data to further identify their impact and benefit to the environment while improving LCA methodology itself.




6.3. Life Cycle Economic Assessment of Wastewater Treatment


Economic assessment is one of the most important criteria in identifying the feasibility and efficiency of integrated technology in WWTPs [49,76]. Evaluation of the capital, operations and maintenance costs, and product revenue are important criteria for technology integration. Standard LCA practices encompass only environmental impacts, which excludes economic and social impacts. However, some researchers have increasingly conducted economic analysis for WWTPs, such as a life cycle costing assessment for the selection of wastewater treatment [77], an economic valuation of environmental benefits from the wastewater treatment process [76], and an economic assessment for greywater recycling using whole life cost (WLC) [78] developed a novel method integrating environmental and economic criteria for selecting the best process for WWTPs.



On the other hand, Lin et al. [79] suggested exploring a weighting system to monetize the environmental issues and convert all the economic and environmental criteria into a single sustainability score. Lorenzo-Toja et al. [26] proposed a system value assessment using LCA and LCC for WWTPs based on ecoefficiency concepts. A modelling approach is needed to have a holistic environmental and economic performance of a diverse process [79,80]. Less than 10% of the reviewed studies included an economic efficiency analysis. Furthermore, none of the previous studies assessed the consequence of product value from the wastewater industry involving energy recovery and nutrient recovery to agriculture in specific countries that integrated with the nutrient removal process. This issue carries some questions about how LCA and LCC can support the creation of a circular economy concept in WWT and ensure a positive environmental impact. Additional questions include where should the substituted materials and products be accounted for and who can claim the benefit.



To answer the questions above, a complete economic evaluation for the integration of the technologies proposed should be included and thoroughly evaluated towards a circular economy and sustainable development. This is because some technologies have not been applied in the wastewater treatment industry, and the recovered products such as struvite have yet to be fully accepted by agricultural organisations especially in developing countries. Therefore, an in-depth evaluation needs to be conducted on the economic aspects of the proposed integrated technology identify its compatibility mainly for energy and nutrient recovery. For example, the market value of recovered product such as P fertiliser could influence the economic situation where the price can be different across the world, depending on the demand, regulations, and social acceptance. In addition, economic evaluations of the capital, operation and maintenance, and product revenue are other important criteria for the integration technology besides environmental factors.



In summary of the environmental and economic assessments, an increasing number of wastewater evaluation methods only focus on a limitation aspect of sustainability, while the roles and contributions of the whole system are difficult to understand and thus could exacerbate problems when planning for achieving sustainability. Therefore, although some work on environmental and economic assessments has been done as mentioned previously, a lack of systematic analysis exists for the sustainable development of integrated WWTPs with resource removal and recovery. Furthermore, even though LCA application in wastewater treatment has grown significantly in the last few years, LCA was not originally designed for wastewater treatment analysis, and thus, some issues exist that could be improved including refining the data inventory, impact methodology, and economic indicators for more reliable LCA. This is because to achieve true sustainability, an assessment from an integrated perspective is needed wherein the environmental impacts of WWTPs do not exceed its benefits [36]. Further research should consider wider impact categories through system analysis that considers temporal, spatial, and local specific criteria of WWTPs. This is because it is important to acknowledge the barriers that may vary based on geographical and cultural contexts [81], so a study should focus on a tropical region, such as Malaysia.





7. Review for the Sustainable Strategies in Malaysia


Local factors such as government guidance, policy, wastewater characteristics, pollution of water bodies, climate, main fuel, and local practices for wastewater treatment could affect the selection of technologies towards sustainable development and environmental impact of the integrated wastewater treatment. Therefore, a detailed review of Malaysia information and related characteristic is further discussed in this section.



Malaysia is located in Southeast Asia with a current population of 32.8 million people, producing the total volume of wastewater of 7.53 million m3/day. As a developing country, the wastewater collection and treatment coverage is very low. Until 2013, only 50% of the wastewaters treated by mechanized plants while others still use untreated individual septic tanks and oxidation ponds [82]. For the mechanical WWT, activated sludge (AS), aerated lagoons, rotating biological contactors (RBC), extended aeration (EA) and trickling filters are the current treatment technologies used. Malaysia’s current strategy is to reduce individual untreated wastewater by planning towards a proper centralised treatment system. With more WWTP facilities to be built, it is in a good position to directly adopt well-developed technologies for sustainable wastewater treatment. This is because more than 90% of current wastewater treatment technologies in Malaysia only involve conventional treatment (i.e., without energy recovery). This type of treatment cannot achieve sustainable operation for the rapid growth of municipal WWTPs.



Moreover, many resources are required such as energy and money for transportation, treatment, and final disposal of sludge. As mentioned before, due to the chemical energy contained in wastewater, it is seen as valuable fuel to supplement power generation in Malaysia. However, it has not yet been determined how policy and environmental regulation from the government of developing country can best serve in improving sustainability. Upon the UN Climate Conference in Paris 2015, Malaysia has striven to reduce 45% of its carbon emission intensity by 2030. Previously, it has introduced a feed-in tariff (FiT) in 2004 and subsequently established the Sustainable Energy Development Authority (SEDA) Act in 2011 to fulfil the national aspiration towards achieving energy self-sufficiency and mitigating climate change. As of 2014, only 3.3% of consumed energy is renewable and produced in Malaysia, while 96.7% of its consumed energy is generated from fossil fuels [83].



Based on this situation, Malaysia has adopted a target of 11% installed renewable energy capacity by 2020. Since the water sector consumes 3–5% of total energy consumption of the country, it is an important factor in leading Malaysia to sustainable development, in which we could include renewable energy and nutrient recovery in WWTP. Moreover, with possibly strong municipal wastewater due to the implementation of separate sewer collection system, and a hot climate throughout the year with temperatures ranging from 22 °C to 32 °C, this situation is more favourable to adopt anaerobic digestion, anammox treatment, and the A–B process. This is because more energy could be recovered from stronger municipal wastewater, less or no energy is required by anaerobic digestion and anammox, and treatment efficiency is higher due to higher bacteria activity at a higher temperature.



On the other hand, the previous survey in 2005 by National Hydraulic Research Institute of Malaysia (NAHRIM) identified that 62% of lakes and reservoirs in Malaysia were in serious eutrophic condition. In 2013, out of 473 rivers monitored by Department of Environment Malaysia (DOEM), 72% were polluted and 6% were classified as heavily polluted [84,85]. As such, the Department of Irrigation and Drainage of Malaysia is working towards cleaner water bodies, having introduced the River of Life Project in 2012 which requires cleaner effluent, especially from WWTPs, even though there is no concrete decision yet on the improvement of the wastewater effluent standard. Current effluent discharge limit to the river is 20–50 mgN/L, 20–50 mg BOD5/L, and 120–200 mg COD/L, but the phosphorus limit is only required when discharging into stagnant water bodies with 5–10 mg P/L.



Meanwhile, due to rapid expansion in crop production in Malaysia (e.g., rubber, oil-palm, cocoa etc.), the importation of phosphate fertilisers is significantly increasing from China and Australia, amounting to GBP 28.8 million in 2005 and GBP 58.8 million in 2011. Based on this situation, P recovery to fertiliser from WWTP is a favoured option which should be considered. Finally, most of the sludge from WWTP in Malaysia is disposed of in landfills, which could impose potential risk and pollution of the underground water and soil. Therefore, these situations would require more research and planning towards sustainable technology which could reduce the volume of sludge and other environmental impacts. However, the existing technologies from developed countries should be carefully evaluated by considering the difference in culture, land, climate, and economy. Currently, there are a lack of policies and regulations in Malaysia regarding resource recovery from water and wastewater sector. Therefore, based on the future results of this research, the suggestions of new regulation and policy can further be explored on a country-wide basis. For instance, economic incentives to enhance technologies and markets for nutrient recovery from WWTP can be proposed and brought about through regulation.



Although Malaysia is not as ambitious as China, how to develop sustainable wastewater treatment in Malaysia for the global strategic platform of sustainable development is still pressing. The research on sustainable wastewater treatment from the system level is still very new, and little work has been done in the Malaysian context with the consideration of local factors, specifically on the overall environmental impact of wastewater treatment. Therefore, a detailed review of Malaysian information and the related local wastewater situation is further discussed in this section.



In Malaysia, the Environmental Quality Act 1974 (Act 127) is the primary federal legislative for water quality. As for sewage, the latest regulations are set in the Environmental Quality (Sewage) regulations 2009, which are applicable to any premises discharging sewage into Malaysian waters except for housing development with less than 150PE. Therefore, those treatment system developed after 2009 have a stricter standard in terms of concentration limit and numbers of parameters regulated [85]. For example, a phosphorus limit was introduced for the first time in 2009 with 5 mg/L for standard A and 10 mg/L for standard B. The other standard parameters included BOD, COD, suspended solid, pH, oil and grease, and NH3-N. Indah Water Konsortium Sdn Bhd (IWK) is currently the biggest wastewater treatment operator in Malaysia, managing more than 70% of wastewater treatment management. The list of all effluent discharge limits is shown in Table 2.



For sewage sludge production from WWTPs, Malaysia generates approximately 5 million m3 per year. However, the amount has been predicted by Indah Water Konsortium to reach 7 million m3 per year by 2022. Sewage sludge/biosolids is the sludge waste that has been produced after wastewater is treated in a wastewater treatment facility. This sludge is usually in a dilute suspension form, which typically contains 0.25 to 12% of solid matter. Pathogens, heavy metals, and toxic pollutants are present in the untreated wastewater. Sewage sludge also contains high amounts of heavy metals such as lead, cadmium, nickel, chromium, and copper due to its industrial origin [86,87]. This is why most countries strictly regulate the usage of sewage sludge in agriculture or as a soil amendment because of its potential of being harmful to humans, animals, and the environment [87,88,89]. Sewage sludge is also comprised of organic matter (e.g., COD) and nutrients (e.g., nitrogen and phosphorus) that make it suitable to be used as an organic fertiliser [88,89]. However, sewage application to land for a long period may result to the accumulation of heavy metals in soil. The increased amounts of heavy metals are dangerous because they are usually non-degradable.



The environmental impacts from WWTP such as greenhouse gas emission, toxicity [88,89], and acidification potentials is not properly measured since they are not regulated by the environment agency. To date, these environmental impacts have been ignored in the regulatory framework. Hence, a detailed life cycle inventory and assessment for identifying a correct environmental burden from WWTP is required. For the life cycle development in Malaysia, by the initial review, existing databases providing for local life cycle inventory involving wastewater management are limited. The Malaysian Life Cycle Inventory Database (MY-LCID) was established in 2005 by the Malaysian government under SIRIM Berhad (Scientific and Industrial Research Institute of Malaysia) but it is still at the very beginning stage and seeking to enhance its contents to wider aspects. This research could provide holistic operational databases acquired from variety sources including operational parameters, site sampling database, government websites, technical reports, and local journal articles. The database is up-to-date and reflects the current environmental performance of wastewater treatment. Table 3 shows the overview of existing study of LCA in wastewater management from 2006 to 2022.



The role of environmental impact and cost assessment is important for the sustainable development of WWTP. The technologies that will be adopted towards sustainable WWT could not only be assessed based on the single factor. Thorough environmental impacts must be evaluated to provide guidance for future policy, and for the water industry to find trade-offs for environmental factors and move towards to sustainable development. To enhance the dependability and reproducibility of results, a more consistent implementation of LCA should be proposed, such as allowing deployment on new or current membrane systems [89,90].




8. Summary and Knowledge Gaps


Based on the overall review, LCA has been used as an effective and efficient methodology for the environmental impact of WWTPs. However, LCA applied for WWTPs is still relatively new compared with other manufacturing processes, especially in the developing countries. The question on how WWTPs can implement LCA to achieve reliable results of their environmental impact still needs further research. Additional questions on how to implement LCA in developing countries such as Malaysia to provide guidance to policy makers and WWTPs on operations and upgrading remain and prove to be challenging. This paper identified three main knowledge gaps of LCA for WWTPs and three challenges in the LCA methodology to address for WWTPs in developing countries such as Malaysia: (1) There is a need to critically assess the influence of seasonality (i.e., dry and wet season) on the environmental impact by LCA; (2) there is a need to investigate environmental impacts from WWTPs in developing countries focusing on the site-specific databases; and (3) there is a need to evaluate environmental sustainability of different processes for upgrading wastewater treatment systems.



Therefore, it is important to upgrade existing WWTPs with regards to nutrient removal and resource recovery for more efficient treatment, but identifying the impacts or trade-offs is also important for future reference, an aspect which is rarely discussed. Secondly, there is a lack of comparisons of environmental and economic impacts for the integrated nutrient (i.e., nitrogen and phosphorus) removal and resource recovery. For example, energy and P recovery could further reduce the other environmental impact within the same treatment scheme, but the economic cost is uncertain due to additional chemical and electricity consumption. The real trade-off between these upgrading systems needs to be identified for future implementation strategies towards more efficient and sustainable WWTPs. This is because, to achieve true sustainability, an assessment from an integrated perspective is needed where the environmental impacts of WWTP should not exceed its benefits [36].



Thus, the comprehensive design for upgrading and a method for evaluating both environmental and economic burdens are needed to provide useful information for policy makers and practitioners on the rectification or upgrading of WWTPs. Thirdly, the lack of environmental impact weighting for different phases of operation leads to difficulties in identifying environmental burden hotspots. Most studies remain limited to single-unit operations such as sludge treatment without conducting a comprehensive impact from the whole treatment. Thus, it is crucial to investigate the hotspot impact from upgrading treatment to identify which process has the most burden. Finally, few studies have been conducted in developing countries especially when involving the integration of nutrient removal and resource recovery. Thus, a comprehensive assessment for evaluating both environmental and economic burdens from site-specific data is needed to provide useful information for upgrading wastewater treatments plants in terms of technical, environmental, and economic impacts.
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Table 3. Overview of existing study of LCA in wastewater management from 2006 to 2022.
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	No
	Author
	Journal
	Country/Area
	Goal
	Functional Unit (FU)
	Processes Considered
	Sludge

Disposal
	Data Source/Inventory
	LCIA Method and Tool
	Impact

Category
	Scale





	1.
	[91]
	Egyptian Journal of Chemistry
	Iraq
	Analysis and evaluation of environmental impacts

in AL Najaf wastewater treatment plants
	1 cubic meter of wastewater

for the studied station
	Treatment units related to

sewage treatment processes, sludge treatment, and

other processes such as construction and material

transportation
	-
	Foreground data: WWTP

Background data: Ecoinvent
	Tool: SimaPro 7

Method: IMPACT2002 +
	GWP, Respiratory Organics, non-renewal energy
	-



	2.
	[92]
	Journal of Cleaner Production
	Sweden
	Evaluating the sustainable value of municipal WWTPs
	Volume of wastewater

treated (m3) by the WWTP in one year.
	Construction and operation
	-
	Foreground data: WWTP

Background data: Ecoinvent ver 3.2
	SimaPro (PhD v 9.0)
	GWP, EP, AP, ADP, HTP,
	50,000 m3 of influent wastewater per day.



	3.
	[93]
	Environmental Science and Pollution Research
	China
	Analysing environmental

performance with respect to life cycle GHG emissions and eutrophication impact
	1 m3 of treated wastewater
	Construction, operation, sludge treatment
	-
	Foreground data: WWTP

Background data: Gabi
	Tool: Gabi
	GHG, EP
	30,000 m3/day



	4.
	[94]
	International Journal of Environmental Science and Technology
	Brazil
	Evaluating environmental impacts of WWTP based on an upflow anaerobic sludge blanket followed by a high-rate aerobic pond
	1 m3 of pre-treated wastewater
	Operation
	Agriculture
	Foreground data: WWTP

Background data: Ecoinvent
	Tool: OpenLCA 1.9

Method: ReCiPe v.1.13 2008
	GWP, GTP, CED, TEP
	Capacity to attend

10,000 people



	5.
	[95]
	Cleaner Production
	Iran
	Evaluating the sustainability of two actual wastewater treatment plants

using the eco-efficiency index based on energy and life cycle analysis
	Total of produced dry sludge or effluent from Al-Teymour and

Khin Arab WWTPs with 453,000 and 472,000 Population Equivalent (PE) during one year

starting from April 2017
	Operation
	Agriculture
	Foreground data: WWTP


	Method: ReCiPe
	GWP, HH
	453,000 and 472,000 Population Equivalent (PE)



	6.
	[4]
	Water Research
	China
	To evaluate environmental impacts of a WWTP and compare with resource recovery option
	PE

/year
	Construction, operation, demolition
	-
	Foreground data: WWTP

Background data: Chinese life cycle database
	Tool: -

Method: CML2001
	GWP, EP, AP, ADP, HTP,
	200,000 m3/day



	7.
	[96]
	Journal of Environmental Management
	China
	To provide assessment of environmental impacts involving 126 PPCPs in advanced wastewater treatment by LCA
	1 m3/day
	Construction and operation
	-
	Foreground data: WWTP

Background data: Gabi
	Tool: Gabi 6.0

Method: Usetox and Traci
	AP, EP, HTP, GWP, OLDP, FEP
	-



	8.
	[97]
	Science of the Total Environment
	Egypt
	To study environmental performance of different scenarios in developing country
	1 m3/day
	Construction and operation
	-
	Foreground data: WWTP

Background data: Ecoinvent
	Tool: -

Method: CML2000
	AP, GWP, EP, POP, OLDP, DARP, TEP, FEP
	40,000 m3/day



	9.
	[98]
	Journal of Cleaner Production
	Denmark and Sweden
	To investigate the contribution of direct CH4 and N2O to annual carbon footprint of seven WWTPs
	1 mg of input, 1 kg carbon, N and P removed
	Operation
	On-site incineration and application to agricultural land
	Foreground data: WWTP

Background data: Ecoinvent, EASETECH, ELCD
	Tool: EASETECH v2.3.6

Method: IPCC 2006
	GWP
	-



	10.
	[70]
	Science of the Total Environment
	France
	To assess impact of recovered phosphorus from WWTP
	1 kg of struvite recovered
	Construction and operation
	Use for fertiliser
	Foreground data: WWTP

Background data: Ecoinvent v2.2
	Tool: Gabi v6

Method: CML-IA
	ADFFP, AP, EP, FEP, MEP, TEP, HTP, OLDP, POP
	300,000 PE



	11.
	[67]
	Resources, conservation and recycling
	Austria
	To analyse impact of P recovery form WWTP
	PE/year
	Operation
	-
	Foreground data: Literature

Background data: Ecoinvent v2.2
	-
	GWP, AP
	-



	12.
	[99]
	Journal of Cleaner Production
	China
	To investigate how, and to what

extent, the LCA results could be influenced by the adoption of various LCA methodologies, via a case study of a representative WWTP in China
	10,000 m3 of waste-water
	Operation, sludge treatment
	-
	Foreground data: WWTP Background data: Ecoinvent V2.1, Chinese life cycle database (CLCD)
	Tool: -

Method: CML and e-balance (China)
	EP, FWEP, HTP, OLDP, GWP, ADP, ACP
	-



	13.
	[100]
	Journal of Cleaner Production
	Mexico and Canada
	To compare the environmental performance of two WWTP technologies across all environmental impact categories in Latin America and the Caribbean
	1 m3/day
	Construction and operation
	-
	Foreground data: WWTP Background data: Ecoinvent, national database and literature
	Tool: -

Method: Impact 2002 and Recipe
	MEP, GWP, FWEP,

PM
	-



	14.
	[26]
	Science of the Total Environment
	Spain
	To set new benchmark regarding environmental performance of WWTPs (different climatic regions—Atlantic and Mediterranean) for summer/winter
	1 m3/day
	Construction, operation, sludge treatment
	-
	Foreground data: WWTP Background data: Ecoinvent 2.2 and Spanish electricity production
	Tool: Simapro Method: CML 2001, USES-LCA (heavy metals and PPCPs)
	EP, GWP, OLDP, HTP, MEP, FWEP
	25,000 PE (Atlantic), 70,000 PE (Mediterranean)



	15.
	[101]
	Water Research
	Denmark
	Evaluation to capture necessary infrastructure additions, operational changes, and reuse option for EBPR2 and side stream microalgae cultivation in photobioreactor
	1 m3/day
	Construction, operation, sludge treatment
	Incinerator and microalgal fertiliser
	Foreground data: Operating reports of an existing process, databases, and model result.

Background data: Ecoinvent (Swiss and European market)
	Tool: EASETECH Method: ILCD 2011, Usetox (human toxicity)
	GWP, ACP, TEP, MEP, POF, Etox, Htc, Htnc, PM, RD
	-



	16.
	[102]
	Journal of Cleaner Production
	Spain
	To identify and quantify the main environmental contributors derived from the treatment of urban wastewater and water reclamation opportunities in Tarragona, Spain
	1 m3/day
	Operation, sludge treatment
	Agriculture
	Foreground data: WWTP Background data: Ecoinvent 3.1 and literature
	Tool: Monte Carlo simulation

Method: CML 2001
	TA, CC, FE, ME, POF, MD, FD, OD, TT, WD, CED
	132,000 PE



	17.
	[12]
	Journal of Cleaner Production
	Spain
	To investigate the main environmental contributors derived from the treatment of urban wastewater and water reclamation opportunities in Tarragona, Spain
	1 m3/year
	Operation, sludge treatment
	Agriculture
	Foreground data: Benchmark simulation model 2 Background data: Ecoinvent-sludge transportation and Spanish Energy for electricity production, literature
	CML2000
	AP, GWP, EP, PHO, DAR, ODP, TAETP
	-



	18.
	[103]
	Journal of Cleaner Production
	Korea
	Evaluating several wastewater treatment plant (WWTP) processes, including an integrated sludge management system and waste sludge disposal methods in a large city based on life cycle analysis (LCA) and economic efficiency analysis (EEA)
	1 m3/day
	Operation, sludge treatment
	-
	Foreground data: Operation of WWTP

Background data: LCI database of Korean ministry of environment
	Tool: Gabi

Method: CML 2001
	AP, EP, GWP, HTP
	CAS-340,000 m3/d A2O-680,000 m3/d MLE-80,000 m3/d



	19.
	[104]
	Water Research
	France
	To propose a holistic, life cycle assessment (LCA) of urban wastewater systems (UWS) based on a comprehensive inventory including detailed construction and operation of sewer systems and wastewater treatment plants (WWTPs)
	1 day of operation
	Construction, operation, sludge treatment
	-
	Foreground data: operation of WWTP

Background data: Ecoinvent
	Tool: Simapro

Method: Recipe v1.07
	TA, CC, FE, ME, POF, MD, FD, OD, TT, WD, CED
	5200 PE



	20.
	[25]
	Water Research
	Denmark
	To investigate how the basis of inventory data affects the outcome of a WWTP LCA by using specific WWTP located in Denmark based on the TRENS system
	1 m3/day
	Operation, sludge treatment
	-
	Foreground data: operation of WWTP

Background data: European Pollutant Release EPRTR) and Transfer Registry, Danish emission monitoring, state of the art LCA, Ecoinvent v2.2
	Tool: EASETECH Method: ILCD 2011
	GWP, AP, EP, PHO, ETP, PM
	265,000 PE



	21.
	[105]
	Journal of Cleaner Production
	Denmark
	To compare four types of wastewater treatment plants
	1 m3/day
	Operation, sludge treatment
	Incinerator, Agriculture
	Foreground data: WWTP Background data: Ecoinvent 2.2, ELCD, and Danish Environmental Protection Agency
	Tool: Monte-Carlo Method: ILCD 2011, IPCC, Recipe, UseTox, CML2002
	AD, AC, EU, GWP, ODP, HT, TE, MET, FET, PO
	Between 20,000 PE to 100,000 PE



	22.
	[106]
	Science of the Total Environment
	Spain
	To compare three side-stream technologies treating anaerobic digestion supernatant at two different levels, as independent levels processes and as part of a modelled WWTP
	1 m3/day
	Operation, sludge treatment
	Landfill
	Foreground data: WWTP Background data: Ecoinvent 2.2, Swiss centre for life cycle inventory 2012
	Tool: Biowin

Method: CML2002
	AD, AC, EU, GWP, ODP, HT, TE, MET, FET, PO
	-



	23.
	[40]
	Water and Environment Journal
	India
	To compare 4 WWT technologies
	PE/year
	Operation, sludge treatment
	Land application, etc.
	Foreground data: WWTP Background data: Ecoinvent 2.2 and literature
	Tool:- Method:CML2 baseline 2000
	AP, GWP, EP, FWAT, HT, MAET, ADP, TE
	ASP:200k PE, UASB-FAL:300k PE, CW:30k PE, SBR:100 k PE



	24.
	[22]
	Water Research
	Netherlands
	To determine the contribution of methane to the greenhouse gas footprint of a wastewater treatment plant and to suggest measures to curb methane emissions
	-
	Operation, sludge treatment
	-
	Foreground data: One-year measurement campaign
	-
	GHG
	360,000 PE



	25.
	[21]
	Journal of Water Sustainability
	India
	To evaluate and quantify the greenhouse gas emissions, mainly methane and nitrous oxide, from the wastewater treatment system
	-
	Operation, sludge treatment
	-
	Foreground data: WWTP
	Tool: - Method: IPCC 2006
	GHG emissions
	33 MLD



	26.
	[23]
	Biotechnology and Bioengineering
	Spain
	To demonstrate the importance of using process-based dynamic models to better evaluate GHG emissions
	-
	Operation, sludge treatment
	-
	-
	Tool: Benchmark Simulation Model Platform No. 2 (BSM2)
	GHG emissions
	-



	27.
	[55]
	Journal of Water Sustainability
	Korea
	Development of a comprehensive impact assessment of gaseous emission from urban wastewater infrastructure and treatment facilities
	-
	Operation, sludge treatment
	-
	Foreground data: WWTP
	Method: Technical Guidelines (DCCEE, 2010)
	GHG emissions
	-



	28.
	[48]
	Water Research
	Australia
	To analyse 10 different wastewater treatment scenarios, covering six process configurations and treatment standards ranging from raw sewage to advanced nutrient removal
	-
	Construction, operation, sludge treatment
	Agriculture
	Foreground data: WWTP

Background data: Ecoinvent 2.2 and literature
	Tool: Biowin simulator
	GHG
	-



	29.
	[107]
	Bioresource Technology
	China
	Illuminate the environmental benefit of a WWT and reuse project using LCA model
	1 m3/day
	Construction, operation, and demolition
	-
	Foreground data: WWTP

Background data: Chinese database for construction material
	Tool: - Method: Eco-indicator 99
	Energy use
	-



	30.
	[33]
	Cleaner Production
	Egypt
	Develop scenarios to improve the total environmental performance and the sustainability of Alexandria’s urban water system
	1 m3
	Operation
	-
	Foreground data: WTP and WWTP

Background data: Literature
	Tool: Simapro Method: Eco-indicator
	Various
	Various scale of water and wastewater treatment



	31.
	[20]
	Environmental Science and Technology
	Spain
	Identify the environmental impact of a WWTP in order to determine the environmental loads associated with the plant’s operation and compare the total environmental impact of the various stages in both water and sludge treatment lines
	1 m3/day
	Operation, sludge treatment and disposal
	Incinerator, Agriculture, landfill, compost plant
	Foreground data: WWTP

Background data: Ecoinvent 2.2, Spanish energy mix, and the European model for transport and water
	Tool: SiSOSTAQUA Method: CML2002
	AP, GWP, EP, PHO, DAR, ODP, ETP
	144,000 PE



	32.
	[46]
	Cleaner Production
	France
	Evaluate the environmental performance of a full scale WWTP
	1 m3 of ww

/year
	Operation, sludge treatment
	Agriculture
	Foreground data: Operation

Background data: Estimation (air emission) for chemical and electricity
	Tool: Simapro Method: CML2000, Eco-indicator 99, EDIP96, EPS, Eco-points97
	GWP, ARD, AP, EP, TP
	140,000 PE



	33.
	[19]
	The International Journal of Life Cycle Assessment
	Spain
	Environmental evaluation of the most common technical options for urban wastewater
	PE
	Operation, sludge treatment
	-
	Foreground data: Operation

Background data: Ecoinvent
	Tool: Simapro Method: CML2000,
	EU, OP, GWP, ACP, AC, PO, AD, TOXILOGICAL (HT, FET, MET, TET)
	72,000 to 125,000 PE



	34.
	[108]
	Environmental Science and Technology
	Germany
	To provide a modular gate-to-gate inventory model for industrial wastewater purification in the chemical and related sectors
	1 m3
	Operation
	-
	Foreground data: Operation

Background data: Ecoinvent
	-
	
	>500,000 m3



	35.
	[109]
	Proceedings of LCE
	Belgium
	To assess the environmental impact of WWTP using LCA methodology
	1 m3
	Construction, operation, sludge treatment
	-
	Foreground data: Operation
	Tool:- Method: eco-indicator 99, CML and Impact 2002+
	HT, FWT, MET, TE, EU, AC, GW, FF
	170,000 PE
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Figure 1. Flow diagram of the WWTP process. 
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Figure 2. Number of LCA studies from 2006–2022. 
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Figure 3. LCA studies based on their continents. 
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Figure 4. LCA methodology steps for environmental impact assessment from WWTPs. 
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Figure 5. Phases of processes considered for the LCA. 
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Figure 6. Published LCA studies on WWTP from various journals. 
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Table 1. List of environmental impact assessment methods.
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	Method
	Developer





	CML 1992/CML-IA
	Centre for Environmental Studies, University of Leiden



	Eco-indicator 95/99
	Pre Consultant B.V



	Eco-points 97
	Swiss ministry of the environment



	EDIP 2003
	Institute for product development (IPU) at the Technical University of Denmark



	IMPACT 2002+
	Swiss Federal Institute of Technology Lausanne (EPFL), Switzerland
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Table 2. Environmental Quality (Sewage) Regulation 2009 for new sewage treatment system (Malaysia).
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	Parameter
	Unit
	Standard A
	Standard

B





	Temperature
	°C
	40
	40



	pH value
	-
	6.0–9.0
	5.5–9.0



	Biochemical oxygen demand (BOD5) at 20 °C
	mg/L
	20
	50



	Chemical oxygen demand (COD)
	mg/L
	120
	200



	Total suspended solids (TSS)
	mg/L
	50
	100



	Oil and grease (OandG)
	mg/L
	5
	10



	Ammoniacal nitrogen, AMN (river)
	mg/L
	10
	20



	Ammoniacal nitrogen, AMN (stagnant water body)
	mg/L
	5
	5



	Nitrate-nitrogen (river)
	mg/L
	20
	50



	Nitrate-nitrogen (enclosed water body)
	mg/L
	10
	10



	Phosphorus (stagnant water body)
	mg/L
	5
	10
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