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Abstract: For decades, there has been ongoing discussion about whether centralized or decentralized
wastewater management systems are better. Decision-makers need to define the best option but do
not always have the necessary tools to develop, compare, and identify the most appropriate solution.
To address this, studies have been conducted on a settlement level. In this study, the main focus
was to develop and optimize wastewater management scenarios for a region containing rural areas,
where data scarcity was an issue, by extracting scenario-relevant information from the region using a
satellite image and its calibration using locally available data. We selected a study region in India
containing 184 villages with a total population of around 210,000 and covering an area of around
400 km?. The study considered three different scenarios for the study area: centralized, decentralized,
and an optimized scenario, which consists of a hybrid system involving partly decentralized and
partly semi-centralized (clustered) infrastructure. The study developed a systematic approach for
defining an optimized cluster of villages by considering the cost trade-off between the wastewater
treatment plant (WWTP) capacity and sewer network layout. The results showed that the clustered
and decentralized scenarios were nearly equal in terms of cost (around EUR 118 million), while
the centralized scenario showed a relatively high cost of EUR 168 million. Potential applications
and further development of the method were also considered. The proposed methodology may aid
global wastewater management by estimating and optimizing infrastructure costs needed to fulfill
Sustainable Development Goal 6 (SDG#6) in rural regions.

Keywords: data scarcity; decision support; preliminary planning; rural region; wastewater
infrastructure; optimization

1. Introduction

Improving safe access to water and sanitation is defined as the United Nations’ (UN)
sixth Sustainable Development Goal (SDG#6) [1]. As of 2022, more than half of the world’s
population still lacks access to safe sanitation, indicating that SDG#6 may not be achieved
despite recent efforts [2]. One of the main challenges related to SDG#6 is the considerable
amount of investment required for long-term wastewater infrastructure in a short period [3].
However, there is currently a lack of planning tools for comprehensive analysis, spatial
planning, scenario development, and cost estimates [4], despite several tools being devel-
oped and published recently. Investment decisions must be made based on studies and
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plans that reflect local conditions and needs to determine the most cost-effective solution
for wastewater management [3].

While cities and urban areas are often prioritized for wastewater infrastructure imple-
mentation, this is not the case for rural regions due to their local and regional characteristics,
such as the remoteness of settlements and relatively low population density within a large
area [5,0]. In addition, the lack of sufficient data to carry out planning and estimation has
been a hurdle for rural regions [7]. In contrast, cities have a high population density in a
relatively small area, making implementation projects accessible to a higher population [7].
Urban areas also face higher risks from untreated wastewater in terms of human hygiene
and health [8] due to the high population dwelling within a small area. Moreover, the
improved data availability and planning capacity in urban areas compared to rural regions
allow better planning and decision-making [9,10].

Traditionally, centralized systems are mostly used in urban settings [11], whereas
decentralized infrastructures are applied in rural areas [12]. It has been reported that
in traditional centralized systems, more than 80% of the investment costs are related to
the sewer infrastructure [13]. In addition, centralized wastewater management systems
are reported to be less flexible toward demographic changes, such as rapid growth or
shrinkage of the population [14]. Despite their inflexibility, centralized systems are often
the most cost-effective solution in densely populated urban areas [11]. In contrast, rural
areas with a centralized system must rely on much longer sewer networks, making them
unsuitable for this environment [15]. However, centralized sanitation infrastructure in rural
areas, consisting of overextended networks and a common treatment plant, is typical in
developed countries [16]. To investigate which system offers the best solution for a given
local condition, different tools, approaches, and methods are necessary. This approach
enables the development of various wastewater management scenarios and allows for the
cost comparison of these solutions.

Recently, researchers have addressed the lack of planning and analysis tools by devel-
oping various methods to identify the most suitable solution on different scales [3,17-19].
These tools can be helpful for pre-planning and identifying the most appropriate sanitation
solution to achieve SDG#6 at a local level, whereas other more indicator-based estimates
have been used at a national level [20]. While such estimates are important at both the local
and national levels, more comprehensive analysis and planning are needed to close the gap
at the regional level.

In this context, the main objective of this study is to develop an approach that is used
to address two main challenges that rural regions currently face regarding the infrastructure
planning process: (1) to carry out preliminary planning for wastewater infrastructure in
case of lack of available data, and (2) to identify the most suitable wastewater manage-
ment scenario on a regional scale. The following measures have been taken to develop
the approach.

The first step was to select a study area in India with a total area of about 400 km?. The
number of inhabitants and villages was unknown and needed to be determined for this
study. Second, the lack of available data in a rural region was handled by extracting the data
needed for the analysis from satellite data (imagery), and the extracted data was adjusted
and calibrated with local information before being used as input data for the scenario
development process. Third, the pre-planning, scenario development, and optimization
were carried out using a network analysis tool. Finally, a cost analysis was carried out to
identify the region’s most appropriate wastewater management solution. The optimization
was based on the cost trade-off between the capacity of the WWTP and the design layout
of the trunk sewer network on a regional scale close to the clustered villages.

2. Materials and Methods

In this study, the analysis was carried out by defining the wastewater management
scenarios, which was followed by the data collection and processing. Subsequently, the
scenarios were spatially developed using a geographic information system (GIS). Then,
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the cost analysis was carried out combined with the identification/development of the
optimized solution. The cost analysis considers the quantity of the infrastructure (such as
the length and diameter of trunk lines and the size of the WWTP) extracted from GIS for
each scenario and the investment as well as reinvestment and operation and maintenance
(O&M) costs over the lifetime of the system [3].

Similarly to Khurelbaatar et al. [3], the current study focused on a data-scarce region in
India. The main data source was a recent satellite image and globally available information
to calibrate the data. In addition, this study aimed to develop wastewater management
solutions for a region rather than a locality, and individual villages were considered to
be wastewater sources. In comparison, previous studies developed scenarios for villages
by considering individual buildings as sources of wastewater. Similar to the developed
GIS-based decision support tool ALLOWS (Assessment of Local Lowest-cost Wastewater
Solution) [17], this study also considered roads as the main route for the sewer network
and trunk lines. The number of scenarios was adapted to the region and included (i) a
decentralized scenario, (ii) a centralized scenario, and (iii) an optimized (clustered) scenario,
which consists of part decentralized and partly semi-centralized infrastructure. The “Net-
work Analysis” tool of ArcGIS was used as a new approach for designing and optimizing
sewer networks.

2.1. Study Area

Countries like India, with a high population and rapid demographic growth, are prone
to wastewater-related risks [12,21]. The study region with an area of about 400 km? was
selected in Aligarh District—Uttar Pradesh State, India (Figure 1) [22]. The study area
(28°7'26.05” N-28°0'28.75" N, 78°15'32.87" E-78°31'57.97" E) was located in the Ganga
River basin, which is of great importance to India owing to its historical, cultural, reli-
gious, ecological and economic background [23]. The lack of available data (except satellite
imagery) and wastewater infrastructure, combined with the strong interest of funding agen-
cies and local stakeholders to alleviate the current situation, made the study area suitable
for developing and testing this new approach. In addition, the region has undergone rapid
demographical development (30% population increase in the last decade [24]) and contains
diverse settlements, including urban, semi-urban, and rural areas.

Figure 1. Location of the study area.

2.2. Scenario Definition

For this study, three scenarios were developed to identify the optimal solution for
wastewater management in the region of interest.

e  Decentralized scenario: Each village is served by one WWTP;
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Centralized

e  Centralized scenario: All villages in the study region are connected to a common cen-
tralized WWTP. Wastewater from the villages is conveyed to the centralized treatment
plant through a combination of trunk lines and pumping stations;

e  Clustered scenario: Based on the other two scenarios, they are the baseline for devel-
oping optimized clusters regarding the size of WWTPs and sewer network layout.

The economy of scale is reflected in the construction and O&M costs of WWTPs. The
larger the population served, the lower the costs per inhabitant [18]. For this study, this
meant that as the number of villages connected to a centralized WWTP increased, the
specific costs decreased compared to decentralized WWTPs. This opened up the possibility
of using the potential savings in WWTPs to invest in sewer networks to reduce the number
of WWTPs, thus creating the clustered scenario. Given the economy of scale, the starting
point for this study was to compare the fully decentralized and fully centralized systems to
determine the cost difference in WWTPs and use this as a boundary condition to determine
which villages could be clustered according to the length of trunk lines that could be funded
with the available cost using Equation (1) and also shown in Figure 2.

ACcruster = Cpwwrp — Ccwwrp (1)

where:
ACcruster: Available Cost for Cluster Network;
Cpwwrp: Cost of Decentralized WWTP;
Cewwrp: Cost of Centralized WWTP.

Decentralized Clustered

»
® >

Potential cost
saving

Figure 2. Principal scenario development scheme.

All the scenarios were based on network analysis techniques to increase the size of the
WWTPs and find the best level of clustering that lowered the cost of both the decentralized
and centralized scenarios.

2.3. Data Requirement

The current study focused on developing wastewater management scenarios that
could be modeled with minimal incorporation of local and regional data. Instead, it
focused on using globally available data as much as possible. Khurelbaatar et al. [3] used
a reduced data version of the ALLOWS tool and defined the minimum data required for
scenario development as follows:

Region of interest (ROI): Study region;

Digital elevation model (DEM): A DEM with a resolution of 15 m x 15 m [25] was

used in this study;

e  Buildings: A satellite image [26] was used to digitize the buildings in each village;
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e Roads: A satellite image [25] was used to manually delineate roads within the village
and between villages for the whole study region;
Population: Local statistical data [24];
Water consumption: The average water consumption (Liters) per capita per day
(80 Lpcd) was taken from MHFW [24]. Combined with the estimated population of
the villages, the wastewater production for each village was determined;

e  Costs: Investment and O&M costs associated with wastewater infrastructure, such as
sewer pipes, pump stations, forced mains, and WWTPs [27].

2.4. Image Classification and Extraction of Data

For existing infrastructure, image classification of a recent satellite image from Mi-
crosoft Bing Maps was used [26]. The image was processed using the image classification
tool of ArcGIS Pro Version 2.7.3 [28]. Image classification was an iterative process using
training data to identify infrastructure relevant to the study, such as buildings and roads,
with the highest possible accuracy. The study area was first divided into 53 subdivisions
(Supplementary Figure S1), and training samples were developed for buildings, roads
and agricultural areas in each of the sub-areas (Supplementary Figure S2). The image
classification process was then carried out using the configurations listed in Supplementary
Table S1.

After image classification, the raster image was converted into feature data (polygon),
and information of interest, most importantly buildings, was extracted (Figure 3). The bound-
ary of each village was delineated using the buffer tool of ArcGIS Pro Version 2.7.3 [28].

[ Towns - Ponds
Roads [__] Buildings

Figure 3. Image classification process: (a) raw satellite image, (b) image classification process, and
(c) conversion to feature and extraction of the data. Delineation of roads was completed manually
and processed so the feature data could later be used for the network analysis tool.

2.5. Estimation of Population for the Study Area

The number of buildings was integrated into the feature data as an attribute at the
village level. In the next step, data on the villages were compared to a Google map and
the names of the villages were added manually. The last census conducted in the area
was in 2011 [24] and provided information on 85 of the 184 villages identified in the study
region. First, the population forecast [24] was used to estimate the population for each
identified village for the year 2021, the assumed approximate date of the satellite image. An
average number of inhabitants per building was calculated for the 85 villages whose names
and numbers of inhabitants were recorded in the census. This average population per
building was then applied to other unidentified villages for which the number of buildings
was already known to estimate the total population for each village as well as for the
entire study region (Supplementary Table S2). In the next step, the estimated and reported
populations were projected to 2036 according to the “Population Projection for India
and states 2011-2036" [24]. Based on the population and reported water consumption of
80 Lepd [29], the total wastewater production for the villages was calculated (Equation (2)).
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2.6. Technical Details of the Sewer Network

The sewer network design was based on “The Manual on Sewerage and Sewage
Treatment Systems of India” [29]. The peak flow of the sewer network was calculated using
Equation (2).

_ Rex PxWce

Qp = 86,400  ~ pf 2)

where:

Qp: peak flow (m3/s);

Rc: return coefficient (0.8 according to [30]);

P: projected population;

We: water consumption (m3/(day x inhabitant));

Pf: peak factor.

Peak factors were selected according to the size of the village. For villages with less
than 20,000 inhabitants, Pf = 3 is recommended, whereas for settlements between 20,000
and 50,000 inhabitants, Pf = 2.5 is recommended. For urban settlements with more than
50,000 inhabitants, Pf = 2.25 was considered according to CPHEEO [29] (Supplementary
Table S3). After calculating the peak flow, the size of trunk lines for each village was defined,
along with the minimum slope, as listed in Table 1.

Table 1. Pipe size and corresponding minimum slope [29].

Trunk Size (mm) Slope (%) 1 m Decrease in Trunk Length (m)
150 0.60 170
200 0.40 250
250 0.28 360
300 0.22 450
375 0.15 670
450 0.12 830
>525 0.10 1000

The minimum depth of a trunk line was considered to be 1 m in accordance with
CPHEEQO [29], whereas the maximum depth was around 5 m. When the level of the gravity
trunk line reached 5 m in depth, a lift station was considered to be installed. The average
distance between the lifting stations for each village was calculated based on the size of the
trunk and the minimum slopes. The average distance between manholes was considered
to be 100 m.

As this study focused primarily on developing regional solutions rather than local
management options, the sewer network within the village was assumed to be in place.
Therefore, these technical details were only applied to the trunk-line network connecting
the villages.

2.7. Developing the Trunk-Line Network Using the ArcGIS Network Analysis Tool

The network dataset was created from all existing roads in the study area. The
network analysis tool used in this study (location—-allocation, service area, and closest
facility) was not specifically designed for wastewater network analysis but for road travel
cases. However, relevant factors were included, such as the longest potential length of
the trunk line, including a lifting station as a function of the cost of overall wastewater
infrastructure, and the analysis was adapted to generate the trunk-line network between
villages in the study area. Elements of the network dataset created for this study are
mentioned below:

e  Edges: Connected elements such as junctions and represented the links through which
wastewater was transported;

e Junctions: Represented villages and nodes along the roads, connected to edges, and
facilitated navigation from one edge to another;
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e  Travel distance: The pipe length potentially assigned to each village.

Edges and junctions form the basic structure of a network. Connectivity in the net-
work dealt with the interconnection of edges and junctions, thus showing possibilities for
transporting wastewater from the producer villages to WWTPs.

2.8. Economic Assessment

Unlike previous studies using the ALLOWS tool, where the economic assessment
was conducted after the scenarios were developed [3,18], the economic assessment in this
study was conducted alongside the scenario development process. The spatial data of the
scenarios are summarized in Figure 4.

WWTP
Cost WWTP / PE
. Extrapolation
Total Inhabitants v
Village/ Cluster "
Sewer Unit cost ‘
pipeline (€/m)
Wastewater Flow Diameter of ‘ ,  Computation of v,/ Cost pipelines
per village pipelines length per;diameter ‘ (€) + Totallcostisewer
S| ( Computation of (€)
ope T number of pumps = >-{ Cost pumps (€) }
diameter per capacity L
pump head 4 m Unit cost pump
(€/m)
Total Cost
TOTAL COST of
+ -
Cost WWTP Cost sewer SCENARIO

Figure 4. Procedure to determine the investment costs of different scenarios.

The capital, reinvestment, and operation and maintenance (O&M) costs of the wastew-
ater infrastructure were estimated using local and international benchmark costs (Supple-
mentary Table S4 for WWTPs, Supplementary Table S5 for the trunk-line network, and
Supplementary Table S6 for pumping stations). The net present value of each scenario
was calculated according to DWA [31]. The analysis period was considered to be 60 years,
and the discount rate was 3% per annum. The discounting factor for individual cost items
(DFACIC) and discounting factor for uniform cost series (DFACS) were calculated as de-
scribed in Supplementary Table S7. The lifespan of the wastewater infrastructure is shown
in Supplementary Table S8.

Sequencing batch reactor (SBR) technology was selected for all the scenarios in the
study that were solely based on the cost data availability. The investment, reinvestment,
and O&M costs were defined according to Ettenauer’s [27] estimates for different sizes of
WWTP (Supplementary Table 54).

2.9. Decentralized Scenario

The fully decentralized scenario assumed that each of the 184 villages had its own
WWTP, so no expenditure was needed to install pipes and pumping systems to connect
the villages. The location of the WWTP was assumed to be within the boundary of each
village, and its size was derived from the projected population. Investment, O&M, and
reinvestment costs were computed from the SBR cost functions shown in Supplementary
Table 54 and were calculated for each WWTP and village. The present value was determined
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Cost difference:

over the analysis period of 60 years. The sum of the costs of each WWTP yielded the
total cost of the decentralized scenario, and their present value was determined for later
comparison with the other scenarios.

2.10. Centralized Scenario

In the centralized scenario, a trunk-line network was designed that connected all
villages to a common (centralized) WWTP. The location of the centralized WWTP was
selected based on the lowest cost criterion. The location—allocation tool of ArcGIS Pro
Version 2.7.3 [28] was applied to the created network dataset to determine the location of
the centralized WWTP. Weighted impedance minimization was considered, and the lowest
amount of wastewater that must be transported through the shortest length of pipe was
sought. Once the location of the WWTP was determined, the exact length of the trunk line
per diameter for the entire network was determined using the network analysis tools (copy
traversed source features, closest facilities—ArcGIS Pro Version 2.7.3). This also considered
the changing pipe size as villages were gradually connected to the network. In a final step,
spatial data, such as the length of trunk lines with various diameters, number of manholes,
number and size of pumping stations, and size of the centralized WWTP, were summarized
for the economic assessment.

2.11. Clustered Scenario

One of the crucial points in developing the clustered scenario was defining which
villages could be combined into a cluster and connected to a common WWTP without
exceeding the costs of the other scenarios. For this purpose, the difference in treatment cost
between the decentralized and centralized scenarios was calculated. The cost difference
divided by the total population was used to estimate the potential savings per inhabitant
in the region (Figure 5), and then the potential savings for each village were estimated by
multiplying it by the estimated total population of the village. The resulting value indicated
the money that village could spend on a trunk line to connect to other towns. The length
of the trunk line was determined as a ratio between available money for each village and
the cost per meter of the trunk line. Based on the previously calculated size and slope of
the trunk line, the number of lifting stations and associated costs and trunk-line length
were updated.

Population of Specific cost of Creating service
each village pipeline area of each village

v v

\d
Available money

Centralized and per person and Potgntla_ll length of Prpspectlve
decentralized per village for pipelines per service area per
WWTP potential sewer town town
o network
Intersection Grouping of Selection of the Quantification of
. towns to connect best location for | real lengths of
between service . ‘ .
areas to a common the WWTP in pipelines and
WWTP (clusters) each cluster capacity of WWTP
Comparison of Selection of
Cost PV cost PV of the clusters with Final lavout of the
computation of cluster vs. lower cost than v .
. : clustered scenario
each cluster decentralized decentralized
‘plants WWTP

Figure 5. Definition process of clusters.
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Next, a prospective area (called service area) was created around each town using the
service area command of the network analysis tool of ArcGIS Pro Version 2.7.3. [28], which
indicated the initial maximum distance that a village could reach by building a trunk line
along the roads (edges) (Figure 5).

Overlap between the service areas of different villages showed that these villages
could potentially be connected to a common WWTP, thus forming a cluster (Figure 6).

el-2 Service areas

[ Cluster Level-1 [ Villages

Figure 6. Indicative service areas for clustering the towns.

Once a cluster had been identified (Figure 6), the WWTP location was defined for
each cluster using the location-allocation tool. Next, the trunk-line network was created
to estimate the actual size of the wastewater infrastructure, such as the trunk line and
lifting stations. All costs were then calculated in the same way as in the other two scenarios
(Figure 4). Finally, the net present value of the estimated costs was determined. After
the economic assessment, the net present value of each cluster was compared to the net
present values of the decentralized WWTP in individual villages. If the clusters showed
lower costs compared to the decentralized scenario, the cluster was selected as more cost-
efficient, whereas if the reverse was true, the decentralized treatment option was included
in the scenario.

3. Results
3.1. Population and Villages in the Study Area

During the image classification process, the buildings in each village were identified.
Based on the villages that could be identified on the map (85 out of 184) and cross-referenced
with the census data, the average population per building was estimated to be 5.3 in 2021.
Assuming this number for the remaining villages, the population for the entire study area
(Figure 7) was estimated to be 218,241 in 2021. After applying the census projection, the
projected population for 2036 was calculated as 391,324.

Although there was a large city with about 65,000 inhabitants in the study area, more
than 80% of the villages had less than 2500 inhabitants (Supplementary Table S2). The total
length of the road network connecting the villages was about 1200 km.
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Figure 7. Study area with data needed for the analysis.

3.2. Scenarios

In the decentralized scenario, all villages relied on individual WWTPs located within
the village boundaries (Figure 7). This meant 185 WWTPs were considered for settlements
of 50 to 65,000 inhabitants. The centralized scenario consisted of a centralized WWTP
with a size of ca. 400,000 person equivalent (PE), a total pipeline network of 376 km, and
428 pumping stations of different sizes (Figure 8a). In the clustered scenario, 41 villages
were grouped into 12 clusters. For the remaining 143 villages, the decentralized solution
was more cost-efficient than any cluster (Figure 8b).

In terms of population, 38% of the population was included in the clusters, leaving
the remaining 62% for the decentralized solution. Figure 9 shows the net present value of
the scenarios over the analysis period.

The centralized scenario had the highest cost (EUR 168.35 million) throughout
the assessment period, while the decentralized (EUR 118.42 million) and clustered
(EUR 118.15 million) scenarios presented nearly similar behavior in terms of cost develop-
ment (Figure 9 and Table 2). This was mainly because the construction of the optimized
(clustered) scenario was based on the potential cost surplus generated by reducing the
number of individual WWTPs through centralization. Regarding the composition of costs
for the centralized scenario, 27% of the total cost was for the WWTP, 55% for the trunk-line
network and 18% for lift stations (Table 2 and Figure 10).

For the clustered scenario, almost 93% of the total cost was for WWTPs, while a fraction
of the cost was dedicated to the trunk line and pumping stations (Table 2 and Figure 10).
Regarding cost types, the investment cost (IC) for WWTPs was the lowest for all scenarios,
ranging from 10% (centralized scenario) to 23% (decentralized scenario) (Table 2 and
Supplementary Figure S3). The highest costs were associated with O&M and reinvestment
(RIC) for the trunk-line network and pumping stations for the centralized scenario and
WWTPs in the remaining two scenarios (Table 2 and Supplementary Figure S3).
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Figure 9. Net present value (NPV) of the cost development over the analysis period.
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Table 2. Net present value of infrastructure costs over the analysis period of 60 years (in EUR millions).

Scenario Cost Type WWTP Trunk Line Pumping Total Cost
Land * - - - 0.74
IC 26.53 - - 26.53
Decentralized O&M 49.32 - - 49.32
RIC 41.83 - - 41.83
Total 117.68 - - 118.42
Land * - - - 0.67
IC 4.55 42.26 5.01 51.82
Centralized O&M 33.47 33.47 20.20 87.14
RIC 6.99 17.41 4.32 28.72
Total 45.01 93.14 29.52 168.35
Land * - - - 0.71
IC 24.05 2.47 0.49 27.01
Clustered O&M 47.76 1.96 1.48 51.20
RIC 37.86 1.02 0.35 39.23
Total 109.68 5.45 2.32 118.15

Note: * Land cost was calculated as described in Supplementary Table S9.

Total Project Cost comparison

167.67 Values in Million Euros,
in Present Value
117.68 117.45
Centralised Decentralised Clustered
Pumps 2952 (18%) 2.32 (2%)
Sewer 93.14  (56%) 5.45 (5%)
B Wwtp 45,01 (27%) 117.68 (100%) 109.68 (93%)

Figure 10. Total project cost comparison (without land cost).

4. Discussion

The development of the scenarios and economic assessment showed that the clustered
scenario gave the best combination of decentralized and clustered WWTPs, provided
that the costs were slightly lower than that of the decentralized scenario. That means
the clustered scenario offered the level of centralization from an economic perspective
in terms of both WWTP size and trunk-line network design. Since the development of
the clustered scenario was based on optimization of the size of WWTPs and layout of
the trunk-line network against the minimum cost threshold of the decentralized scenario,
the two scenarios were nearly similar in terms of cost, showing a difference of only EUR
0.27 million. In other words, the network of the clustered scenario was expanded without
surpassing the cost of the decentralized option. Meanwhile, the centralized scenario
showed a cost difference of around EUR 50 million over the analysis period compared to
the other two scenarios.

The results of the study showed that the total costs of a scenario were strongly depen-
dent on the complexity of the trunk-line network, particularly the length of the trunk-line
network and number of pumping stations involved. Similar conclusions were drawn by
Khurelbaatar et al. [3], who investigated wastewater management options within settle-
ments. Maurer et al. [32] also reported a similar cost constellation. In the centralized
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scenario in this study, the WWTP accounted for only 9% of the investment cost, while in
the long run, the cost of the WWTP increased to about 27% of the total costs. Similar results
have been reported by Maurer et al. [32] and Shapiro and Rogers [33].

Aubron et al. [34] conducted a similar analysis for a region with rural and peri-urban
areas by considering two scenarios: decentralized and clustered. While the decentralized
scenario was developed in a similar manner to the present study, the clustered scenario was
developed manually. Their results showed that the decentralized scenario was preferred
due to the involvement of a series of pumping stations and trunk-line networks for the
clustered scenario. This might have resulted from the manual development of the clustered
scenario, a process that was systematically approached within the current study. Although
a number of studies have addressed the same issue, they were conducted on a much smaller
scale [3,17-19,35]. Conversely, on a much larger scale, Hutton and Varughese [20] provided
country-level cost estimates to fulfill SDG#6. Our study aimed to provide a systematic
analysis method that could help scale up wastewater management analysis at a regional
level, bridging the gap between local-scale analysis tools [3,17,18] and country-scale cost
estimates [20].

Similar to Khurelbaatar et al. [3], scenario development in the present study was
conducted with minimum input data to overcome the problem of data scarcity globally,
especially in rural regions. In this way, we explored the possibility of developing plausible
scenarios for wastewater management without first conducting extensive data collection,
relying mainly on globally available data.

In this study, only three scenarios were developed. The main objective was to de-
velop solutions for regional wastewater management by finding optimized approaches
between fully centralized and fully decentralized solutions. However, in combination with
other tools like ALLOWS, many more scenarios could be developed, such as an on-site
solution within each village. Also, additional wastewater treatment technologies, such as
constructed wetlands [22], could be included in the scenario development, making the anal-
ysis more complex. In conjunction with different treatment technologies, the issue of the
reuse of treated effluent could be addressed in the scenarios. Particularly in rural regions,
wastewater is a viable resource for agriculture [36], and a higher level of decentralization
offers greater opportunities to maximize the benefits of reuse.

On the contrary, centralized wastewater treatment plants are less prone to fluctuations
in quality and quantity of wastewater influent, which allows a stable treatment performance
and, hence, an important point towards environmental protection. In addition, the quality
of the treated effluent often can be better monitored and hence managed compared to the
smaller wastewater treatment plants [37]. These values can be added to the analysis to rank
the scenarios according to the cost and other factors.

In the current study, the development of the wastewater infrastructure and hence
the wastewater management scenarios and their optimization were the main focus, so
the economic analysis only included the cost comparison of the scenarios. However, this
approach can be used to calculate the costs with higher accuracy and can also include
aspects like sensitivity analysis and cost-benefit ratio to focus more on the uncertainties of
the solutions. The same applies to the general data-related outcome of the approach; as the
level of detail increases, more realistic results can be achieved. With detailed input data,
the accuracy of such analysis can be increased, which will narrow the range of uncertainty.
Since the approach is dealing with regions with low data availability, cost data must be
handled carefully. The scenarios and their rankings are especially highly dependent on the
cost assumptions and cost data. This can be handled by using some local cost range, e.g.,
increased or decreased cost for sewer network depending on the type of soil or by relying
on the global cost database [3,20].

The current study involved a terrain that is relatively flat, thus enabling a simplified
assumption and estimation of pumping stations and gravity pipe networks. However, for
regions with hilly and mountainous terrains, a more sophisticated approach to developing
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the trunk-line networks must be considered, including, e.g., pressurized and/or vacuum
pipe networks.

Once the methodology is manually set, scenario development and optimization could
be automated so that the analysis could cover even larger areas [38] than that of the
current study. The processes that could be automated in scenario development include
dimensioning the trunk-line network, estimating the distance between pumping stations,
and identifying and creating clusters and cluster networks.

This approach establishes the basis for a scenario comparison using multi-criteria
analysis. Other criteria might include social acceptance, reuse priority, risk assessment,
desired quality of the treated effluent, environmental protection, etc. since the cost is not the
only deciding factor when planning and implementing wastewater infrastructure. Overall,
the approach is designed to support the decision-making process by providing preliminary
planning and scenario development rather than detailed planning.

5. Conclusions

This study presented a novel approach that can be used to assess which type of
wastewater management system is the most appropriate from a regional perspective,
building on the recurring discussion that no single answer meets the needs of all settlements.
The study region represents a typical rural region characterized by a lack of data availability.
This study explains the step-by-step methodology to generate the input data and to carry
out preliminary planning, scenario development, scenario optimization, and cost analysis of
wastewater management solutions in the region. Three regional wastewater management
scenarios were developed: centralized, decentralized, and optimized (clustered). Based
on the cost assessment, the centralized scenario showed the highest cost, while the costs
associated with decentralized and optimized scenarios were nearly the same.

The study focused on a data-scarce rural region in order to enable transferability to
implement in other regions. An important contribution was the scale of application, as
previous similar studies have mainly focused on small areas or portions of settlements,
especially in urban areas or growing urban conglomerates.

As many reports highlight the importance of the preliminary planning stage, this
approach is developed with the intention of being used as a preliminary planning and
decision support tool for local and international decision-makers and stakeholders. Finally,
this approach may aid global wastewater management by estimating and optimizing
infrastructure costs needed to fulfill SDG#6 in rural regions.
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Cost of the WWTP (SBR) in EUR; Supplementary Table S5: Cost of trunk lines; Supplementary
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calculation; Supplementary Table S8: Infrastructure lifespan in the cost estimation; Supplementary
Table S9: Assumptions in land cost estimation; Supplementary Figure S3: Participation per type of
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