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Abstract: The fast-growing population in Vientiane, the capital of Laos, has resulted in increasing
domestic wastewater generation, which directly impacts the urban water environment due to the
lack of a suitable wastewater treatment system. This study aims to assess six wastewater treatment
alternatives based on two technologies—trickling filter and activated sludge—used for on-site,
decentralized, and centralized wastewater treatment systems to support decision-making for selecting
the most suitable and practical alternative for wastewater treatment in Vientiane. To determine the
most appropriate treatment system, the wastewater treatment process simulation with BioWin and the
technique for order preference by similarity to ideal solution (TOPSIS) method are applied to assess
the removal efficiencies for biochemical oxygen demand (BOD), chemical oxygen demand (COD), and
total suspended solids (TSS), as well as to rank the six wastewater treatment technologies based on the
following four environmental criteria: (1) land requirement, (2) electricity use, (3) sludge production,
and (4) CO2 emissions. The BioWin results illustrate that the capacity of each alternative is similar in
terms of domestic wastewater treatment efficiency, while differing in terms of environmental impacts.
In addition, the alternative ranking shows that a centralized wastewater treatment system with a
trickling-filter process is more suitable than on-site and decentralized wastewater treatment systems
based on their environmental impacts. This finding provides evidence for decision-makers to select
a suitable alternative for wastewater treatment in order to promote access to safe sanitation and
sustainable urban wastewater management in Vientiane, Laos.
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1. Introduction

Currently, municipal sanitation and wastewater management has become a challenging issue for
sustainable environmental development in developing countries. In 2015, only 39% of the worldwide
population had access to safe and managed sanitation services [1]. While social and economic
development are growing in Asian countries, they are also facing serious water pollution problems [2].
The growing population in urban areas has resulted in increasing drinking-water demand and supply.
This increase influences municipal wastewater generation, and urban water pollutants have direct
impacts on human health and the environmental, economic, and social qualities of life.

Particularly, Vientiane, the capital of Laos, faces an issue of municipal wastewater management
due to lack of suitable sanitation and wastewater treatment systems, including a sewerage network
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system. Most of the wastewater from domestic, commercial, and industrial areas in Vientiane is
directly discharged into receiving waters, such as drainage canals, streams, marshes, lakes, and finally
the Mekong River. Domestic wastewater is treated by using only on-site wastewater disposal and
basic treatment facilities, such as pour-flush and septic tanks [3]. However, these treatment facilities
are often of poor design, construction, maintenance, and operation. Additionally, most of the grey
water generated from kitchen, bathroom, and washing is still not treated before discharging into the
environment. The critical issue appears in that the wastewater quality from average households has a
biochemical oxygen demand (BOD) effluent concentration of from 100 to 110 mg/L for septic tanks, and
the BOD concentration of grey water discharged without treatment ranges from 200 to 230 mg/L [4].
Those concentrations are higher than the national standard of discharged BOD concentrations from
households (BOD < 30 mg/L) based on the National Environmental Standard in Laos, 2017 [5].

To enhance the efficiency of the environmental protection of water and human health qualities in
Vientiane, it is necessary to upgrade and improve the accessibility of safely managed sanitation services
and suitable wastewater treatment systems and to promote the international targets of sustainable
development goals (SDGs) of Article 6 [6] and the international strategy for water, sanitation, and
hygiene for 2016–2030 [7]. Therefore, to find appropriate technology potentials for wastewater
treatment and sustainable environmental development, socio-economic and environmental conditions
have to be considered for each specific region.

In general, several technologies for municipal sanitation and wastewater treatment in developing
countries have been developed and adopted from those in developed countries according to local
conditions, climate-geography aspect, and financial mechanism and capability [8]. In particular,
trickling filter and aeration processes can be applied in developing countries. The trickling filter
process is a biofilm system that is widely recognized and used around the world. The biofilm referred
to is a biological growth developed on the surface of filter media, known as a bio-filter, in biological
wastewater processes. The aeration process is an activated sludge operation based on pumping air into
a tank to promote microbial growth in the wastewater [8]. The trickling filter and aeration processes
can be operated for on-site, decentralized, and centralized wastewater treatment systems [8,9].

Selection of appropriate wastewater treatment technologies from conventional treatment options
to advanced technologies which enable sustainable development presents a challenge to decision
makers. To determine the most appropriate technology for the particular wastewater treatment
objective at a particular site, many factors (criteria) are involved in the decision-making process which
pose the multi-criteria decision-making (MCDM) problem [10]. Numerous methods are now available
for decision making, and more than 50 MCDM techniques are documented in the literature, ranging
from the highly sophisticated to simple rating systems [11,12]. Extensive description on the history and
types of MCDM can be found in [10]. In the selection of wastewater treatment alternatives, MCDM has
been applied in many cases [13–16], but Kalbar et al. [10] stated that a scenario-based MCDM method
considering the indicators derived from life cycle assessment (LCA) and life cycle costing (LCC) of
wastewater treatment technologies is more logical in technology selection.

Regarding wastewater management and development, it is also very challenging to select
appropriate treatment technology considering the regional constraints. The technique for order
preference by similarity to ideal solution (TOPSIS), proposed by Hwang and Yoon [11], is one of the
MCDM approaches and can be applied to the scenario-based selection of appropriate technology [17].
The concept of TOPSIS is to define an index called similarity (or relative closeness) to the positive
ideal solution by combining the proximity to the positive ideal solution and the remoteness from the
negative ideal solution. This method can easily be implemented computationally and can be made
available as a decision-support tool for the end users [10].

Therefore, the aims of this study are to investigate the wastewater treatment efficiency potentials
of several technologies used for on-site, decentralized, and centralized systems and to find an
appropriate wastewater technology based on their environmental impacts, namely, (1) land requirement,
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(2) electricity use, (3) sludge production, and (4) CO2 emission. In this study, only domestic wastewater
and its treatment management in Vientiane are considered.

In the following, the study area and datasets used in the analysis are described in Section 2. In
Section 3, the methodology for wastewater treatment process simulation and appropriate wastewater
treatment technology selection based on the four criteria are described. The results of the analysis and
discussion are presented in Section 4, followed by the conclusions in Section 5.

2. Study Area and Data

2.1. Study Area

Vientiane, the capital of Lao People’s Democratic Republic (PDR), is a main center of administrative,
economic, social, and commercial activities in the country. It covers an area of 3920 km2 with 9 districts
and has a total population of approximately 820,900 people with a population density of 209 people
per square kilometer in 2015, as shown in Table S1 in the Supplementary Material S1 [18]. The four
densely populated districts located in the core urban area of Vientiane were selected for the study area
covering approximately 345 km2 or 8.85% of total area, as shown in Figure 1 and Table 1. The domestic
wastewater in Vientiane is almost all discharged from households and buildings in the urban area [19].
Therefore, the four districts with a high population density, Chanthabuly, Sikhottabong, Xaysetha, and
Sisatanak, as shown in Table 1, were selected for the study area with a high priority in solving the
wastewater pollutant issue in Vientiane.
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Table 1. Population in the study area districts of Vientiane.

No. Districts
Area
(km2)

Population (People) Population Density
(People/km2) Remark

1995 2005 2015

1 Chanthabuly 29 58,855 68,858 69,200 2386 Selected study area
2 Sikhottabong 140 74,251 99,908 121,000 864 Selected study area
3 Xaysetha 147 75,255 97,514 116,900 795 Selected study area
4 Sisatanak 31 58,178 68,686 65,700 2119 Selected study area

Total 347 266,539 334,966 372,800 209 -
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2.2. Data

The data used for designing and modelling of a wastewater treatment system were the
population in the study area, the raw wastewater parameters in the influent, and the daily water and
wastewater generation.

2.2.1. Wastewater Parameters from Sample

The raw wastewater parameters were obtained by sampling and analyzing the influent of a
decentralized anaerobic wastewater treatment plant (WWTP) that is the only one Community-Based
Sanitation (CBS) model from a pilot project in Vientiane. The CBS model, constructed in 2009, is
located at Thongkhankham Village, Chanthabuly District. It collects both grey and black waters from
22 households, and the treatment capacity is approximately 11.2 m3 per day [19].

The samples were taken from a pre-chamber before treatment to investigate the influent parameters
of wastewater such as BOD, chemical oxygen demand (COD), and total suspended solids (TSS)
concentrations from the households, as shown in Figure 2. The influent samples were then analyzed at
the laboratory of the Natural Resource and Environment Research Institute of Laos. The analytical
results of the influent and effluent samples are presented in Table S2 in the Supplementary Material S1.
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2.2.2. Population and Wastewater Generation

The population and its growth in the urban area, including the study area, were obtained from the
population and housing census in 2015 [18] as shown in Table 1. In addition, water use information
and the database for estimating wastewater flow were obtained from the water supply management
and technical guidelines of the Ministry of Public Works and Transport, Laos [20] as depicted in
Table S3 in the Supplementary Material S1. Water use in Vientiane ranges from 200 to 250 L/cap/day in
municipalities. Additionally, according to the preliminary feasibility study of wastewater management
for Vientiane [4], water use appeared as approximately 245 L/cap/day. Therefore, this research utilizes
a water use rate of 245 L/cap/day.

3. Methodology

An assessment of the efficiencies of wastewater treatment systems for the purpose of selecting an
appropriate technology should be associated with several conditions, such as environmental, economic,
and social impact factors [21]. In this research, four factors were considered for selecting an appropriate
wastewater treatment technology: land requirement, energy use, sludge production, and CO2 emission.
These factors were investigated for on-site, decentralized, and centralized treatment systems in terms
of the treatment efficiencies in wastewater effluent qualities that satisfy the constraints of the water
pollution control standards of Laos in 2017. The constraints of three wastewater effluent parameters in
controlling the discharge of wastewater from households are BOD < 30 mg/L, COD < 125 mg/L, and
TSS < 40 mg/L [5], considered to be the main indicators of treatment efficiencies. Figure 3 exhibits the
analysis flowchart of this study.

Water 2019, 11, x FOR PEER REVIEW 5 of 14 

 

The population and its growth in the urban area, including the study area, were obtained from 
the population and housing census in 2015 [18] as shown in Table 1. In addition, water use 
information and the database for estimating wastewater flow were obtained from the water supply 
management and technical guidelines of the Ministry of Public Works and Transport, Laos [20] as 
depicted in Table S3 in the Supplementary Material S1. Water use in Vientiane ranges from 200 to 250 
L/cap/day in municipalities. Additionally, according to the preliminary feasibility study of 
wastewater management for Vientiane [4], water use appeared as approximately 245 L/cap/day. 
Therefore, this research utilizes a water use rate of 245 L/cap/day. 

3. Methodology 

An assessment of the efficiencies of wastewater treatment systems for the purpose of selecting 
an appropriate technology should be associated with several conditions, such as environmental, 
economic, and social impact factors [21]. In this research, four factors were considered for selecting 
an appropriate wastewater treatment technology: land requirement, energy use, sludge production, 
and CO2 emission. These factors were investigated for on-site, decentralized, and centralized 
treatment systems in terms of the treatment efficiencies in wastewater effluent qualities that satisfy 
the constraints of the water pollution control standards of Laos in 2017. The constraints of three 
wastewater effluent parameters in controlling the discharge of wastewater from households are BOD 
< 30 mg/L, COD < 125 mg/L, and TSS < 40 mg/L [5], considered to be the main indicators of treatment 
efficiencies. Figure 3 exhibits the analysis flowchart of this study. 

 

Figure 3. Analysis flowchart for the optimized design of a wastewater treatment system in Vientiane, 
Laos. TOPSIS: technique for order preference by similarity to ideal solution. 

3.1. Population Projection 

In this study, the population growth in 2035 was predicted to take into account the strategy of 
wastewater management in Vientiane for 2030 as planned in 2017. The population prediction for 2035 
was calculated using the arithmetic increment method (Equation (1)) with the statistics of altering 
populations in Vientiane for 1995, 2005, and 2015, as shown in Table 1, as follows: P୲ =  P଴ +  kୟt (1)

where Pt is the population at a future time, P0 is the present population, ka is the arithmetical growth 
rate constant, and t is time (y). The result of the population projection in 2035 is approximately 479,061 

Wastewater sampling and analysis

Wastewater flow estimation

Wastewater treatment model design

BioWin simulation

Alternatives ranking by using 
TOPSIS

Figure 3. Analysis flowchart for the optimized design of a wastewater treatment system in Vientiane,
Laos. TOPSIS: technique for order preference by similarity to ideal solution.

3.1. Population Projection

In this study, the population growth in 2035 was predicted to take into account the strategy of
wastewater management in Vientiane for 2030 as planned in 2017. The population prediction for 2035
was calculated using the arithmetic increment method (Equation (1)) with the statistics of altering
populations in Vientiane for 1995, 2005, and 2015, as shown in Table 1, as follows:

Pt = P0 + kat (1)
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where Pt is the population at a future time, P0 is the present population, ka is the arithmetical growth
rate constant, and t is time (y). The result of the population projection in 2035 is approximately
479,061 people, as shown in Table S4 in the Supplementary Material S1; therefore, this study assumes
approximately 480,000 people in the four study districts.

3.2. Wastewater Estimation

In general, the wastewater ratio is assumed to be 80% of the generated water use discharged
as wastewater according to wastewater engineering [22] and the preliminary feasibility report of
wastewater management in Vientiane [4]. Therefore, the domestic wastewater flow was calculated
using Equation (2) as follows:

Wastewater flow = Population (cap) ×Water use (L/cap/d) × 80%. (2)

For defining the capacity of WWTPs, three plant types were designed: (1) an on-site treatment
plant for one household, (2) a decentralized treatment plant for 50 households, and (3) a centralized
treatment plant for half of the total households in the study area. The future population in 2035 is
estimated to be 480,000 people, and the average size of a household was approximately 4.6 people
per household in 2015 [18]. Therefore, in this research, a household size of 5 people was defined for
calculating the wastewater flow for all plants. Table 2 shows the required number of WWTPs and their
design capacity based on the population projection and designed plant types.

Table 2. The capacity and the required number of WWTPs.

No. WWTPs
Based on Design

(HH1/plant)
Required

Number (plant)

Wastewater Flow

Calculation
(m3/d/plant)

Design Capacity
(m3/d/plant)

1 On-site systems
(On-site) 1 96,000 0.98 1

2 Decentralized
systems (DEWATS) 50 1920 49.00 50

3 Centralized
systems (CEWATS) 48,000 2 47,040.00 48,000

1 HH: household.

3.3. Wastewater Treatment Model

The wastewater treatment systems considered for on-site, decentralized, and centralized systems
consist of six models based on combining and adapting basic and advanced technologies that are
popular and available in developed and developing countries. In particular, two technologies, trickling
filters and aeration processes/activated sludge, among many others were selected and utilized for the
analysis of each system as illustrated in Figure 4 because they are easy on operation and maintenance,
highly efficient, and appropriate technology with local material. The trickling filter technology is
actually implemented at the pilot on-site system at Thongkhankham Village, Chanthabuly District in
Vientiane [19].
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When designing the six models, we have thoroughly checked and referred to the following
guidelines: A Guideline to the Development of On-Site Sanitation [23], On-site Wastewater Systems:
Design and Management Manual [24], Design Manual: On-Site Wastewater Treatment and Disposal
Systems [9], On-Site Wastewater Treatment Systems Manual [25], Water and Wastewater Calculations
Manual [26], and Wastewater Engineering [22,27,28]. All of these are main guidelines and manuals for
designing sanitation and wastewater treatment systems for engineers in this research field.

3.4. BioWin Simulation

BioWin (version 5.2) developed by EnviroSim Associates is well-established computer software
for wastewater treatment process simulation. BioWin is used to design, upgrade, and optimize all types
of WWTPs with physical, biological, and chemical process models [29]. In this study, to produce a
reliable result rather than testing various tools, BioWin was applied to create six wastewater treatment
models, and each process of each model was operated one by one in the BioWin simulation. The results
of the BioWin simulations then were observed to check their efficiencies to determine whether the
resulting effluent parameters satisfy the constraints of the Laos standards.

First, in the BioWin simulation, the BOD influent object was used to impose the input data for the
raw influent with constant inflow based on the sampling and analytical results for BOD, COD, and
TSS concentrations and wastewater engineering references except for nitrate, alkalinity, calcium, and
magnesium values from BioWin defaults because there were no data available.

For the primary clarifier process, an ideal primary settling tank object was used in the rectangle
model by setting underflow and settling efficiency according to the BioWin manual and calculations.
The trickling filter object was used to simulate a trickling filter by gravity flow over a rock-media filter.
For the aeration process, the bioreactor element was utilized to simulate the tank size and air flow
demand for the design results.

For the secondary clarifier process, an ideal clarifier element was utilized to model the settling of
the remaining particulate material in the wastewater by using only physical characteristics.

Finally, after defining each element and its parameter in each wastewater treatment model, the
BioWin simulations for each model were continuously conducted for five days, and the simulation
results, such as the effluent concentrations of BOD, COD, and TSS, were evaluated to determine
whether or not they satisfy the water pollution control standards of Laos. If the effluent concentrations
did not satisfy the standards, then the tunable parameters at each step of each model were adjusted
and the simulation was repeated until the effluent met the standards.

3.5. TOPSIS Analysis

TOPSIS was used to rank the alternatives to select based on the preference information. The
concept of TOPSIS is exhibited in Figure S1a in the Supplementary Material S1, indicating that the
chosen alternative should be closest to the positive ideal solution and farthest from the negative ideal
solution [11]. In this study, the TOPSIS method was applied to the ranking of the six alternatives, as
shown in Figure 4, based on four criteria to select the most appropriate model. In the TOPSIS analysis,
the following decision matrix was performed with “m” alternatives associated with “n” criteria, as
shown in Figure S1b. The step-by-step exposition of the TOPSIS method for selecting the appropriate
wastewater treatment alternative consists of six steps: (1) construct the normalized decision matrix;
(2) construct the weighted normalized decision matrix; (3) determine the positive and negative ideal
solutions; (4) calculate the measure of separation; (5) calculate the relative closeness to the ideal solution;
and (6) rank the preference order.

Step 1: Construct the normalized decision matrix.
The first step was to construct the normalized decision matrix because the criteria information is

available at different scales [10]. Hence, it was necessary to normalize the data before proceeding to
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the actual application of the TOPSIS method [30]. The vector normalization was determined as shown
in Equation (3) as follows:

rij =
Xij√∑m
i=1 X2

ij

(3)

where rij is the vector normalization of the ith alternative with the jth criteria, and Xij is the numerical
outcome of the ith alternative with respect to the jth criteria.

Step 2: Construct the weighted normalized decision matrix.
The provision of the weight for each criterion is important for the application of a suitable weighting

set for decision making. The weight-normalized decision matrix was calculated by Equation (4). In
this research, six experiments were designed and carried out with different weights for each criterion
to supplement the transparency for all criteria and alternatives and to reduce the subjectivity and
uncertainty in the analysis, as shown in Table S5 in the Supplementary Material S1, as follows:

Vij = Wj × rij (4)

such that W =
(
W1, W2, . . . . , Wj, . . . . , Wn

)
,
∑n

j=1 Wj = 1, where Wj is the weight of the jth criteria and
Vij is the weight-normalized decision matrix of the ith alternative with the jth criteria.

Step 3: Determine positive and negative ideal solution.
The positive and negative ideal solutions were determined by Equations (5) and (6) as follows:

PIS =
(
V+

1 , V+
2 , . . . , V+

j , . . . , V+
n

)
=

{(
maxiVij

∣∣∣j ∈ J
)
,
(
miniVij

∣∣∣j ∈ J′
)
|i = 1, 2, . . . . , m

}
(5)

NIS =
(
V−1 , V−2 , . . . , V−j , . . . , V−n

)
=

{(
miniVij

∣∣∣j ∈ J
)
,
(
maxiVij

∣∣∣j ∈ J′
)
|i = 1, 2, . . . . , m

}
(6)

where PIS is the positive ideal solution, NIS is the negative ideal solution, J is a set of benefit criteria
and J′ is a set of cost criteria. The ideal solution in terms of the environmental impact in this research
can be obtained with a high value of the mean negative and a low value of the mean positive.

Step 4: Calculate the separation measure.
The calculations of the separation of each alternative from the positive and negative ideal solutions

follow from Equations (7) and (8) as follows:

S+i =

√∑n

j=1

(
Vij −V+

j

)2
i = 1, 2, . . . , m (7)

S−i =

√∑n

j=1

(
Vij −V−j

)2
i = 1, 2, . . . , m (8)

where S+i is the distance of the positive ideal solution and S−i is the distance of the negative ideal solution.
Step 5: Calculate the relative closeness to the positive ideal solution.
The relative closeness of each alternative was defined as Equation (9) as follows:

C+
i =

S−i
S+i + S−i

(9)

where C+
i is the score of closeness to positive ideal solution with 0 < C+

i < 1.
Step 6: Rank the preference order.
Choose an alternative with the maximum C+

i in descending order for ranking.
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3.6. Qualitative Estimation of the Environmental Criteria

According to the several criteria of sustainability indicators, the environmental aspects have been
focused on their suitability for wastewater treatment selection [21,31]. Therefore, the four criteria
of land requirement, energy use in terms of electricity use, sludge production, and CO2 emission
were considered to mainly investigate the environmental impacts of selected technologies in this
study. Other criteria, such as social and economic criteria as in [32–34], were not considered due to
data constraints.

The electricity demand was calculated from the oxygen requirement for the aeration process of 2
kg O2/kWh [35] and from the power requirement for sewage collection for only the centralized systems.
The sludge production was considered from the amount of TSS remaining untreated by the WWTP by
estimating approximately 50% of the TSS according to Wastewater Engineering [27]. In this research,
CO2 emission was estimated from electricity use of approximately 672 g CO2/kWh especially in Asia,
but excluding China [36,37]. The estimation procedure and results of the four criteria are described in
detail in the Supplementary Material S2.

3.7. Analysis Procedure

First, the raw wastewater parameters were obtained from the analytical results of the influent and
effluent wastewater samples of a CBS model at Thongkhankham Village, Chanthabuly District. The
second step was to estimate the daily wastewater flow by obtaining the population in the study area
from the public water use from the census of the Vientiane Water Supply Enterprise [20]. The third
step was the design step for each model by following the guidelines related to wastewater engineering.
The fourth step was the BioWin simulation process to investigate the treatment efficiencies of the six
models. In the final step, the TOPSIS analysis was applied to rank these alternatives to select the most
appropriate wastewater treatment technology for the study area, as shown in Figure 3.

Since our study area was Vientiane, Laos, it was rather difficult to get enough necessary data for
analysis and validation. Therefore, one of the purposes in conducting this study was to overcome
such a difficulty and to have a reliable and scientifically correct result for assessing and selecting
an appropriate technology for wastewater treatment. Therefore, we decided to use well-established
tools and methodologies, such as BioWin and TOPSIS, rather than to try many variations in terms of
methodology. Also, for assessing the values that appear in the Supplementary Material, we rather
excessively use the relevant literature to overcome the lack of data.

4. Results and Discussion

4.1. BioWin Simulation

Figure 5 illustrates the simulated effluent BOD, COD, and TSS concentrations of the six
wastewater treatment models. The constraints of the three wastewater effluent parameters in
controlling the discharge of wastewater from households are BOD < 30 mg/L, COD < 125 mg/L, and
TSS < 40 mg/L. Therefore, all the concentrations satisfy the water pollution control standards of Laos
for household wastewater.

In terms of BOD concentration, On-site I shows the best performance among the models. Then, the
CEWATS I depicts the second-highest performance in terms of effluent BOD concentration, followed
by CEWATS II, DEWATS I, DEWATS II, and On-site II, in that order.

For the effluent COD concentration, CEWATS I shows the best performance with 76.8 mg/L,
followed by On-site I, CEWATS II, DEWATS I, On-site II, and DEWATS II.

With respect to TSS concentration, the CEWATS II exhibits the highest performance with 27.1 mg/L,
while On-site I indicates the lowest performance with 37.9 mg/L.
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4.2. Environmental Impacts

Table 3 illustrates the estimation results of the four criteria of land requirement, electricity use,
sludge production, and CO2 emission based on engineering design and treatment aspects as shown in
Table 2.

Table 3. Estimated results of the four criteria for the six wastewater treatment models.

Technologies
Criteria

Land
Requirement (m2)

Electricity Use
(kWh/d)

Sludge Production
(kg/d)

CO2 Emission
(kg/d)

On-site I 197,760 28,800 16,320 19,407
On-site II 150,720 63,360 16,320 42,578

DEWATS I 31,027 26,035 16,416 17,496
DEWATS II 36,230 53,530 16,473.6 35,972
CEWATS I 32,013 20,788 16,660.8 13,956
CEWATS II 21,981 65,693 13,359.63 44,146

In terms of the land requirement, On-site I and II require large areas because of the large number
of required plants, while the CEWATS II requires the lowest land. For electricity use, the On-site
II, DEWATS II, and CEWATS II demand high electrical power due to their aeration processes. In
terms of sludge production, the CEWATS II shows the lowest value, whereas the other models show
similar production.

With respect to CO2 emission, the On-site II, DEWATS II, and CEWATS II depict high emissions
mainly due to the high electricity use for aeration. The CEWATS I presents the lowest emission,
followed by DEWATS I and On-site I.

4.3. Selection of the Optimized Wastewater Treatment Technology

The six experiments were designed to investigate the different impacts of each criterion. The
first experiment indicates the equal contribution of all criteria. The second and third experiments
emphasize the impact of land requirement which is a critical factor in the densely-populated study
area in Vientiane without much open space in the current conditions, while the fourth and fifth
experiments mainly focus on the sludge production, which is indirectly related to the land requirement
and management cost. The last sixth experiment was designed to investigate the greenhouse gas
(GHG) emissions from each technology.

By applying the criteria weights in the TOPSIS analysis, as shown in Table S5 in the Supplementary
Material S1, the results of six experiments in Table 4 demonstrate that the trickling filter model for
CEWATS produced the highest scores of all the experiments. On the other hand, the on-site treatment
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system with an aeration process had the lowest score of all the experiments when compared with other
treatment systems.

Table 4. The score and ranking of each alternative.

Technologies 1st Experiment 2nd Experiment 3rd Experiment 4th Experiment 5th Experiment 6th Experiment

Score Rank Score Rank Score Rank Score Rank Score Rank Score Rank

On-site I 0.394 5 0.248 5 0.358 5 0.390 5 0.450 5 0.503 4
On-site II 0.203 6 0.245 6 0.216 6 0.201 6 0.182 6 0.163 6

DEWATS I 0.883 2 0.918 2 0.902 2 0.825 2 0.859 2 0.883 2
DEWATS II 0.609 3 0.749 3 0.646 3 0.597 3 0.553 3 0.510 3
CEWATS I 0.902 1 0.924 1 0.921 1 0.831 1 0.878 1 0.921 1
CEWATS II 0.555 4 0.713 4 0.594 4 0.560 4 0.497 4 0.441 5

Accordingly, the CEWATS I was ranked first in all experiments, followed by DEWATS I, DEWATS II,
and CEWATS II. The models On-site I and II have the lowest ranks. Therefore, according to the
results, it could be summarized that, based on land requirement, electricity use, sludge production,
and CO2 emission criteria, the CEWATS system is more suitable for the study area than the on-site and
decentralized treatment systems. Specifically, the trickling filter model in the centralized treatment
system is the most appropriate technology of the six wastewater treatment systems considered in
this study.

However, other affecting factors such as the economic cost of installation and maintenance, sludge
management, sewage transportation to WWTP, discharge of the treated effluent, and social conditions
were not taken into account in the criteria analysis due to lack of information. Moreover, in the TOPSIS
analysis, the weights considered for criteria in the six experiments were rather arbitrarily determined,
based on a number of test estimations. Therefore, the subjectivity and uncertainty issues still remain in
the TOPSIS analysis for ranking the models.

5. Conclusions

This study assessed the six wastewater treatment systems based on two technologies, trickling
filter and aeration/activated sludge, for Vientiane, Laos, in order to upgrade treatment efficiencies and
protect the urban environment through the improvement of sanitation and wastewater treatment for a
densely populated area. In the analysis, the main three steps consisted of the wastewater engineering
calculation and design, the BioWin simulation to validate the calculation and design, and the TOPSIS
analysis for ranking.

The results illustrated that the six wastewater treatment systems can remove BOD, COD, and TSS
concentrations in wastewater effluents, achieving the Laos environmental control standards. These
systems also vary in their efficiencies in terms of environmental impacts, such as land requirement,
electricity use, sludge production, and CO2 emission.

Based on the analytical result, the trickling filter model in the centralized treatment system is the
most appropriate technology among the six systems based on treating BOD, COD, and TSS under
the four criteria. Moreover, the centralized wastewater treatment system is the optimized design for
wastewater treatment in the growing city of Vientiane in term of environmental impacts.

The combined approach between BioWin and TOPSIS is useful for assessing sanitation and
wastewater treatment development, as demonstrated in this study. BioWin can be used for validating
all processes step-by-step until the final effluent satisfies the target standard of a study site. Then,
the TOPSIS analysis helps the decision-making process by providing the ranks among alternatives.
Therefore, applying BioWin and TOPSIS together is highly useful in the assessment of the optimized
design of a wastewater treatment system.

However, it should be noted that the nitrogen concentration, which is a critical parameter to
evaluate the performance in sewage treatment and is responsible for environmental issues such as
eutrophication, was not taken into account in this study. Moreover, the technology considered for the
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on-site system in the study was chosen and assessed since the only pilot on-site system was based on
the trickling filter system. In further work, it is recommended to assess other available technologies for
the system.

To achieve sustainable development of sanitation and wastewater treatment management is
a challenging target for developing countries. This research only provides fundamental analysis
for wastewater treatment and alternative selections based on environmental protection conditions.
The more varied technologies have to be considered and more criteria, such as sludge management,
transportation of sewage to the WWTP, discharge of the treated effluent, and economic cost for
installation, operation, and maintenance, also must be taken into account in the ranking process to
address the subjectivity and uncertainty issues in the TOPSIS analysis in future works. Furthermore,
in the combination of several opinions for technology selection, it is also of importance to provide
logically and practically sound weights for criteria, specifically based on the opinions from experts,
government, and local people in appropriate wastewater treatment selection.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/11/5/1012/s1,
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populations in Vientiane in 2015, Figure S2: Main pipeline system in the study area, Table S2: Analytical results of
the wastewater in terms of BOD, COD and TSS concentration of the influent and effluent from a decentralized
anaerobic wastewater treatment plant at Thongkhankham Village, Chanthabuly District, Table S3: The water use
at the household level in Laos, Table S4: Population projections in 2025 and 2035 for the four study districts in
Vientiane, Table S5: The considered weights for the four criteria for TOPSIS analysis, Table S6: Land requirement
of each technology, Table S7: Electricity use of on-site systems and DEWATS, Table S8: Calculating dynamic head
loss, Table S9: Calculating power requirement, Table S10: Electricity requirement for aeration, Table S11: Power for
returning activated sludge, Table S12: Total electricity use for CEWATS II, Table S13: Sludge production, Table S14:
Sludge production for CEWATS II, Table S15: Total sludge production, Table S16: CO2 emission.
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