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Abstract: This paper presents a case study concerning multivariate analysis, including social and
financial aspects, as well as environmental impacts, of the organized sanitation development under
conditions of the selected rural settlement in Poland. Three technologically up-to-date variants of
sanitary sewerage network concepts with the different assumed sewage transport, i.e., pressure,
pressure-gravity and gravity, were proposed together with the investment and operation and mainte-
nance costs estimation. The willingness-to-accept (WTA) and willingness-to-pay (WTP) survey was
used to analyze the level of social acceptance and involvement. The financial analysis covered two
economic and cost-efficiency dynamic indicators, benefits—costs ratio (BCR) and dynamic generation
cost (DGC), commonly used to support the decision-making process. The environmental aspects
were assessed by the possible anthropopressure caused by sewerage leakage and odor emissions.
Results of the WTA and WTP survey presented a significant level of acceptance and involvement of
the local population to sustain the improved sanitation. The determined values of DGC indicated
low cost-efficiency of the gravity system, while obtained values of BCR for all variants and the actual
regional sewage fees showed the low profitability of improved sanitation, i.e., BCR < 1.0. All studied
sanitation systems were assessed positively due to their environmental impacts. The performed
studies showed that, despite the declared willingness to accept the organized sanitation and to pay
the sewage fees, the economical sustainability of the proposed designs is doubtful over the longer
time duration due to the significant capital and operation costs affecting the sewerage payment value.

Keywords: sustainability; rural sanitation; economic profitability; cost-efficiency; social acceptance

1. Introduction
1.1. Rural Sanitary Sewage Management and Groundwater Quality

Sustainable development of rural areas requires availability of unpolluted surface
water and groundwater resources, as well as clean arable soil [1-3]. Thus, limited freshwater
resources endangered by climate changes and anthropopressure should be treated as one
of the most important concerns for rural societies. Generally, the negative impacts of
rural populations on availability of clean water may be mainly related to the agricultural
activity, as well as wastes and excrement management [4-8], allowing possible point or area
pollutant migration. According to the recent assessments [9,10], even approx. 4.5-5.6 billion
of additional people in the world will require access to sanitation in 2030. Thus, limiting
the possibility of soil, surface water and groundwater pollution by the improved sanitary
sewage seems to be crucial for sustainability of rural areas [8,11-16], so development of
sustainable sewerage management systems seems to be necessary. Moreover, the clear and
visible disparities between access to water and sanitation services in urbanized and rural
areas were reported in many regions of the world [12,16-21].

Actually, the centralized sanitation in rural areas in Poland, inhabited, due to the
official data [22-24], by approximately 15,300,000 people, i.e., 39.5% of total population of
Poland, is undeveloped. While 85.3% of rural residents in Poland are recently connected to
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centralized water supply networks, only 41.3% of them are connected to sanitary sewerage
systems. According to the official data, the remaining rural population bases the sanitary
wastewater management on the 256,811 domestic, household sanitary wastewater treatment
plants (WWTPs), 2,162,662 septic tanks, and wastewater car transport to the 2341 sewage
delivery stations of local WWTPs. Unfortunately, the availability of organized sanitary
sewage management is not uniform in Poland. Only 23.3% of the rural population in
Lublin Voivodship (one of the less developed regions in Poland and in the European
Union [17], total population 2,086,403, rural population 1,116,914) is currently connected
to the organized systems of sanitary sewage disposal, the length of which is only 32.24%
of water supply systems. The remaining rural population of the region uses 28,253 local
wastewater treatments plants, 176,357 septic tanks, and 183 sewage delivery stations.

The undeveloped or low-quality local systems of sanitary sewage management and
disposal may pose the significant threat to the natural environment, including groundwater,
of rural areas affecting the sustainable development of local population due to possible
ecological and social problems [20,25,26]. The malfunctioned, leaky septic tanks or faulty
on-site sanitation devices were commonly reported as the main source of groundwater
pollution [27-32]. In Poland, the official rapport of the Polish Inspectorate of Environmental
Protection [33] states that the quality of 22.82% of groundwater resources was assessed
as poor, according to Polish legal regulations [34,35]. The main reasons of the decrease in
ground water quality were recognized as the insufficient isolation of groundwater from
the surface water, disorganized and undeveloped water and sewage management, road
and railways traffic, as well as the inappropriate municipal and industrial waste man-
agement. Figure 1 presents results of the annual operational groundwater monitoring
for sampling points located in rural areas, including rural development, arable lands,
meadows, vegetation and forests, provided by The Polish Geological Institute—National
Research Institute [36] for period 2010-20, with groundwater quality divided into classes
according to [34,35]. The presented monitoring was performed for an annually changed
variable number of sampling points, i.e., 241-1060. The range of reported locations with
poor groundwater quality varied between 20.6% and 36.6%. The greatest quantity of
rural monitoring points was included in the reporting in 2016 and 2019, with 1050 and
1067 points, respectively. For these periods, the cumulative percentage share of groundwa-
ter of unsatisfactory and bad quality was 21.3% and 20.6%. The highest observed number
of monitoring points with determined unsatisfactory and bad quality of groundwater, i.e.,
36.6% of 298 points, was noted in 2011.
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Figure 1. Results of groundwater monitoring quality in rural areas in Poland, period 2010-2020,
based on [36], groundwater quality classes according to [34,35].

The presented anthropopressure exerted by rural population activities on ground-
water in rural areas may be, in our opinion, reduced by the development of sustainable
centralized sanitary wastewater systems or increased popularity of up-to-date, sophisti-
cated and effective on-site wastewater treatment devices (domestic wastewater treatment
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plants). However, all the proposed design concepts should be carefully studied under
the local conditions by the multicriteria method in order to verify their economic, social,
environmental, technical and legal sustainability [13,37-43].

1.2. Sustainability of Rural Sanitation

The concept of sustainable sanitation, assuming the safe disposal of human excreta
over the long term, takes into consideration issues of human health, affordability, environ-
mental sustainability and institutional appropriateness [4,16,20,44]. Thus, the sustainable
rural sanitation systems should be assessed, already at the stage of preliminary conceptual
design, according to the public health and environmental impacts, economic profitability
and cost-efficiency, as well as the social, institutional and legal aspects [12,40-43,45,46].

Nowadays, in developed countries, application of modern up-to-date materials, tech-
nologies, good practices and know-how of sewage transport allows successful significant
reduction of sanitary sewage influence on the humans health and quality of the natural
environment. However, under conditions of rural settlements, with low population density,
low volume of generated sanitary sewage, dispersed housings and unfavorable landform
application of rather costly (investment as well as operation and maintenance costs) central-
ized sewerage systems may be limited by several non-technical factors including financial
capacity of the local self-governments and rural population to cover all costs of the invest-
ment, social acceptance and involvement of residents in construction, and willingness to
pay the regular sewerage fees [47-56]. However, it is worth mentioning, that in several
rural regions of undeveloped countries, the technical and reliability aspects of on-site
sanitation may be more important than financial [12]. Generally, costs required for suc-
cessful implementation of sustainable sanitation cover capital expenditures, capital costs,
operation and minor maintenance expenditures, capital maintenance expenditures, direct
and indirect support expenditures [57]. The sophisticated, spatially large pipeline systems
of conventional (gravity) and unconventional (e.g., pressure or vacuum) sewage transport
require significant financial loads including materials, earthworks, manpower, energy
consumption, environmental fees, servicing, pipelines flushing, etc.—costs which directly
affect the value of legally determined sewage tariffs paid by the residents [13,48,49,57-59].
In turn, when combined with the short-term thinking [26], this may negatively affect the
willingness of the local rural populations to accept and pay. The social acceptance and
willingness to pay presented by the local rural population are crucial to successful imple-
mentation of improved sustainable sanitation systems, and may be affected by population
income, awareness, concerns, value of water and wastewater services payment, satisfaction
of current sanitation service, age, gender, education level, etc. [14,60-62]. Taking into
account that under conditions of Poland the sewage payment fees are determined based on
the precise estimation of inflows and outflows of the water company [63], and approved by
the central governmental office Paristwowe Gospodarstwo Wodne Wody Polskie (National
Water Holding Polish Waters) [64,65], the social involvement already at the stage of design
is necessary. Thus, each separate case of rural improved sanitation design, meeting legal
and technical requirements, requires answering, already at the decision-making stage, of
several questions concerning its future sustainability: i) which type of sewage transport is
the most financially suitable to the local landform, housing spatial development, popula-
tion density, sewage volume and economic conditions, etc.; ii) what is the level of social
awareness influencing willingness to accept the new design; iii) what is the acceptable
value of sewage services payment for the local population [13,17,37,40,55,66,67].

This paper presents the case study of multivariate sustainability analysis of three
proposed centralized sanitation designs for a rural settlement in Eastern Poland. The
presented research was mainly focused on the social and economic aspects of sustainable
rural sanitation, but the environmental issues were also introduced. The proposed designs
covered up-to-date, technologically modern systems using gravity and pressure pipelines
to collect and dispose sanitary sewerage from the households. The performed analyses
were based on determined dynamic economic and costs-efficiency indicators, results of



Water 2022, 14, 1667

40f19

the willingness-to-accept and willingness-to-pay survey, and selected indicators of envi-
ronmental and social impacts. The obtained results provide the better understanding of
interdependence of various circles of sustainability, allowing the successful implementation
of rural organized sanitation.

2. Materials and Methods

The main aim of this study was to assess the economic, social and environmental
sustainability of three technologically up-to-date and reliable systems of rural centralized
sanitation systems, under economic and legal conditions of Poland, by the multicriteria
method. The general idea of the assumed methodology of research is presented in Figure 2.
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Figure 2. Scheme of assumed methodology of research.

The presented research was divided into two separate parts. During the first phase,
the assessment of the willingness-to-accept (WTA) and willingness-to-pay (WTP) level
presented by the Zagrody rural population towards the involvement in organized sewerage
management was performed. The performed survey allowed not only the assessment
of the possible social acceptance and involvement level, but also allowed the input data,
e.g., possible acceptable sewage fee, for the financial analysis. The second phase, using
data obtained during the first phase, covered the proposal of three conceptual up-to-date
designs of sanitary sewage systems for Zagrody, utilizing the existing wastewater treat-
ment plant and determination of their economic, social and environmental characteristics.
Thus, two different types of method were applied to assess the socio-financial aspects of
organized sanitary sewage management in the Zagrody settlement: the contingent valua-
tion method (CVM) questionnaire and the selected sustainable development indicators of
economic and costs efficiency, as well as social and environmental aspects of the proposed
designs [21,59,68].
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2.1. Object of Study

The rural settlement Zagrody, located in rural Garbéw commune, approx. 20 km from
Lublin, NW part of Lublin Voivodship, Poland, was selected as the object of this study.
The Garbéw commune is currently inhabited by approximately 9040 residents living in
2456 households. The organized water supply of 148.5 km length covers 86.5% of the
population, delivering 304,400 m® of potable water per year. On the other hand, only 17.6%
of Garbéw population is connected to the centralized sanitary wastewater systems, total
length 25.2 km (22.2 km managed by the local authorities), collecting 80,000 m> of sewage
per year. There are two wastewater treatment plants operational in Garbéw, communes.
One municipal WWTP in Garbéw and one private WWTP in Zagrody, former sugar plant,
of the combined daily capacity 650 m? or 3352 EP (population equivalent). The domestic
sanitary wastewater management for the remaining households (unconnected to sewerage
system) is performed by 372 domestic wastewater treatment plants (infiltration drainage)
and 1830 septic tanks of uncontrolled sealing quality.

The area of Zagrody settlement, population 1303, is approx. 312 ha. The terrain
elevation in Zagrody varies between 175.6 and 193 m above sea level, while groundwater
level reaches 7 m below the surface. The dominant soils are loamy sand as well as light,
medium and heavy loams. The Zagrody settlement covers 141 single-family houses,
10 multifamily buildings, and a shop. The settlement is equipped with underground water
supply and electricity networks. There is no sewerage pipelines network in the Zagrody
settlement.

2.2. Designed Rural Sanitation Network Variants

There were assumed three variants of centralized sanitary wastewater management
networks in the Zagrody settlement, all utilizing the existing wastewater treatment plant
(WWTP) of the required capacity. The proposed variants covered (i) a pressure and gravity
system; (ii) a pressure system; and (iii) a conventional gravity system with network pump-
ing stations located in unfavorable terrain conditions. The vacuum sewerage transport
system was excluded from our analyses due to high investment and O&M (operation
and maintenance) costs, usually greater than in the case of conventional sanitation [59].
All developed variants of sewage management were designed to collect and deliver to
WWTP the annual volume of 64,301.3 m? (daily approx. 176.17 m?) of sanitary sewage.
The schemes of developed concept variants of a rural sewerage system for the Zagrody
settlement are presented in Figure 3. For each assumed variant, the following design steps
were performed: (i) spatial pipelines development; (ii) hydraulic calculations with selection
of pipelines diameters, pumps, sewage tanks, etc., included; (iii) investment costs estima-
tion; (iv) operation and maintenance (O&M) costs estimation. The determined preliminary
investment cost [66] for each studied variant covered fixed assists, including sanitary net-
work materials, equipment and fittings, preparatory and installation works, earthworks,
manpower and the other technical costs like designing, supervision and management. The
assumed O&M costs included environmental payments, control and servicing, salaries,
spare parts and power consumption by network sewage pump stations. All the assumed
cost values were based on our previous experience, current pricings and available public
data [13,17,69].
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Figure 3. Schemes of developed variants of sewerage system network for the Zagrody settlement:
(a) Variant I, (b) Variant II, (c) Variant III.

2.2.1. Variant I

The first assumed variant of centralized sanitary sewerage management in Zagrody
covered mixed gravity and pressure pipelines system. The gravity pipelines, of total length
785.9 m (plus 585.8 m of domestic connection), were designed as 200 and 160 mm PVC-U
pipes. The crack resistance PE 100 RC pipes were assumed to be installed under the roads.
Due to the relatively low computed sewage flow velocity in gravity pipes, 0.2-0.9 m/s,
pipeline flushing was assumed. The pressure part of the designed sanitation system covered
4788.3 m of network pipelines, 3224 m of pressure domestic connections, and 130 domestic
sewage pumping stations equipped with sewerage pumps Wilo-DrainLift WS1100 (power
consumption 1.022-6.297 kW). The pressure pipelines were designed as 63 mm and 90 mm
PE 100RC PN10 SDR17 pipes. The domestic sewage pumping stations will be supplied in
power via domestic electricity installations.



Water 2022, 14, 1667

7 of 19

2.2.2. Variant II

The second concept of organized sanitary wastewater management in Zagrody cov-
ered pressure sanitation system consisting of 5744.1 m of pipelines and 3504.7 m domestic
connections, diameters 63 mm and 90 mm, PE 100RC PN10 SDR17, supported with 142 do-
mestic sewage pumping stations equipped with sewerage pumps Wilo-DrainLift WS1100.
Like in the case of Variant I, the domestic sewage pumping stations will be supplied in
power via domestic electricity installations.

2.2.3. Variant III

The third assumed variant of sanitary wastewater management in Zagrody consisted
of a gravity sewer with pressure pipelines, applied in areas of unfavorable topography,
equipped in five network sewage pumping stations. The designed system covered gravity
200 mm and 250 mm PVC-U and 50 mm PE100RC PN10 SDR17 pressure pipelines. The
gravity household connections were assumed as 160 mm PVC-U pipes. The total length of
network pipelines is 6220.6 m, while household connections is 3362.63 m. The designed
sewage pumping stations were using BS800 Meprozet pumps. The gravity pipeline flushing
was assumed due to the relatively low computed value of sewage flow velocity, i.e.,
0.15-1.1 m/s.

The comparison of determined preliminary investment costs and assumed annual
operation and maintenance costs for all studied variants of organized sanitation is presented
in Table 1. The visible differences in investment and O&M costs between Variant III and the
remaining designs are mainly related to the assumed technology of sanitary wastewater
transport, i.e., the grater diameters of pipelines (in accordance to Polish law [70-72]), greater
volume of earthworks, and finally, required flushing of pipelines with unavailable self-
purification sewage flow velocity. The observed value of sewage flow velocity inside the
pipelines is directly affected by three factors: (i) low volumetric flow rate due to dispersed
rural population, (ii) biding statutory regulations in Poland restricting the smallest gravity
network pipe diameter as 0.2 m [70-72], and (iii) unfavorable terrain landform, not allowing
design with the greater inclination of pipelines. Thus, in the case of low velocity of sewage
flow, below the self-purification velocity, the regular flushing of pipelines is required.

Table 1. Assumed preliminary investment and annual O&M (operation and maintenance) costs for
each studied variant.

Total Investment Costs Annual O&M
(PLN) (PLN)
Variant 1 6,688,394.56 50,599.45
Variant IT 6,637,130.90 48,803.20
Variant III 9,949,410.48 58,832.90

Due to the accepted methodology of the study, assuming incorporation of the local community, the WTA and
WTP survey, and dynamic changes of currency in 2022, all pricing and costs values will be presented in Polish
Zloty (PLN), of which the rough actual exchange rate (April 2022) is 1 euro to 4.7 PLN.

2.3. Methods Description
2.3.1. Contingent Valuation Method (CVM) Questionnaire

The analyses of WTA, WTP and social aspects of the discussed variants of centralized
sanitary sewage management in Zagrody was based on the results of the CVM question-
naire distributed through 100 residents of the settlement. The proposed survey also allowed
the determination of the required input data for the economic feasibility analysis consider-
ing the possible declared value of sewerage fee payment. The questionnaire included two
types of questions considering willingness-to-accept (WTA) and willingness-to-pay (WTP),
presented in Table 2.
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Table 2. WTA (willingness-to-accept ) and WTP (willingness-to-pay) questionnaire used in the study.

No. Question Possible Choice
1 Are you aware that leaky septic tanks and pouring sewage Yes/no
on the fields affect quality of soil and groundwater?
’ In which manner do you collect and dispose of sanitary Septic tank/domestic sewage treatment
sewage in your household? plant
. . Inconvenient term/no precise
?
3 Problems encountered in sewage disposal? appointment possibility/odors/others
4 Are you interested in orgamzsd disposal of sanitary Yes/no
sewage?
5 What is the actual cost of 1 m3 of sewage removal in your ~ 5-10 PLN/11-15 PLN/16-20 PLN /21-25
household? PLN/above 25 PLN

Each month/1-2 months/2 months/2-3

6 Provide frequency of sewage removal from septic tank months/3 months/3-4 months,/4
9 y & p months/4-5 months/5 months/5-6
months/6 months/over 6 months
7 Provide the maximum sewage fee you willing to pay 2-28PLN
Would you be able to pay for 3 years the charge equal to
8 the current costs of sewage disposal (later the lower, Yes/no
standard fee) to allow construction of organized sanitary
sewage system?
20-25 years/26-30 years/31-35
years/36—40 years/41-45 years/46-50

9 Age

years/51-55 years/56-60 years/over 60

years

10 Gender Male/female

2.3.2. Economic Sustainability

The economic sustainability and cost efficiency of the developed concepts of organized

sanitary sewage systems in Zagrody were assessed by application of two popular com-
plex dynamic indicators, benefits—costs ratio (BCR) and dynamic generation cost (DGC),
allowing long term assessment by taking into account the possible variable value of money
during the assumed duration of investment life:

PV,

BCR = PV,

)

where PV;,—present value of investment benefits (monetary value, PLN), PV.—present
value of investment costs (monetary value, PLN).

N CTy,
PV, = : ()
t;o (1+1i)
N CTct
PV, = . ®)
‘ tg 1+i)f

where CTy,—Dbenefits cash flow for a t period (monetary value, PLN), CTc;—costs cash
flow for a t period (monetary value, PLN), N—total number of periods (years), i—discount
rate (%).

26:71 ICt+EtCi
_ . (1+4)
DGC = pe = W 4)

O (+i)f
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where IC;—annual investment costs in given year (monetary value, PLN), EC;/—annual
exploitation (operation and maintenance) costs in given year (monetary value, PLN), t—
year of investment time duration, from 0 to n, where n is the last assessed year of investment
activity (year), i—discount rate (%), prg—price of the ecological unit effect of the investment
(monetary value per volume, PLN-m~2), EE;—annual ecological unit in given year (m3),

The BCR is a very clear and easy-to-understand indicator of the investment profitability.
The neutral investment is characterized by BCR = 1.0. In the case of BCR < 1.0, the
investment brings no profits; conversely, investment with BCR > 1.0 is profitable, and
brings benefits to the investor. The DGC cost efficiency indicator describes the cost of
ecological effect of the investment (in this case one cubic meter of sanitary sewage collected
and delivered to WWTP), taking into account investment and O&M costs. Generally, the
lower DGC value, the greater the costs efficiency of the investment.

The calculations of both studied indicators were based on the following assumptions:
duration of analysis 30 years (typical for water supply and sanitation investments, accord-
ing to [73]), discount rate 7% (adjusted to the actual economic situation in the region and to
the object of analysis [66]), and mean annual volume of sanitary sewerage 64,301.3 m3/year.
The BCR calculations were also based on possible financial benefits of the water company,
based on the sewerage fee paid by the population. Four possible scenarios, as a result of
the WTA and WTP questionnaire, were tested: (i) option A: actual fee in Garbéw commune
6.37 PLN/m?3; (ii) option B: mean regional fee, determined for 20 rural communes from
Lublin Voivodship, Poland, 5.69 PLN/ m>; (iii) option C: 14.60 PLN/ m> mean maximum
acceptable fee declared by residents of Zagrody; iv) option D: mixed fee, the maximum
mean declared actual fee for sewage management based on septic tanks 17.50 PLN /m?
for the first three years and 6.37 PLN/m? actual fee for the remaining duration of the
analysis period. Additionally, the value of sewage fee per cubic meter and level of required
outside founding for which investment is neutral, i.e., BCR = 1.0, were determined for each
studied variant.

2.3.3. Social and Environmental Sustainability

The following environmental and social issues, determined with the standard SDIs
(Sustainable Development Indicators) [40,74,75], were included in our analyses: possible
seepage to and from the sewerage system, odors, improvement of the natural environment,
improvement of population sanitary condition, increase in the settlement attractiveness,
employment, and population involvement. In each criterion the number of points, from
1 to 3, was assigned to allow selection of the most appropriate design (3 points—the best
design, 1 point—the weakest design).

2.3.4. Weighed Sum Model

Finally, the developed concepts of organized rural sanitary system for the Zagrody
settlement were assessed by the weighed sum model (WSM) due to the possible social,
environmental, financial and economic aspects. The assignment of weight factors for each
studied criterion (see Table 3) was based on our previous experience, local conditions and
literature studies [5,13,76].

n
PC]' = EPIjiwﬁ (5)
=
where PC,—performance value of j criterion; n—number of indicators included in the

criterion; Pl;—performance value of indicator in the criterion; w;—weight factor of the
indicator in the criterion.
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Table 3. Assumed weight factors for economic, environmental and social criterion of assessment.

Criterion Weight Factor (%)
Economic 50
Environmental 20
Social 30
Sum 100

3. Results

Figures 4-6 present results of the contingent valuation method (CVM) questionnaire
containing WTA questions, allowing the assessment of the environmental and economic
awareness of the studied local society. As it is visible in Figure 4a, nearly all questioned
residents of Zagrody were aware of the significant threat posed by unmanaged sanitary
sewage for soil and groundwater. Figure 4b shows that the actual sanitary sewage manage-
ment is being permed by septic tanks in the majority of respondents, i.e., 95%. The most
frequently recognized disadvantages of the actual sewage management were related to
sewage transport from households to the wastewater treatment plant, i.e., inconvenient
time of wagon arrival and lacking possibility of a precise, convenient appointment for
the householders, in sum 89% of responses (see Figure 4c). Only the remaining 11% of
responses mentioned odors as the significant disadvantage. Additionally, most of the
responders reported quite significant cost of removal of 1 m? of sewage (77% of questioned
population), 16-25 PLN (approx. 3-5 euro), and quite frequent sewage disposal from
the tanks by sewage trucks, i.e., between 2 and 3 months (i.e., 78% of respondents) (see
Figure 4e,f). Thus, the results presented above show that the actual manner of sewage
management and disposal is generally unsatisfactory for the majority of Zagrody residents
due to significant costs and weak, inconvenient organization. This is clearly reflected in
the declared willingness to accept the organized system of sanitary sewage management
presented by 96% of questioned residents (see Figure 4d).

Figure 5 shows the reported measures of willingness-to-pay for a centralized sewage
system presented by the questioned residents of Zagrody. It is visible (Figure 5a) that
74% of respondents would be ready to accept the sewage fee from range 14-20 PLN
(approx. 3—4.5 euro) per cubic meter, significantly higher than the actual value of payment
in the Garbé6w commune (6.37 PLN/m?), or the mean fee value determined for 20 rural
communes in the region (5.69 PLN/m3). Thus, in our opinion, these results again show
that the actual individual sewage management is unsatisfactory and inconvenient for the
local population. Most of the questioned residents, i.e., 87%, admitted that they are ready
to pay a combined fee, three years of the actual pricing for their individual management,
and after this period, the standard fee of Garbéw commune (see Figure 4b). The readiness
to pay for development and operation of organized sanitary sewage disposal among the
residents of Zagrody is clearly visible. Figure 6 shows data concerning age and gender of
the respondents. Both genders were represented equally among the responders and the
questioned group of householders contains mostly people in productive age, which may
favor the social acceptance of the organized sewage system.
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Figure 5. Results of willingness-to-pay questions.
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Figure 6. General population data of the WTA and WTP survey: (a) respondent age, (b) respondent
gender.

Figure 7 shows determined values of the dynamic generation costs indicator for three
studied variants of organized sanitary sewage disposal in Zagrody. The highest cost
efficiency was determined for Variant III for each the discounted cost of ecological effect,
i.e., 1 m3 of collected and transported sanitary sewage, was the lowest. The highest value of
DGC, i.e., the highest value of environmental effect costs and the lowest cost-efficiency, was
calculated for Variant III of organized sewage disposal, the gravity sewer with pressure
pipelines and network pumping stations.

14.00

12.45
12.00

10.00

8.00

6.00

DGC (PLN/m?3)

4.00

2.00

0.00

Variant | Variant Il Variant Ill

Figure 7. Determined values of dynamic generation cost indicator for three studied variants of
organized sewerage disposal in Zagrody.

The analysis of economic profitability, understood as the relation of discounted in-
comes to discounted costs, i.e., the benefits—costs ratio indicator, is presented in Figure §,
where the determined values of BGC for all three tested variants and for four applied
scenarios of possible values of sewage fee per 1 m? paid by the residents. It is visible
that under the actual conditions, with the current level of sewage fee paid by residents of
the Garbéw commune (see BCR A in Figure 8), all studied variants of organized sewage
disposal are unprofitable, and the assumed benefits are clearly lower than the required
investment and O&M costs. The same situation was observed for the second scenario,
assuming the mean regional monthly sewage disposal fee. All studied variants of sanitation
in this case (see BCR B in Figure 8) would generate financial losses to the local water and
sewage enterprise.
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Figure 8. Calculated values of BCR (benefits—costs ratio ) indicator for all designed variants of
sanitation network and various scenarios of assumed sewage fee payment, BCR = 1.0, threshold of
profitability.

The two remaining scenarios, BCR C and BCR D in Figure 8, directly based on the
result of WTP survey, allowing assessment of the acceptable level of sewage fee per 1 cubic
meter, present acceptable profitability in most cases. Application of the 14.60 PLN /m?
mean maximum acceptable fee declared by residents of Zagrody allowed BCR values
greater than 1.0 (1.17-1.88) to be reached for all tested variants; however, in this case, the
financial burden is obvious, since the payment would be approx. 2.3 times higher than in
the case of the existing sanitation in the Garbéw commune. The last tested option, BCR D
in Figure 8, assuming the mixed fee value (actual fee for sewage management based on
septic tanks for the first three years and the actual fee for the remaining duration of analysis
period) allowed the profitability threshold to be exceeded, i.e., BCR > 1.0, for Variants I
and II, based mainly or solely on a pressure sanitation system. In this scenario, the gravity
sewers with some network pumping stations reached a BCR value of 0.70, clearly lower
than 1.0.

Moreover, the minimal value of sanitary sewage fee for BCR = 1.0, allowing the neutral
profitability of the investment during the assumed duration to be secured, would be equal
to the DGC value, i.e., 8.54, 8.46 and 12.45 PLN/m?3. The determined required value of
outside, governmental or commonwealth, investment costs founding allowing BCR = 1.0
for scenario A (the actual sewage payment in Garbéw commune, 6.37 PLN/m?) was 28%,
27.1% and 53% of capital investment costs for Variants I, Il and III, respectively.

Tables 4-6 present assigned preference points in economic, environmental and social
criteria of the tested sanitation sustainability. In Table 5, showing assessment of environ-
mental sustainability, the assigned performance points in the category “Odors” was based
on odor emissions from the variable sewerage systems reported in the literature [77-80],
where a pressure system was assessed as being of the highest emissions. In the same
table, the maximum possible point values were assigned to “Improvement of the natural
environment” for all developed sanitation variants due to the same obtained ecological
effect of sanitation introduction.
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Table 4. Results of centralized sewage management economic sustainability assessment, 3 points—the
best option, 1 point—the weakest option.

DGC BCR A BCR B BCR C BCRD Sum
Variant I 2 2 2 2 2 10
Variant 11 3 3 3 3 3 15
Variant III 1 1 1 1 1 5

Table 5. Results of centralized sewage management environmental sustainability assessment,
3 points—the best option, 1 point—the weakest option.

Sewage Sewage Improvement
N g 8 Odors of Natural Sum
Infiltration Seepage Environment
Variant I 2 2 2 3 9
Variant II 3 3 1 3 10
Variant IIT 1 1 3 3 8

Table 6. Results of centralized sewage management social sustainability assessment, 3 points—the
best option, 1 point—the weakest option.

Improvement in Increase in Povulation
Sanitary Settlement Employment P Sum
ees . Involvement
Conditions Attractiveness
Variant I 3 3 2 2 10
Variant II 3 3 3 3 12
Variant III 3 3 1 1 8

Table 7 presents the final assessment of the studied sewerage disposal systems variants
in fields of economic, environmental and social aspects of sustainability, together with
the determined final values of the weighed sum model. Thus, it is visible that Variant II
of organized sanitary wastewater collection and disposal, as gaining the maximal result
of WSM, would be the most appropriate for the actual conditions of the studied rural
settlement.

Table 7. Weighed sum model (WSM) results for tested variants of centralized rural sewage manage-
ment, underlined for the most optimal design.

Economic Environmental Social WSM
Assessment Assessment Assessment
Variant I 10 9 10 9.8
Variant II 15 10 12 13.1
Variant III 5 8 8 6.5

4. Discussion

The performed willingness-to-accept and willingness-to-pay survey showed signifi-
cant awareness of local population in the aspect of sewerage management and its readiness
to sustain the costs of organized sanitation, even in the case of elevated sewage payment.
According to the literature, such attitude may be related to developed countries with edu-
cated, productive and aware population, where knowledge about environmental impacts
of human wastes is available. In such cases, the household income and financial concerns
are not limiting the possible economic sustainability of the sewerage system [14,55-57].
Thus, the several important social criteria required for successful sustainable improved
sanitation presented by [16,20,40,81,82] were met.

The presented calculations of ecological effect cost, determined by the dynamic gener-
ation cost indicator value, for the selected different types of sewerage transport systems are
with agreement with the previous reports [13,70,83-85] concerning applicability of gravity
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sewers under conditions of rural settlements with low population and sparse housing
development. In this case, the determined value of ecological effect cost depends clearly on
the selected type of sewerage system, which requires a significant volume of earthworks,
greater pipeline diameters and possible pipeline flushing. This observation is in agreement
with the classification of urban sanitation costs reported by Daudey [57], suggesting that
type of selected technology, labor, materials and utility costs and population density are the
most dominant factors affecting the total costs, significantly in the case of gravity systems.

The performed analysis of economic profitability (economic feasibility) of the three pro-
posed modern and up-to-date concept designs of sanitation systems for Zagrody showed
their limited profitability under local conditions of the studied rural settlement. Generally,
the obtained results are in agreement with reports suggesting that the rural sewerage
systems, due to the low rural population density, sparse household development, limited
volume of sanitary sewage, restricted diameters of gravity pipelines, etc., are hard to im-
plement and operate [25,59,70-72,85,86]; especially if their high investment and O&M cost,
affecting the administrative sewage fees directly, are under consideration [63]. Thus, the
gravity variant, supported with network pumping stations in locations of the unfavorable
terrain development, proposed in this study, presented significant unprofitability, which
may result in the low level of public acceptance and willingness to pay. The profitability
threshold for this variant was reached only for a very high sewage fee, more than two times
higher than the regional fee. Unfortunately, the two other proposed variants, based on pres-
sure system and domestic (household) sewage pumping stations, were also determined as
unprofitable for the actual, commune and mean regional fees per 1 cubic meter of sanitary
wastewater disposal. The profitability threshold, allowing the generation of incomes for
the local self-governmental sewage company operating the system, was reached only in
scenarios of elevated fees, BCR C and BCR D, respectively. Thus, our studies show that
in the case of the discussed rural settlement, the full social acceptance combined with the
significant willingness to pay were necessary to assure profitability of sanitation investment,
even at the minimal level (scenario D). Taking scenario C into consideration, with declared
mean maximum payment per 1 m? of sewage, assuring profitability for all presented san-
itation system designs, in the long perspective, the continuation of sewerage operation
under such conditions seems to be unlikely, due to the significant financial burden of the
local population.

We determined in this case study that the most suitable variant of sanitation for the
tested rural settlement offered the highest profitability (for selected variants of sewerage
payment acceptable by the local population) for the investor (local water supply and sewage
removal company), the best costs efficiency (also due to electric energy used by domestic,
household sewage pumping stations payment by the householders), and satisfactory social
and environmental aspects. This choice may be generally compared to systems selected for
similar locations in many regions in developed or developing countries [13,69,76,86—88].

5. Conclusions

The presented case study covering the selection of the most appropriate organized
sanitation system for a selected rural settlement in Eastern Poland, based on the eco-
nomic, social and environmental indicators of sustainability, allowed us to put forward the
following conclusions:

e  The successful design, construction, operation and maintenance of the sustainable
organized sanitary sewerage system in rural settlements is a rather difficult task.
Modern and up-to-date, technologically sophisticated sanitation systems limiting the
anthropopressure on the environment are characterized by the significant investment
and O&M costs, which may limit their profitability for the local communities.

e  All studied improved sanitation designs for the selected low population density rural
settlement showed unsatisfactory economic feasibility, with BCR < 1.0, for the actual
variants of sewage payment. The economic profitability was possible only after the
significant increase in sewage fee.
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e  Low economic profitability resulting in high sewerage tariff payments may directly
affect sustainability of the design, limiting its social acceptance and reducing the
willingness to pay.

e Low economic feasibility of the proposed variants of improved sanitation for rural
settlement requires outside funding to meet the neutral profitability of the investment,
i.e.,, BCR = 1.0. The required co-funding for pressure and gravity systems reached the
level of 27.1-28% and 53% of capital investment costs, respectively.

e  Our study showed that social involvement, understood as local population willingness
to accept and to pay, is required for reaching the limit of profitability for the water
and sewage company. It was impossible to design an up-to-date and profitable system
for the studied rural settlement without the increase in sewage payment above the
local standards.

e  Thus, the willingness-to-accept and willingness-to-pay survey should be, in our opin-
ion, the first step of sustainable sanitation designing, allowing determination of the
possible financial involvement of the future users of the system.

o  Cost-efficiency of the designed sanitary sewerage network was highly related to the
selected system of sewage transport. The increased cost-efficiency was possible in
pressure systems (DGC = 8.46-8.54 PLN/m?), in relation to the gravity one (DGC
= 12.45 PLN/m?), due to smaller pipeline diameters, smaller depth and volume of
excavations and earthworks, lack of pipeline flushing necessity, and connecting the
household sewage pumping stations directly to the domestic electrical installation.

e  The presented method of decision-making support, in our opinion, is universal and
may be successfully applied under different local conditions, as fully compatible with
the paradigms of sustainable development and all its pillars: environmental, social,
economic, technical and legal.

e  Our studies are planned to be continued for the different case studies of sustainable
rural sanitation in Poland to determine the guidelines for sewage system selection con-
sidering the actual economic conditions, settlement size, population density, sewage
volume, housing spatial development, etc.
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