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Abstract 

Water scarcity and inadequate sanitation continue to represent significant global concerns, driven 

by rapid population growth, urban expansion, and the limited availability of freshwater resources. 

Although the United Nations Sustainable Development in aims to achieve universal access to clean 

water and sanitation, global progress remains below the required pace. Currently, nearly half of 

the wastewater generated worldwide is discharged into natural ecosystems without sufficient 

treatment, highlighting the pressing need for effective wastewater management strategies. This 

study evaluates the socio-economic, environmental, and technical characteristics of centralized 

and decentralized wastewater treatment systems (DWTS), with particular emphasis on treatment 

efficiency, land requirements, environmental impacts, and energy consumption. The economic 

assessment demonstrates that decentralized wastewater treatment systems offer considerable cost 

benefits, particularly in low-density and rural communities where centralized infrastructure is 

often impractical. Furthermore, the modular and flexible configuration of DWTS supports 

sustainable water reuse while reducing environmental burdens and capital investment. The 

findings indicate that wider implementation of decentralized wastewater treatment systems can 

play a pivotal role in meeting SDG objectives by improving access to safe sanitation and promoting 

sustainable water resource management, particularly in newly developed and sparsely populated 

regions. Overall, this comprehensive assessment advances the understanding of sustainable 

wastewater treatment approaches and provides valuable insights for addressing the growing global 

challenges of water scarcity and sanitation. 
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Introduction: 

Water is one of the most valuable natural resources and serves as the foundation for human 

survival, economic development, and environmental sustainability. Rapid population growth, 

urbanization, and industrial expansion have significantly increased the demand for freshwater, 

intensifying concerns over global water scarcity. The Earth's total water volume is estimated to be 

approximately 1,350 million km³, yet only about 3% of this amount consists of freshwater suitable 

for human consumption and other essential activities. Of this limited freshwater reserve, nearly 

65% is stored in glaciers and polar ice caps, making it largely inaccessible. Consequently, rivers, 

lakes, and reservoirs collectively account for less than 1% of the planet's total water resources, 

supplying the freshwater needs of more than 8 billion people worldwide. [1] The increasing 

demand for freshwater has been accompanied by a substantial rise in wastewater generation. 
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According to the World Health Organization (WHO), data collected from 231 countries indicate 

that approximately 269 billion m³ of wastewater are produced globally each year.[2] Despite this 

enormous volume, only around 53% of wastewater receives safe treatment through secondary or 

advanced treatment processes that comply with environmental discharge standards. This treatment 

is provided by nearly 58,500 wastewater treatment plants (WWTPs) operating worldwide. [3] 

The remaining untreated or inadequately treated wastewater is discharged into natural water 

bodies, creating serious environmental and public health concerns. In addition to contaminating 

surface and groundwater resources, untreated wastewater contributes to greenhouse gas emissions 

and indirectly accelerates climate change. Insufficient sanitation infrastructure further increases 

the risk of water pollution, threatening already limited freshwater supplies. Wastewater containing 

high concentrations of nutrients such as nitrogen and phosphorus promotes excessive algal growth 

and eutrophication when released into aquatic ecosystems. The subsequent decomposition of 

organic matter consumes dissolved oxygen, leading to hypoxic conditions that disrupt ecological 

balance, degrade water quality, and cause extensive mortality of aquatic organisms. These adverse 

impacts emphasize the urgent need for effective wastewater treatment and sustainable water 

resource management to safeguard both human health and the environment. 

 

Figure 1. Percentage of safely treated wastewater by country based on (A) rural population and 

(B) GDP per capita. Countries with populations over 100 million are shown in green and labeled, 

while all others are represented by red markers. Data were adapted from the World Health 

Organization country profile database on safely treated wastewater.[2] 

The degradation of aquatic ecosystems caused by untreated wastewater has become a major 

environmental concern. Excessive discharge of nutrient-rich effluents reduces dissolved oxygen 

concentrations, disrupts ecological balance, and results in significant losses of aquatic 

biodiversity.[4] In addition, inadequate sanitation infrastructure remains a persistent challenge in 

many parts of the world, particularly in rural regions of low- and middle-income countries where 
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access to wastewater treatment facilities is limited.[5] More than 4 billion people still lack access 

to safely managed sanitation services, with the majority living in rural and sparsely populated 

communities.[2] 

Figure 1A illustrates the relationship between the proportion of the rural population and the 

percentage of wastewater that is safely treated. The figure indicates that countries with larger rural 

populations generally exhibit lower levels of wastewater treatment, thereby increasing 

environmental pollution and public health risks. Similarly, Figure 1B demonstrates a positive 

relationship between gross domestic product (GDP) per capita and the proportion of safely treated 

wastewater, suggesting that economically developed countries are more capable of investing in 

effective wastewater treatment infrastructure and sanitation services. 

Recognizing these global challenges, the United Nations General Assembly introduced 

Sustainable Development 6 (SDG 6) in 2015 to promote universal access to clean water and 

adequate sanitation. This initiative emphasizes equitable sanitation services (Target 6.2) together 

with improved wastewater treatment and reuse (Target 6.3). Its objectives include reducing water 

pollution, preventing the discharge of hazardous substances, minimizing untreated wastewater, 

and substantially increasing wastewater recycling and safe reuse by the year 2030.[6] Despite these 

ambitious commitments, current progress indicates that many countries remain behind schedule in 

achieving these targets.[7] 

In densely populated urban areas, centralized wastewater treatment systems (CWTS) have 

traditionally served as the primary solution for wastewater collection and treatment. However, 

recent research suggests that implementing sanitation infrastructure in phased stages is often more 

economical than constructing large centralized facilities at once, particularly in newly developed 

urban regions. [8] This approach encourages the deployment of smaller decentralized wastewater 

treatment systems (DWTS) that can be expanded as demand increases. 

The situation is considerably different in rural and low-density areas, particularly in developing 

nations, where financial limitations, inadequate technical expertise, and dispersed populations 

often make centralized wastewater systems difficult to construct, operate, and maintain.[9,10] 

Consequently, decentralized wastewater treatment systems (DWTS) and on-site wastewater 

treatment systems (OWTS) have emerged as practical and sustainable alternatives. Designed for 

small communities and isolated settlements, these systems provide affordable sanitation while 

reducing infrastructure costs associated with extensive sewer networks and long-distance 

wastewater transportation.[11] Moreover, their lower energy requirements, operational simplicity, 

and cost-effectiveness make them particularly suitable for developing countries where economic 

considerations strongly influence infrastructure planning.[12] 

Selecting wastewater treatment technologies that reflect local environmental, economic, and 

demographic conditions is therefore essential for improving sanitation coverage in rural and peri-

urban regions. Such localized approaches not only enhance affordability and operational efficiency 

but also encourage wastewater reuse and sustainable water resource management. Although 

numerous studies have investigated OWTS, DWTS, and CWTS, most have focused on specific 

case studies, individual treatment technologies, or particular wastewater streams such as greywater 

or domestic wastewater.[8,13,14] Comparatively fewer investigations have comprehensively 

evaluated the trade-offs between centralized and decentralized systems from a global perspective 

to support universal sanitation access and achieve the objectives of SDG 6. 
In this context, the present review provides a comprehensive evaluation of the economic feasibility, 
operational performance, advantages, and limitations of OWTS, DWTS, and CWTS, with particular 
emphasis on rural and community-scale applications. By systematically comparing these wastewater 
management approaches, the review offers valuable insights for policymakers, engineers, researchers, 
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and practitioners involved in sustainable sanitation planning. Furthermore, the study assesses the 
capability of these treatment systems to support the objectives of SDG 6.2 and SDG 6.3, including 
improved sanitation coverage, enhanced water quality, pollution reduction, and safe wastewater reuse. 
Ultimately, the review contributes to the development of sustainable wastewater management strategies 
that promote equitable access to clean water and sanitation regardless of geographical location or 
economic conditions.  

2. Scale of Wastewater Treatment Systems 

Wastewater treatment systems are generally classified into three major categories based on the 

scale of operation and the location where treatment is performed: on-site wastewater treatment 

systems (OWTS), decentralized wastewater treatment systems (DWTS), and centralized 

wastewater treatment systems (CWTS) (Figure 2). Each system differs in terms of treatment 

capacity, infrastructure requirements, operational complexity, and suitability for specific 

population densities and geographical conditions. The following sections provide an overview of 

these wastewater treatment approaches. 

2.1. On-Site Wastewater Treatment Systems (OWTS) 

On-site wastewater treatment systems (OWTS) are designed to collect, treat, and dispose of 

wastewater at or near the location where it is generated (Figure 2A). These systems play a crucial 

role in rural, peri-urban, and suburban areas where connection to centralized or decentralized sewer 

networks is either technically challenging or economically infeasible.[15] OWTS are particularly 

suitable for individual households, farms, and small communities with low population density. 

Several technologies are employed within OWTS, including septic tanks, secondary treatment 

units, and constructed wetlands (CWs). Among these, septic tanks remain the most widely adopted 

technology worldwide (Figure 2A). They primarily provide physical treatment through 

sedimentation, while simultaneously facilitating limited biological treatment under anaerobic 

conditions.[14a] During treatment, heavier suspended solids settle to the bottom of the tank, 

forming sludge, whereas oils, fats, and grease accumulate at the surface as a scum layer. The 

partially clarified wastewater is then discharged to a soil treatment unit (STU) or drain field, where 

additional purification occurs as the effluent infiltrates through the surrounding soil and gravel 

matrix. 

The soil treatment unit functions as a natural filtration and biological treatment system, removing 

remaining suspended solids, nutrients, and pathogenic microorganisms before the treated water 

reaches groundwater resources. The design and configuration of STUs vary according to local soil 

characteristics, groundwater levels, climatic conditions, and regulatory requirements.[14a] 

Consequently, proper system sizing, installation, and routine maintenance are essential to ensure 

reliable performance, protect public health, and minimize environmental contamination.[16] 

Globally, septic tank systems treat approximately 28 billion m³ of wastewater annually, providing 

sanitation services to nearly 880 million people, highlighting their significant contribution to 

wastewater management in regions lacking centralized infrastructure.[2] 

To improve treatment performance beyond primary treatment, advanced packaged on-site 

treatment systems have been increasingly developed to provide secondary biological treatment 

before effluent is discharged to the soil treatment unit. These compact systems incorporate various 

biological treatment technologies, including coconut husk biofilters (e.g., Ecoflo Coco Filter), 

rotating biological contactors (RBCs) (e.g., Klargester BioDisc), and sequential batch reactors 

(SBRs) (e.g., Chieftain SBR). Such technologies are particularly advantageous where higher 

effluent quality is required or where site conditions limit the effectiveness of conventional septic 

tanks. [17] 
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Secondary on-site treatment systems enhance wastewater purification by biologically degrading 

dissolved and suspended organic pollutants, substantially reducing biochemical oxygen demand 

(BOD), suspended solids, and pathogenic microorganisms before final discharge.[16] These 

systems offer improved environmental protection while maintaining the flexibility and cost-

effectiveness associated with decentralized sanitation, making them an increasingly attractive 

option for sustainable wastewater management in rural and low-density communities. 

 
Figure 2. Schematic illustration of the major categories of sanitation systems: (A) Onsite Wastewater 

Treatment Systems (OWTS), (B) Decentralized Wastewater Treatment Systems (DWTS), and (C) 
Centralized Wastewater Treatment Systems (CWTS). 

2.2. Decentralized Wastewater Treatment Systems (DWTS) 

Decentralized Wastewater Treatment Systems (DWTS) are developed to provide wastewater 

treatment at an intermediate scale, serving small towns, residential clusters, institutions, and local 

communities (Figure 2B). These treatment facilities are intended for populations that are too large 

for individual onsite systems but too small to justify centralized treatment infrastructure. In 

Europe, approximately 62% of wastewater treatment plants (WWTPs) are small and remotely 

located, serving communities with capacities ranging from 2,000 to 10,000 population equivalents 

(PE). Consequently, the incorporation of digital technologies, including remote monitoring, 

automation, and intelligent process control, has become increasingly important for improving the 

operational performance and reliability of these decentralized facilities while addressing their 

unique management challenges.[18] Moreover, DWTS contribute to sustainable water resource 

management by facilitating the local reuse or safe discharge of treated wastewater within its 

originating watershed, thereby reducing environmental impacts and conserving freshwater 

resources.[19] Compared with centralized systems, decentralized treatment facilities generally 

require lower capital investment and reduced conveyance infrastructure, making them particularly 
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suitable for regions with low population densities where centralized sewerage networks are 

economically impractical.[9] 

2.3. Centralized Wastewater Treatment Systems (CWTS) 

Centralized Wastewater Treatment Systems (CWTS) are widely implemented in developed 

countries, where wastewater generated from residential, commercial, and industrial sectors is 

collected through extensive sewer networks and conveyed to a centralized treatment facility for 

processing (Figure 2C). These systems are particularly effective in densely populated urban 

environments because they benefit from economies of scale and efficiently manage large 

wastewater volumes through integrated collection networks.[20] Nevertheless, centralized systems 

present several operational limitations. Transporting wastewater over long distances requires 

extensive pumping infrastructure, resulting in higher energy consumption and increased 

operational costs. During periods of heavy rainfall, infiltration and inflow substantially increase 

the hydraulic load as stormwater enters sewer networks through damaged joints, manholes, roof 

drains, and other structural connections. Furthermore, the combined collection of municipal and 

industrial wastewater often complicates resource recovery, wastewater recycling, and nutrient 

reuse. Therefore, selecting between decentralized and centralized wastewater treatment systems 

requires a comprehensive assessment that considers sustainability, environmental impacts, 

socioeconomic conditions, population density, and local geographical characteristics.[21] In 

addition, national political priorities, institutional capacity, and economic development 

significantly influence the selection of appropriate wastewater treatment strategies.[22] 

Consequently, the decision between DWTS and CWTS should be based on achieving an optimal 

balance between technical performance, economic feasibility, environmental sustainability, and 

long-term community development. 

3. Economics of Wastewater Collection Systems 

The collection and conveyance of wastewater represent one of the most significant cost 

components in wastewater management and constitute a major distinction between decentralized 

and centralized sanitation systems. Variations in collection infrastructure directly influence both 

capital expenditure and long-term operational costs. Previous studies have estimated that sewer 

collection systems account for nearly 60% of the total capital investment and approximately 70% 

of annual operating expenditures associated with pumping, sewer maintenance, and network 

management. [8,12b] 

Centralized wastewater treatment systems are designed to handle large wastewater volumes 

generated in densely populated urban regions, where wastewater must be transported over 

considerable distances to centralized treatment facilities.[23] Conversely, decentralized systems 

treat wastewater close to its source of generation, thereby minimizing the need for extensive sewer 

networks and pumping infrastructure while maintaining satisfactory treatment performance and 

enabling local disposal or reuse of treated effluent.[24] 

Figure 3 illustrates the relationship between population density and the specific sewer length 

required per population equivalent (PE). As population density increases from 100 PE km⁻² to 

5,000 PE km⁻², the required sewer length per PE decreases substantially from approximately 84 m 

to only 3 m. Based on previously reported average construction and operating costs for gravity 

sewer systems of approximately US$150 per meter and US$0.17 per meter, respectively,[8,25] 

both construction and maintenance costs decrease considerably with increasing population density. 

Specifically, construction costs decline from approximately US$12,557 to US$400 per PE, while 

annual operating costs decrease from nearly US$14 to only US$0.5 per PE (Figure 3). These 

findings indicate that in sparsely populated regions with population densities below 1,000 PE km⁻², 
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sewer construction costs frequently exceed US$1,500 per PE, making centralized sanitation 

systems economically unattractive. 

Previous investigations have reported that decentralized sanitation systems can reduce 

implementation costs by approximately 40–45% compared with conventional centralized systems 

because they eliminate the need for extensive sewer connections, long conveyance pipelines, and 

pumping stations.[26] A case study conducted in South Africa further demonstrated that 

decentralized wastewater treatment systems offer substantially lower operational costs while 

producing reclaimed water suitable for agricultural irrigation and other non-potable applications. 

In contrast, centralized treatment would require expensive sewer network extensions to peripheral 

urban and agricultural areas, considerably increasing project costs.[27] Furthermore, decentralized 

systems provide greater flexibility for accommodating future urban expansion and population 

growth because treatment capacity can be expanded incrementally, thereby avoiding unnecessary 

investments associated with oversized infrastructure, idle treatment capacity, and uncertainties in 

future land-use planning and demographic changes.[26] 

4. Footprint and Energy Usage of Different Treatment Technologies 

The evolution of wastewater treatment technologies has been closely associated with growing 

environmental awareness, industrial development, and rapid urbanization. During the Industrial 

Revolution, deteriorating sanitation conditions and frequent outbreaks of waterborne diseases 

highlighted the urgent need for effective wastewater management solutions. These challenges 

ultimately led to the development of the Conventional Activated Sludge (CAS) process in 1914, 

which became the foundation of modern biological wastewater treatment.[28] 

Since its introduction, the CAS process has undergone continuous improvements and has remained 

the most widely adopted biological treatment technology worldwide. Initially, CAS systems were 

primarily implemented in large metropolitan areas to address increasing wastewater generation. 

However, the need for more flexible treatment solutions in smaller communities led to the 

development of the Sequential Batch Reactor (SBR) during the 1980s, offering efficient treatment 

within a single reactor configuration.[29] 

As urban populations continued to grow, the treatment capacity of conventional activated sludge 

plants became increasingly inadequate, prompting the introduction of the Moving Bed Biofilm 

Reactor (MBBR) during the 1990s. MBBR technology significantly enhanced biological treatment 

efficiency by increasing the available surface area for microbial growth without requiring 

substantial expansion of existing infrastructure.[30] Subsequently, the Membrane Bioreactor 

(MBR) was developed by integrating biological treatment with membrane filtration, producing 

superior effluent quality while substantially reducing plant footprint. However, these advantages 

were accompanied by increased energy requirements associated with membrane operation and 

aeration processes.[31] 

A major technological advancement was achieved in 2006 with the development of the Aerobic 

Granular Sludge (AGS) process, which represented a significant breakthrough in biological 

wastewater treatment. Compared with previous technologies, AGS requires considerably less land 

area and lower energy consumption while maintaining excellent treatment efficiency. The 

emergence of AGS marks the culmination of nearly a century of technological innovation, 

reflecting the continuous progression from conventional activated sludge systems toward highly 

efficient, compact, and sustainable wastewater treatment technologies. [32] 
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Figure 3. Variation in specific sewer length (m/PE) as a function of population density 

(PE/km²). The secondary y-axis illustrates the corresponding capital expenditure (CAPEX) for 

sewer network installation and the annual operating expenditure (OPEX) incurred for the 

operation and maintenance of the sewer system. 

The selection of an appropriate wastewater treatment technology requires a comprehensive 

assessment of multiple technical, environmental, and economic factors, among which land 

requirement and energy consumption are particularly important. These parameters significantly 

influence the overall feasibility, sustainability, and long-term operational performance of 

wastewater treatment facilities, especially in regions experiencing rapid urbanization and limited 

land availability. 

Figure 4A illustrates the relationship between the land area required by different wastewater 

treatment technologies and the population served. The comparison reveals considerable variation 

in footprint among the treatment processes. Constructed wetlands (CWs) exhibit the highest land 

demand, requiring approximately 4.5 m² per population equivalent (PE) due to their reliance on 

natural treatment mechanisms. Trickling filters (TFs) represent the second-largest footprint, 

occupying nearly 0.45 m²/PE. In comparison, membrane bioreactors (MBRs) require substantially 

less land, with an estimated footprint of approximately 0.05 m²/PE, reflecting their highly compact 

design and efficient reactor configuration. Other advanced biological treatment technologies, 

including aerobic granular sludge (AGS), conventional activated sludge (CAS) with chemical 

phosphorus removal, CAS with biological phosphorus removal, and integrated fixed-film activated 

sludge (IFAS), generally require between 0.06 and 0.125 m²/PE. Among these technologies, the 

AGS process demonstrates superior land-use efficiency because of its dense granular biomass and 
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compact reactor design, making it one of the most space-efficient wastewater treatment 

technologies currently available. 

Figure 4B compares the estimated daily energy consumption of various wastewater treatment 

technologies as a function of the population served. The results indicate noticeable differences in 

energy demand among the evaluated treatment systems. The AGS process exhibits the lowest daily 

energy consumption at approximately 70 kWh, followed closely by CAS with chemical 

phosphorus removal, which requires approximately 75 kWh. These comparatively low energy 

requirements contribute to reduced operational costs and improved overall energy efficiency. 

Nevertheless, although chemical phosphorus removal offers favorable energy performance, it 

depends on the continuous addition of chemical coagulants for phosphorus precipitation. This 

practice increases chemical consumption, produces larger quantities of sludge, and necessitates 

additional treatment and disposal processes, thereby increasing both operational complexity and 

environmental impacts. Consequently, the selection of an appropriate wastewater treatment 

technology should not rely solely on energy efficiency but should also consider land availability, 

chemical requirements, sludge generation, maintenance demands, operational costs, and long-term 

environmental sustainability to ensure optimal system performance under specific local 

conditions. 

Figure 4. Comparison of land area requirement and energy consumption for different wastewater 

treatment technologies. (A) Land footprint required by various treatment processes as a function 

of the population served (m² per population equivalent, PE). (B) Estimated daily energy 

consumption (kWh/day) of different wastewater treatment technologies relative to the served 

population. The comparison highlights the trade-offs between spatial requirements and operational 

energy demand, providing a basis for selecting suitable technologies according to site-specific 

constraints and sustainability objectives. 
 

 
Figure 4. Comparison of land area and energy requirements for different wastewater treatment 

technologies. (A) Land area required as a function of the population served for various treatment 

systems. (B) Daily energy consumption relative to the population served. Data adapted from Ref. 

[51]. 

Although conventional activated sludge (CAS) with chemical phosphorus removal demonstrates 

relatively low energy consumption, its dependence on chemical additives for phosphorus 

precipitation results in the production of considerable quantities of chemical sludge. The handling, 

treatment, and disposal of this sludge increase operational complexity and overall treatment costs. 

In comparison, CAS with biological phosphorus removal and integrated fixed-film activated 



Journal of Computational Analysis and Applications                                                                              VOL. 35, NO. 7, 2026 
   

                                                                                                                            10.48047/jocaaa.2026.35.07.06 

                                                                                                     65                                        Shrikrishna Sharma et al 56-71 
 

sludge (IFAS) systems require higher energy inputs because of their more intensive aeration and 

biological treatment processes. 

Among the technologies evaluated, the membrane bioreactor (MBR) exhibits the highest specific 

energy demand, consuming approximately 0.25 kWh per population equivalent (PE). This elevated 

energy requirement is primarily attributed to membrane filtration, continuous aeration for fouling 

control, and periodic membrane cleaning, which also involves chemical consumption. Although 

MBR technology is widely recognized as one of the most advanced wastewater reuse processes 

due to its ability to produce high-quality effluent and reduce dependence on energy-intensive 

reverse osmosis desalination (typically 3–8 kWh m⁻³) for freshwater production, its substantial 

energy demand remains a significant limitation. 

An attractive alternative is the aerobic granular sludge (AGS) process, which can reduce the energy 

footprint by more than three times compared with MBR systems. Furthermore, integrating AGS 

with gravity-driven membrane filtration offers an innovative treatment strategy capable of 

producing high-quality reclaimed water while considerably lowering energy consumption. This 

hybrid configuration is suitable for both centralized and decentralized wastewater treatment 

applications, making it an attractive option for future sustainable treatment systems. 

The growing emphasis on reducing greenhouse gas emissions, as outlined in the Paris Agreement, 

has further increased the importance of energy-efficient wastewater treatment technologies. Many 

European countries have committed to reducing carbon emissions by approximately 50% by 2030 

and achieving carbon neutrality by 2050. Since electricity generation in many regions still relies 

heavily on fossil fuels, minimizing the energy demand of wastewater treatment plants plays a 

crucial role in reducing their overall carbon footprint. 

Compared with aerobic treatment systems, anaerobic processes require significantly less energy 

because they eliminate the need for aeration and simultaneously generate methane (CH₄), which 

can be recovered as a renewable energy source to partially offset operational energy requirements. 

The selection of aerobic, anaerobic, or hybrid treatment systems depends largely on wastewater 

characteristics, and integrated approaches are increasingly adopted to maximize treatment 

efficiency. 

However, anaerobic treatment is generally unsuitable for low-strength domestic wastewater with 

biochemical oxygen demand (BOD) concentrations below 230 mg L⁻¹, whereas it performs 

effectively for high-strength industrial wastewater containing BOD concentrations exceeding 560 

mg L⁻¹. One major limitation of anaerobic treatment is the release of dissolved methane, which 

often represents more than 50% of the total methane produced. Because methane possesses a 

global warming potential nearly 30 times greater than carbon dioxide, uncontrolled methane 

emissions can substantially increase environmental impacts. Additionally, anaerobic systems 

provide minimal removal of nutrients such as nitrogen and phosphorus, increasing the risk of 

eutrophication in receiving water bodies. Consequently, these systems generally cannot satisfy 

stringent discharge and water reuse standards requiring BOD concentrations below 10 mg L⁻¹ and 

ammonium concentrations below 5 mg L⁻¹ without additional post-treatment. 

Historically, centralized wastewater treatment systems (CWTS) were developed to serve large 

populations by exploiting economies of scale, thereby reducing treatment costs through centralized 

infrastructure and operation. In contrast, decentralized wastewater treatment systems (DWTS) 

capitalize on economies of scope, offering greater operational flexibility, modularity, and 

multifunctionality. Their compact design allows treatment units to be distributed closer to 

wastewater generation points, reducing land requirements compared with a single centralized 

facility. Moreover, decentralized systems can be readily expanded or upgraded by adding modular 
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treatment units without disrupting ongoing plant operation, making them highly adaptable to 

changing population demands and urban development. 

Consequently, the selection between centralized and decentralized treatment strategies largely 

depends on population density and local infrastructure requirements. Centralized systems are 

generally more appropriate for densely populated urban regions, where economies of scale 

improve economic performance, whereas decentralized systems provide greater advantages in 

sparsely populated or peri-urban areas by offering flexibility, lower infrastructure requirements, 

and enhanced adaptability. 

5. Economics of Wastewater Treatment Systems 
Figure 5A demonstrates the influence of treatment plant size on the capital expenditure (CAPEX) 

of wastewater treatment facilities. As the population served increases, the CAPEX per population 

equivalent (PE) decreases substantially, reflecting the benefits of economies of scale. Specifically, 

the capital investment decreases from approximately US$1,084 per PE for a treatment capacity of 

2,500 PE to approximately US$227 per PE for facilities serving 200,000 PE. Although the total 

capital investment increases from approximately US$2.68 million to US$60.34 million as plant 

capacity expands, the cost per individual served declines considerably, highlighting the improved 

economic efficiency associated with large-scale wastewater treatment facilities. 

 
 

Figure 5. Population served versus (A) CAPEX and (B) OPEX and TOTEX for wastewater 

treatment systems. Shaded bands indicate value ranges, and solid lines represent average costs. 

Adapted from Refs. [8,25]. 

Large centralized wastewater treatment systems (CWTS) benefit from economies of scale by 

reducing both capital expenditure (CAPEX) and annual operating expenditure (OPEX). However, 

their overall economic feasibility should also consider the investment and maintenance costs of 

the associated sewer network. In densely populated regions with population densities exceeding 

1500 PE km⁻², centralized systems generally provide the most economical solution for both 

CAPEX and OPEX. Conversely, in sparsely populated or rapidly developing areas, decentralized 

wastewater treatment systems (DWTS) employing modular and phased expansion strategies offer 

a more cost-effective alternative. Their modular configuration allows treatment capacity to be 

expanded progressively in response to population growth while minimizing initial investment 

costs.[8] 

In addition, wastewater treatment technologies must be designed with future environmental 

regulations in mind. For example, the European Union (EU) requires secondary treatment for all 

urban wastewater treatment plants serving ≥1000 PE by 2035.[39] Furthermore, tertiary treatment 

for nitrogen and phosphorus removal will become mandatory for facilities serving ≥150 000 PE 
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by 2039 and ≥10 000 PE by 2045, while quaternary treatment for micropollutant removal will be 

compulsory for plants serving ≥150 000 PE by 2045.[39] Consequently, modular wastewater 

treatment systems should be planned with sufficient flexibility to accommodate future regulatory 

requirements. 

6. Challenges and Opportunities of DWTS 

The implementation of decentralized wastewater treatment systems (DWTS) presents several 

technical, economic, regulatory, and social challenges while simultaneously offering significant 

opportunities for sustainable wastewater management. 

6.1 Challenges 

6.1.1 Operation and Maintenance Requirements 

Reliable operation of DWTS depends on effective preventive, predictive, and corrective 

maintenance. Inadequate inspection and maintenance expose treatment units to environmental 

fluctuations such as changes in pH, temperature, and hydraulic or toxic shock loading, thereby 

reducing treatment efficiency. Compared with centralized systems, DWTS frequently experience 

shortages of skilled operators, resulting in operational deficiencies. An assessment of decentralized 

treatment facilities in Indonesia demonstrated that insufficient management practices and irregular 

maintenance significantly reduced the removal efficiencies of chemical oxygen demand (COD), 

ammonia, oil, and grease.[40] 

Poor operational management may also create downstream environmental problems, particularly 

in water-scarce regions where reclaimed wastewater is extensively used for agricultural 

irrigation.[41] The integration of remote monitoring, automation, and digital control systems can 

substantially reduce dependence on on-site operators by enabling rapid fault detection and 

allowing skilled personnel to respond efficiently when required. 

6.1.2 Policy and Regulatory Challenges 

Environmental authorities worldwide are implementing increasingly stringent wastewater 

treatment regulations to improve environmental protection. However, compliance with these 

enhanced standards often requires technological upgrades that substantially increase treatment 

costs. Consequently, many decentralized systems, particularly those operating in low-income 

communities, encounter financial barriers that limit their ability to meet evolving regulatory 

requirements.[24a] 

6.1.3 Public Acceptance and Social Challenges 

Public perception remains a significant barrier to the implementation of DWTS. Concerns 

regarding pathogens, chemical contaminants, and potential environmental and public health risks 

frequently reduce community acceptance of decentralized wastewater treatment and water reuse 

projects.[41,42] Recent studies emphasize that successful implementation requires both public 

education and stakeholder engagement, particularly in regions experiencing water scarcity.[41,42] 

Increasing awareness of the environmental, economic, and water security benefits of wastewater 

reuse is essential for promoting a circular water economy and improving public confidence.[42,43] 

Furthermore, growing recognition of the flexibility, resilience, and economic advantages of 

decentralized treatment systems is contributing to their increasing acceptance worldwide.[43a,44] 
6.2 Opportunities of DWTS 
6.2.1 Water Reuse 

Growing population pressures and increasing freshwater scarcity have made water reuse an 

essential component of sustainable wastewater management. Consequently, water reuse should be 

considered during the planning and design of wastewater treatment systems. Although 



Journal of Computational Analysis and Applications                                                                              VOL. 35, NO. 7, 2026 
   

                                                                                                                            10.48047/jocaaa.2026.35.07.06 

                                                                                                     68                                        Shrikrishna Sharma et al 56-71 
 

implementation requires careful evaluation of investment costs and impacts on existing 

infrastructure, the long-term benefits often outweigh these challenges. A study conducted in Noida, 

India, reported that implementing wastewater reuse for toilet flushing and landscape irrigation 

reduced local freshwater consumption by approximately 48%.[42,45] 

Treated wastewater provides a dependable alternative water source throughout the year, 

particularly when generated close to locations with high water demand. In centralized systems, 

reclaimed water often requires transportation through pipelines or tanker trucks from treatment 

plants to residential, agricultural, or industrial users, increasing operational costs. In contrast, 

DWTS produce reclaimed water directly at or near the point of demand, making them highly 

suitable for non-potable applications, including toilet flushing, landscape irrigation, agriculture, 

horticulture, and vehicle washing.[24b,42] 

By minimizing water transportation requirements, decentralized systems reduce infrastructure 

costs, improve resource efficiency, and support localized water recycling. They also strengthen 

community resilience by narrowing the gap between wastewater generation and water reuse while 

reducing dependence on freshwater resources and energy-intensive distribution systems.[24] A 

case study from India, one of the world's most water-stressed countries, concluded that 

decentralized wastewater treatment represents an effective strategy for expanding water reuse and 

improving long-term water security.[24b] From an economic perspective, treating wastewater 

close to its source eliminates the need for extensive sewer networks and expensive centralized 

infrastructure, making decentralized systems a financially attractive solution.[23] Furthermore, 

industries are increasingly adopting DWTS to promote circular economy principles through on-

site water recycling, resource recovery, and sustainable water management practices.[12b] 

7. Conclusion  

This perspective provides a quantitative comparison of centralized wastewater treatment systems 

(CWTS) and decentralized wastewater treatment systems (DWTS) by evaluating key economic 

indicators, including capital expenditure (CAPEX) and operating expenditure (OPEX) for both 

treatment facilities and associated sewer networks. The analysis indicates that CWTS are generally 

the most cost-effective option in densely populated regions with population densities exceeding 

1500 PE km⁻², where economies of scale significantly reduce unit treatment costs. In contrast, 

DWTS are more advantageous in sparsely populated areas (<1500 PE km⁻²), where economies of 

scope, modularity, and localized treatment improve economic and operational performance. 

Compared with centralized systems, decentralized treatment offers additional benefits through 

reduced land requirements, localized infrastructure, and the ability to distribute treatment units 

closer to wastewater generation sources. The modular architecture of DWTS also enables 

straightforward expansion and technological upgrades without disrupting existing operations, 

thereby enhancing system flexibility and long-term adaptability. These characteristics make 

decentralized systems particularly suitable for rapidly developing communities and regions with 

dispersed populations. 
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