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Freshwater supply systems are considered as an important component within urban water systems. Although the development of freshwater supply systems may have significant impact on the environment, there have been only a few studies examining its environmental effects. This paper assesses the environmental impact of four pipeline materials in freshwater supply system using life cycle assessment following ISO 14040–14044 standards. The SimaPro 9.6.0.1 software was used for life cycle analysis. The results indicated that steel has a greater environmental impact in most impact categories during the pipe manufacturing phase than other pipeline materials. During the installation phase, two types of trenches were considered for plastic pipelines and steel pipelines installation and found that the plastic pipe trench experiences its greatest impact during installation phase. To showcase the practicality of the suggested approach, a segment of the Seri Iskandar freshwater supply system was chosen as a case study. The findings revealed that by substituting a portion of the pipes with environmentally sustainable materials, the environmental impact during manufacturing and materials phase of pipelines used for construction of FWSS can be reduced by 14% in fossil resource scarcity, 19% in ozone layer depletion, 20% in ionization radiation, 22% in climate change, and 25% in marine ecotoxicity potential.
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1 INTRODUCTION
UNESCO has clearly declared that water is among the most fundamental necessities of human beings (UNESCO, 2021). In contrast, the present worldwide water crisis is attributable to a variety of elements, such as growing populations (Fida et al., 2023), excessive use (Ismanto et al., 2023), and the effects of climate change (Greve et al., 2018). The global population is expected to reach 8.5 billion by 2030 (Bahar et al., 2020), causing significant shortages of water in regions where it is already prevalent (Brown et al., 2019). Consequently, the demand for fresh water increases significantly (Albert et al., 2021; Boretti and Rosa, 2019; Chen et al., 2018). The current increase in demand requires the improvement and expansion of freshwater networks. Apart from meeting the increasing demand, it is crucial to prioritize the maintenance of current fresh water supply networks, recognizing the economic and environmental implications that must be considered throughout the entire lifecycle of fresh water supply units (FWSU), from production to installation and upkeep (Bheel et al., 2024a). It is essential to strike a balance between these factors to guarantee sustainable access to fresh water amid new global challenges (Abdullah et al., 2024; Chohan et al., 2024).
It is imperative to incorporate environmental value into the macro-level planning of infrastructure initiatives. Neglecting the significance of the environment has resulted in an increase in hazardous gas emissions and numerous categories of environmental pollution (Baleta et al., 2019; Bheel et al., 2024b; Satterthwaite, 2021). As a result, engineers have directed their focus towards examining the ecological consequences of infrastructure, including urban water supply system (UWSS) (Chohan et al., 2023). A freshwater supply network (FWSN), a water treatment process (FWTP), a wastewater discharge network (WWDN), and a wastewater treatment process (WWTP) are the constituent elements of a UWSN, as illustrated in Figure 1. FWSN is an essential component of UWSS and is fundamental to the delivery of public service (Krueger et al., 2019).
[image: Figure 1]FIGURE 1 | Components of UWSS.
In recent years, the majority of FWSS studies have primarily examined the mechanical, qualitative, and financial aspects of schemes. However, the rise of pollution in the environment has prompted a reconsideration of their environmental consequences (Jin, 2019; Xiong et al., 2020). Through life cycle assessment (LCA), the environmental impact of FWSN is investigated in this study. LCA, as defined by the International Organization for Standardization (ISO) (Lewandowska et al., 2011), is a technique that evaluates the environmental impact (EI) of a service, activity, or product throughout its lifespan (Chohan et al., 2023; MIR et al., 2017; Tunio et al., 2017). Since more than 2 decades ago, LCA has been utilized to assess the EI of water systems, establishing its importance (Alsadi, 2019; Hajibabaei et al., 2017; Lemos et al., 2013). Specific components of a UWSS have been the subject of some LCA-based research. Certain scientists have examined wastewater treatment plants (WWTPs) and methods for treating sediment from wastewater (Loubet et al., 2014; Loubet et al., 2016; Tidåker et al., 2006). Whereas some scientist conducted the LCA based study of FWSN and WWDN (Piratla et al., 2012; Vahidi et al., 2015; Vahidi et al., 2016). Several studies also examine UWSs in the whole (Duan et al., 2020). Other researchers regarded water users (both industrial and residential) as components of the system in addition to the UWSS, because both categories can affect the environment (Pokhrel et al., 2022; Venkatesh and Bratteb, 2011; Venkatesh and Brattebø, 2011) assessed environmental impact, energy consumption, and maintenance costs of UWSS during operation and repair phase. In accordance with their findings, WWTP accounted for 88% of the total climate change (CC), whereas FWTP accounted for a mere 5%. According to Loubet et al. (2016) the maximum EI of the UWSS in the Paris sub-urban area has been credited to its WWTP. In 2013, Amores et al. (2013) identified FWSN as the most consequential element of the UWSS due to its substantial energy consumption, as classified under the impact category such as climate change. Various studies have utilized LCA to estimate the environmental implications of various UWSS components during the development, operation, and repair/maintenance phases. Such as, Stokes and Horvvath (2006), Stokes and Horvath (2006) conducted an evaluation of the energy cycles of an FWTP, a WWTP, and an FWSN. Their findings indicated that the operation phase (including water circulation) accounted for 51%–90%. The findings indicate that the construction phase accounts for a small 3%–6% of the overall EI. An analysis of the existing scholarly works indicates that the findings are limited to the specific case study and cannot be applied to regions that have distinct specifications, as the EI of each phase of the system is primarily determined by its own characteristics. Table 1 provides an overview of research on the environmental impacts of various pipe materials in investigations of FWSNs.
TABLE 1 |  Characteristics of previous research work assessed the environmental impact of UWSS.
[image: Table 1]Pipes are an important part of the fresh water supply system and ensure the smooth flow of fresh water. Previously, steel pipes were mainly used due to their strength and durability. However, modern advances have introduced plastic pipes such as HDPE and PVC, which offer significant advantages. Due to their lightweight, these plastics are easy to install and have corrosion resistance properties, but these types of pipes could not sustain the high pressure due to low mechanical properties as compared to steel pipes. To encounter these issues, glass fiber reinforced thermo polymers (GF-RTP) pipes were introduced. These pipes have low weight and corrosion-resistant properties like PVC and HDPE pipes and additionally have high mechanical strength like steel pipes. Prior research on FWSN neglected to evaluate the environmental consequences of GF-RTP and steel pipelines, as well as the effects of various trench configurations. In the current investigation, the EI of PVC and HDPE pipelines are assessed alongside those of GF-RTP and steel pipes. Furthermore, to compare the EI of various trenches, a distinct trench type was taken into account for every pipe. To compare the environmental impact of various pipe types during the stages of production, transportation, and installation, 7.8-inch diameters have been selected. To demonstrate the feasibility of reducing environmental impact in a practical scenario, a section of the Seri Iskandar, Perak FWSN was chosen as the research site. In addition to the conventional approach of excavating trenches, a trenchless method known as pipe bursting was implemented to underscore the significance of installation techniques for environmental impact in this study. In this study, an analytical approach such as life cycle assessment (LCA) is used to study the EI of different pipeline materials. LCA is a systematic approach in identifying the environmental consequences of resource consumption across various stages of the system’s life cycle. In urban areas, the findings of this paper can serve as an overview for determining the environmental impact of various FWSNs. Additionally, it is worth noting that architects and engineers can utilize the findings of this study to determine which pipelines material and trenches type result the minimum amount of damage to environment. This could be advantageous since pipeline materials and processes may substantially influence the EI of FWSNs.
2 MATERIALS AND METHODS
The life-cycle assessment method is employed in this research to evaluate the environmental footprints of distinct pipeline materials, following ISO 14040 and 14,044 (ISO-14040 1997; ISO-14044 2000). ISO 14040 and 14,044 provide a complete framework for LCA studies and categorized in four more steps (see Figure 2).
[image: Figure 2]FIGURE 2 | The LCIA pipeline network methodology (Chohan et al., 2023).
2.1 Definition of goal and scope
This step consists of identifying the purpose of study, the boundary of study, and the functional unit for the study to have a better comparison among different product systems. The scope of this research work is to identify the most sustainable materials for FWSS in Seri Iskandar, Malaysia. This region is selected because the pipelines of FWSS in this location are 30 years old and because of their greater failure rate, these are assigned top priority for rehabilitation. In the future, PWB plans to replace approximately 80% of the 7.8-inch steel pipelines with alternative materials which has less environmental impact. It should be clear that the findings of this study for materials selection are useful for only this region and may not be used as global prospective because each country have their own cutoff values for power generation. Additionally, the scope of this study is to assess the only environmental impacts of different material and technical performance of different materials are not included. The main objectives of this study as.
• To perform comparatively LCA of various trenches, focusing on the specific for each pipeline.
• To identify the contribution of each pipeline on environmental during, manufacturing, transportation, and installation phase.
• To perform LCA on case study to identify the hotspot for better options.
2.2 System boundary
The system boundaries, which may be established with the assistance of assumptions and cost limitations, indicate the steps and tasks that are encompassed within the LCA study (Laurant et al., 2020). A sequence of operations performed during the manufacturing, transport, and installation stages of FWSN piping constitute the system boundaries outlined in this article. The included phases and system boundaries are outlined in Figure 3, which depicts each of the phases of pipelines in FWSN. Environmental impact during the functioning and dismantling portions of FWSN pipelines is disregarded in accordance with these system boundaries. Aside from site-specific variables such as pump efficiency, topography, and nodal pressure, the operational characteristics of each FWSN lead to a variety of environmental consequences that are affected by these factors (Hsien et al., 2019). Conversely, the primary objective of this research is to conduct a comparative analysis of the environmental repercussions associated with various pipe materials throughout the stages of manufacturing, transportation, and installation. Impacts on the environment resulting from the material used in pipelines during functional, repair/maintenance, and decommissioning phases are undoubtedly present in previous literature (García-Sánchez and Güereca, 2019; Hsien et al., 2019). However, these impacts have not been examined in the study due to their exclusion from the defined system boundaries.
[image: Figure 3]FIGURE 3 | System boundary and Phases for LCA study.
2.3 Functional unit
When comparing the environmental impacts of various products or services, distinct studies employ distinct functional units (FUs). The FU must correspond to the concept of the research and the parameters of its system (Albertí et al., 2019; Peñacoba-Antona et al., 2021). To illustrate, “supplying 1 m3 of water” has been used as the FU in some studies, which pertains to system efficacy (Amores et al., 2013; García-Sánchez and Güereca, 2019). As an indicator of user behavior, environmental impacts have been evaluated by others using a “1 capita/year” FU, which signifies the adequate provision of water services to a user within the urban water system (UWS) (Capodaglio and Olsson, 2020; Jeong et al., 2018). Furthermore, investigations that compare pipe types in FWSN have established the FU as an upper limit of 10 bars for unit length (Chohan et al., 2023). The selected FU for this research is “1 m of pipeline,” with a specific emphasis on the manufacturing, shipping, and installation stages. This FU was chosen to assess the EI of different pipeline types in FWSN and exclude system efficacy and user behavior from its parameters.
2.4 LCA inventory
This phase, an essential component of Life Cycle Assessment (LCA), entails the collection of data for the purpose of quantifying the system’s inputs and outputs (Ingrao et al., 2021). This encompasses data related to the emissions and resource consumption that are correlated with the activities and processes conducted within the system (Khan et al., 2019; Nabavi-Pelesaraei et al., 2018). Pipe fabrication information was obtained from manufacturing facilities situated in Malaysia and the complete information of steel, HDPE, PVC and GF-RTP pipes is shown in Figure 4 (Shuaib et al., 2021). In addition, data about the installation phase was acquired from the Perak water board (PWB) (Author anonymous, 2024), including excavation specifications, consumption of diesel (MJ/h), and machinery times of operation (h). Table 2 details, for the purpose of illuminating the LCA inventory, the components that were included and excluded during the phases of manufacturing, transportation/shipping, and installation. To quantify the EI of consumption of resources and emissions from various processes on soil, air, and water, reputable databases like ecoinvent 3.3 and industry data 2.0 are used (Colosimo et al., 2024; Werner et al., 2016). ecoinvent 3.3 and industry data 2.0 provides a comprehensive repository of product and service information across various sectors (Author anonymous, 2024). To assess the EI of pipes and piping processes, SimaPro 9.6.0.1, a widely used Life Cycle Assessment (LCA) software tool, was employed (Barghash et al., 2022). The data collected from the ecoinvent 3.0 database and industry data 2.0 was inputted into SimaPro 9.6.0.1, with 7.8-inch and 9.0-inch pipe diameters selected for a comprehensive analysis. The LCA methodology remained consistent across all pipe diameters used in the Fresh Water Supply Network (FWSN) of the study area, aiming to identify potential strategies for reducing their environmental impact based on available data. The life-cycle inventory data for all types of pipelines considered in the study and provided in Table 3. The manufacturing phase, which includes processes and materials utilized in the fabrication of all types of pipelines, is outlined in Table 3. Internal and external corrosion resistant coating materials and processes are considered for steel pipes during the manufacturing phase. While the energy consumption for different pipeline materials during materials and manufacturing phase is detailed in Table 4. Considerable effort was dedicated to guaranteeing thorough data acquisition during this phase of the investigation. For example, this study considers processes and materials utilized for external and internal coatings on steel pipelines, in addition to the primary processes and materials. This aspect has frequently been neglected in prior research. Table 3 provides complete information regarding the sections of transportation phase included in this study. Since the distance between the manufacturing facility and the location of the installation, a transportation distance of 30 km was allocated for the pipelines and trench materials, while 15 km was designated for the excess sediment from the trench excavation to the dump land. Even though these distances would be identical for all pipe types, transportation would continue to be a significant factor when comparing the ecological consequences of various periods. Long-distance transport of pipelines and piping materials may have a significantly greater environmental impact than the preceding phases (Huang et al., 2021). In prior research, the installation phase of trench materials received inadequate consideration (Rubio et al., 2019). For all pipeline types, the studies evaluating the piping procedure examined a trench that was adapted to the characteristics of the area under investigation (Kaushal et al., 2020). This indicates that numerous proposed trench specifications fail to comply with international regulations. This paper looks at two trenches suggested by PWB that are in line with the types of pipelines. The materials and features of the trenches in this area match the requirements for the suggested trenches. In accordance with the American Water Works Association (AWWA) (McKinney, 2010), the American Society of Testing and Materials (ASTM, 2019; ASTM, 2019), and case study data (Dato et al., 2021), an assessment of the environmental impact associated with the installation of the two trench types has been carried out. The dimensions of trenches for steel pipe, plastic pipe, and GF-RTP pipes are shown in Figure 5. Furthermore, materials such as sand and gravel for plastic and steel pipelines based on the above-mentioned standards are obtained from ecoinvent 3.3 database. The trench excavation considered the hydraulic digger and diesel machine was considered as per working hours for compaction. These values for hydraulic digger and machine working hours are mentioned in Table 3.
[image: Figure 4]FIGURE 4 | Manufacturing processes for all types of pipes.
TABLE 2 | Description of included and excluded parts for LCA during all phases.
[image: Table 2]TABLE 3 | Inventory dataset for manufacturing, transportation, and installation of one meter steel pipe having 7.8-inch diameter.
[image: Table 3]TABLE 4 | The energy consumption during materials and manufacturing phase.
[image: Table 4][image: Figure 5]FIGURE 5 | Trenches specifications and dimentions (McKinney, 2010).
2.5 Life cycle impact assessment (LCIA)
During this stage, the environmental impacts are assessed using the results obtained from the inventory. This is accomplished through the process of linking inventory data to impacts, in accordance with ISO standards (Laurant et al., 2020). Numerous studies evaluating the environmental influence of different types of pipelines have frequently utilized the CML two baseline 2000 as their LCA method (see Table 1). This approach priorities midpoint methodologies, classifying impacts into various categories including acidification potential, climate change, and ozone layer depletion (Acero et al., 2016). On the contrary, alternative approaches such as ReCiPe 2016 integrate midpoint levels with endpoint ICs). The ReCiPe 2016 divides environmental impacts into eighteen groups of midpoint ICs, which are subsequently converted into 3 endpoint ICs: resource availability, harm to human health, and ecosystem quality (Hardaker et al., 2022). The DALY index is employed by World Health Organization (WHO) to quantify harm inflicted on human health (Hassan et al., 2021). In contrast, degradation of ecosystem quality is gauged by the species extinction count within a designated timeframe, and resource damage is assessed by the additional energy demand related with forthcoming extraction of minerals and fossil fuels (Hassan et al., 2021). This article concentrates on Six midpoint impact categories (climate change, ionizing radiation, marine ecotoxicity, fresh water ecotoxicity, Stratospheric Ozone depletion, and fossil resource scarcity) derived from the ReCiPe 2016 to facilitate comparisons among various options for FWSNs. Based on ReCiPe 2016 method, the impact score for all impact categories can be calculated be following below Equation 1.
[image: image]
3 RESULTS AND DISCUSSION
3.1 Environmental impacts during material extraction and manufacturing of pipes
An assessment of the manufacturing phase’s environmental impacts was conducted utilizing the midpoint ICs of the ReCiPe 2016 method. Table 5 presents the results during the manufacturing phase. Furthermore, the finding of the environmental consequences related to the manufacturing of 7.8-inch diameter pipelines is presented in Figure 6. In Figure 6 for each impact category, the maximum result is set to 100% and the results of the other categories are displayed in relation to that result. As shown in Table 4, PVC pipelines have the minimal midpoint impact across most ICs. Although PVC and HDPE pipes generate comparable impacts, HDPE pipelines exhibit marginally greater impacts than PVC pipes. In the CC category, HDPE pipe has an environmental impact of 28.0 kg CO2 eq/meter, which is approximately 37% greater than that of PVC pipe. The main reason behind the HDPE pipe needs more materials than PVC pipe. The overall weight of HDPE pipe is 14.3 kg/m, whereas the weight of PVC is 9 kg/m. These current findings related to CC are aligned with the results of Sanjuan et al.‘s and Hajibabaei et al.‘s research (Hajibabaei et al., 2017; Sanjuan-Delmás et al., 2014). Their findings revealed that the impact of HDPE pipe was approximately 10%–15% greater than that of PVC pipe on CC. Steel pipe exhibits the most pronounced environmental impact across all six impact categories. As illustrated in Figure 6, the CC impact of steel during the manufacturing phase is six to seven times that of PVC pipelines. Due to the increased material requirements during the pipe manufacturing process, steel pipe exhibits a significantly greater environmental impact when compared to alternative pipe materials. To illustrate, in order to produce a steel pipe measuring meter in length and having a diameter of 7.8 inch, an estimated 35.3 kg of materials are needed. Conversely, the material requirements for PVC pipe of identical dimension and length are just around 9 kg. Additionally, Table 4 illustrates that the fossil resource scarcity (FRS) of steel pipe during production is greater than that of other pipelines; thus, the FRS increases in direct proportion to the amount of fuel used to generate energy for steel pipe manufacture. In a previous study, Sanjuan-Delmás et al. (2014) established that the cumulative energy demand (CED) to produce steel pipes was greater than that of plastic pipes. This finding confirms the importance of the present research in relation to the scarcity of fossil resources. Additionally, it was noted by Hajibabaei et al. (2017) that the CED of steel pipes is greater in magnitude compared to that of plastic pipes. In contrast, the findings of Piratla et al. (2012), Piratla et al. (2012), who assessed CO2 emissions from a fresh water pipeline, indicated that the embedded energy (EE) of steel pipelines was greater than that of PVC and HDPE. This discrepancy was attributed to the fact that they solely considered the EE of materials, whereas the present study incorporates pipe-manufacturing energy (including energy consumed by equipment and activities such as pipe coating, metal working, and extrusion).
TABLE 5 | Manufacturing phase environmental impact of Pipes, with respect to functional unit.
[image: Table 5][image: Figure 6]FIGURE 6 | Environmental impact during the manufacturing phase.
3.2 Environmental impacts during transportation phase
The EI results related to the transportation phase for 7.8-inch pipelines are shown in Table 6. Additionally, the comparison among all categories of environmental impact is shown in Figure 7. The GF-RTP pipes have the most EI categories during the transportation phase, and the impact of HDPE and PVC is greater than that of steel pipe. This is due to the materials required in transportation in GF-RTP and plastic pipe trenches being heavier than steel pipelines. For example, the CC impact for material transportation of GF-RTP and HDPE is 4.14 and 4.10 kg CO2 eq, respectively. Furthermore, the material used for steel pipe trenches has a minimum weight than other tranches, and they have the negligible EI during transportation phase. Even though HDPE pipe and PVC pipe need fewer materials than steel pipes in the manufacturing phase, they have a greater EI during transportation phase due to the materials (gravel, sand, and crush) required for trench development. Similar type of pattern is also available in previous literature for examples in 2015 Vahidi et al. studied the environmental consequences of PVC pipe and ductile iron pipes. Their finding revealed that transportation of gravel and crushes for plastic pipe installation had more environmental impact than that of ductile iron pipe. Additionally in 2018 Hajibabaei et al. (2017) conducted LCA study of drainage system pipeline. They found that the CC of PVC was 3.25 kg CO2 eq whereas the CC of steel pipe was around 3.76 kg CO2 eq.
TABLE 6 | Transportation phase environmental impact of Pipes, with respect to functional unit.
[image: Table 6][image: Figure 7]FIGURE 7 | Transportation phase environmental impact.
3.3 Environmental impacts during installation phase
A consideration is given to the diesel required during the excavating processes and compacting, as well as the materials required in the excavations (gravel and sand), during the installation phase. As illustrated in Figure 5, an evaluation was conducted to compare the EI of the 2 trench varieties during the installation phase. Based on the FU, Figure 8 depicts the EI of various trench types during the installation phase for 7.8-inch pipelines. Additionally, the environmental implications of each IC are detailed in Table 7. The plastic pipe trench exhibits the most significant impact across all midpoint categories of impact when compared to the remaining trenches. Furthermore, the environmental impact of all plastic pipes is almost identical; steel pipes have a substantially lower environmental impact than plastic pipes due to the significantly lower material requirements for trenching and installation. As shown in Table 7, the climate change associated with the installation of steel pipes and plastic pipes are 7.07 kg CO2 eq and 11.7 kg CO2 eq, respectively. This indicates that the climate change of a plastic trench is about 15% greater than that of other trenches, as shown in Figure 8. In the category of CC impact, sand contributes between 76% and 79% as gravel material. In addition, the compaction in both trenches accounts for an approximate 20%–23.5% of CC. The EI of fresh water supply construction was assessed by Sanjuan et al. (2014), Sanjuan-Delmás et al. (2014), who determined that sand, when used as gravel, has a significant ecological footprint throughout the installation process. Thus, the selection of materials may have substantial implications for the environmental impact of the installation phase, as indicated in these results.
[image: Figure 8]FIGURE 8 | Environmental impact during the manufacturing phase.
TABLE 7 | Installation phase environmental impact of Pipes, with respect to functional unit.
[image: Table 7]3.4 Contribution of different phases to environmental impact
In Figure 9, which shows a detailed breakdown of the roles of the different stages, the harmful effects on the environment caused by 7.8-inch-diameter pipelines are looked at in detail. It is worth mentioning that the manufacturing process of steel pipes constitutes the predominant source of influence, accounting for approximately 90%–95% in various impact categories. In contrast, 50%–70% impacts are attributable to the manufacturing processes of plastic pipes, such as HDPE, GF-RTP, and PVC. Steel pipelines have a minimal environmental impact during transportation, as their effects are considered negligible. Conversely, the environmental ramifications of plastic pipelines are predominantly attributable to transportation, which accounts for approximately 10% across all categories. The installation phase ranks second in terms of environmental impact. Steel pipelines emit between 2% and 3% fresh water and marine ecotoxicity, 6% of their CC, and 20% of their ionizing radiation emissions. These results demonstrate, in general, that manufacturing processes have a substantial impact on environmental impacts, specifically regarding steel pipelines. Understanding these contributions can provide valuable insights for formulating approaches to mitigate the environmental impact of pipeline infrastructure throughout its lifespan.
[image: Figure 9]FIGURE 9 | Overall contribution of each phase in percentage.
3.5 Analyzing FWSS of case study
As the subject of our investigation, we chose a segment of the Seri Iskandar FWSS that comprises pipelines constructed from widely available materials in Malaysia. The locality in question is defined by its 14,827 inhabitants and 12.14 km2 area. It is located 40 km southwest of Ipoh, the capital of the state of Perak. Approximately 126.7 L per day per person of water were consumed per capita in this region in 2023. The percentage distribution of pipe lengths by type in the Seri Iskandar region is presented in Table 8. The data utilized in this study was obtained from Perak water Board (PWB) (Dato et al., 2021). As shown in Table 8, steel comprises 90.5% of FWSS and is the predominant material for water supply pipes. One-foot sections of each pipe have been evaluated for their environmental impacts. The EI of the infrastructure has been determined by combining the overall pipe length in the FWSS (refer to Table 8) with the calculated EI. The data presented in this Table 9 indicates that steel pipelines contribute to more than 50% of the total environmental impacts throughout every category of impact. The reasoning behind this is that the infrastructure is generally constructed using steel pipelines, which, as illustrated in Figure 9, have the greatest ecological footprint in every stage.
TABLE 8 | Length and percentage of each pipeline.
[image: Table 8]TABLE 9 | Environmental impact contribution of case study pipelines.
[image: Table 9]Diverse methodologies have been suggested and examined by researchers to assess the feasibility of mitigating environmental impact. Several studies have computed the environmental impact reduction that could be achieved by substituting pipelines with lower impact for those that generate the greatest impact in a network (Hajibabaei et al., 2018; Sanjuan-Delmás et al., 2014; Venkatesh and Brattebø, 2011). Conversely, pipe replacement is contingent upon a multitude of factors, including cost, pipe type, soil composition, and pipe lifespan (Baird, 2018). Moreover, pipe materials that are prevalent in various nations may differ. For example, steel pipes usage is extremely prevalent in Malaysia. Based on the data collected, the pipelines in the case study’s FWSS are 30 years old and because of their greater failure rate, are assigned top priority for rehabilitation. In the future, PWB plans to replace approximately 80% of the 7.8-inch steel pipelines (Author anonymous, 2024). With respect to the prospective endeavours of PWB, we have evaluated two scenarios to approximate the capacity for mitigating environmental damage if network reconstruction is deemed feasible. Given the recent integration of PVC into this network, it is postulated that 7.8 mm PVC pipelines, which have a reduced ecological footprint, could serve as an alternative to steel pipes in the initial scenario. The second scenario is identical to the first, with the difference that during the installation phase, a trenchless approach would be utilised rather than open-cut trench digging. Manufacturing, transportation, and installation stages of PVC are considered in both scenarios.
For various applications, trenchless technology employs a variety of techniques, including slip lining, which allows one to choose between pipe split and cured-in-place. Cases vary regarding variables such as pipes depth, soil condition, and project objective. All these techniques have been recently implemented in Malaysia, with pipe bursting in the vicinity of this case study being a prevalent method based on the PWB recommendation. As a result, “pipe bursting” the trenchless techniques, was chosen for the replacement of old steel pipelines in this investigation. In contrast to conventional trench method, the pipe-bursting is a more expedient, cost-effective, and efficient technique that causes a reduced number of traffic disruptions. The acquisition of the requisite data from TERRA-trench less technologies was facilitated by the case study’s attributes (TERRA, 2023). To accomplish this, the TERRA-EXTRACTOR X 400 cable buster, which has an overall 40 tonnes pulling force, was chosen to replace steel pipelines with PVC pipes. The X400 has a stated capacity of 1,086 kJ/min, 1. and an operational speed of 1.2 m/min. Based on collected data and the properties of the FWSS, the hypothesise was made that a one-foot substitution of PVC for steel will consume 301.54 kJ of energy. Additionally, 100-meter-apart trenches measuring 2 × 1.8 × 1 m3 are considered when positioning X400 (TERRA, 2023). The percentage of environmental impact reduction and actual environmental effects for each of the scenarios under consideration are detailed in Table 10. The findings suggest that the second scenario exhibits greater efficacy in mitigating the environmental impact of the FWSS. 12%–25% less environmental impact can be produced by substituting PVC for steel. Pipe installation techniques, such as pipe bursting, are more effective than conventional methods at minimising EI. Selecting environmentally friendly pipeline materials can substantially mitigate environmental implications.
TABLE 10 | Actual impact values and potential environment improvement.
[image: Table 10]3.6 Uncertainty analysis
As the manufacturing phase has a significant impact on all impact categories, the uncertainty analysis was conducted of all type of pipeline materials in terms of climate change (CC). Figure 10 shows the mean values as well as the standard deviation of overall CC in the manufacturing phase. The mean values for GF-RPT, HDPE, PVC, and steel were approximately 36.5 kg CO2 eq, 33.5 kg CO2 eq, 20.9 kg CO2 eq, and 148 kg CO2 eq/meter, respectively. While the standard deviation was recorded around 8.58, 4.91, 7.91, and 34.75 per characterization factor for GF-RPT, HDPE, PVC, and steel, respectively. As shown in Figure 10, the steel had greater standard deviation than other materials. This higher value of standard deviation is because steel pipe required more material during manufacturing phase and have relatively higher CC. Furthermore, Appendix A. shows the supplementary data of uncertainty analysis of all impact categories. The uncertainty for all impact categories were between 9.5% and 9.96% with confidence interval of 95%.
[image: Figure 10]FIGURE 10 | Uncertainty analysis of manufacturing phase in term of CC with respect to different materials.
4 CONCLUSION
The EI of five frequently used pipe materials in FWSSs—steel pipe, high-density polyethylene (HDPE), polyvinyl chloride (PVC), and glass fibre-reinforced thermoplastic—is assessed in this paper using the LCA method. The system boundaries comprise the tasks and procedures performed throughout the pipe manufacturing, transportation, and installation phases. As a case study, FWSS, located in Seri Iskandar, Malaysia, has been examined in this research. From this investigation, the following conclusions are drawn.
• The steel pipe has greatest EI across all impact categories during manufacturing of material for construction that is 7 time greater than other materials.
• During transportation phase the Plastic pipes have little higher impact than steel pipes due to transportation of gravel material for trenches.
• Two types of trenches have been studied during installation phase and the trench for plastic pipe has more EI than that of steel pipe and that is 4–6 times greater because of materials and energy requirement for compaction.
• For a case study it is observed that 12%–25% reduction in EI can be achieved by replacing alternative pipe materials during manufacturing of materials for FWSS construction.
5 RESEARCH LIMITATIONS

• Pipeline’s lifetime has not been considered in the functional unit.
• Operational phase and technical performance in not considered in this research work.
• The impact of the territory’s morphology on the distribution phase is not considered in this study.
• The Impact pf production and maintenance of equipment’s required for pipeline installation is not considered in this work.
6 FUTURE DIRECTIONS
Future directions for the entire life cycle (cradle to grave) of FWSS are uncertain. In addition, recycled plastic pipelines are utilised, and the EI of the manufacturing phase can be reduced through the application of recycled materials. Subsequently, an LCA study may be conducted to examine the sustainability of recycled materials utilised in pipe manufacturing to mitigate the EI. Furthermore, EI of machines and equipment required for manufacturing, transportation and installing the FWSS should be considered during LCA study to draw the complete picture and to find out the hotspot in the FWSS projects.
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