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Abstract: Urban areas are currently experiencing rapid growth, which brings with it increases in the
population, the expansion of impervious surfaces, and an overall jump in the environmental and
hydrological impact. To mitigate such an impact, different strategies proposed to tackle this problem
often vary; for example, stormwater tanks, the reuse of wastewater and grey water, the installation
of equipment to reduce water consumption, and education-based approaches. Consequently, this
article presents the simulation and evaluation of implementing infrastructure options (stormwater
harvesting, reuse of industrial waters, water-saving technology in residential sectors, and reuse of
water from washing machines) for managing urban water in two urban catchments (Fucha and
Tunjuelo) in Bogota, Colombia, over three periods: baseline, 10 years, and 20 years. The simulation
was performed using the software Urban Volume Quality (UVQ) and revealed a possible reduction
in drinking water consumption of up to 47% for the Fucha Catchment and 40% for the Tunjuelo
Catchment; with respect to wastewater, the reduction was up to 20% for the Fucha Catchment and
25% for the Tunjuelo Catchment. Lastly, two scenarios were evaluated in terms of potential savings
related to water supply and sewage fees. The implementation of strategies 3 and 6 insofar as these
two strategies impacted the hydric resources. Therefore, there would be a significant reduction in
contaminant loads and notable economic benefits attributable to implementing these strategies.

Keywords: urban water cycle; urban water management; simulation; UVQ; cost-benefit analysis

1. Introduction

The world is witnessing fast-paced urban development. At present, urban areas account for more
than half of the global population, and more than 500 cities are already home to one million people or
more [1,2]. It is estimated that 60% of world’s population will inhabit such areas by 2025 [3].

In urban areas, water’s importance is hard to overstate; it is an essential resource for human
and environmental well-being in a city. It should come as no surprise that Integrated Urban
Water Management (IUWM) has taken on prominence internationally [4,5] given that it enables
the definition of problems, identifies and determines solutions, and facilitates the implementation
of these solutions [6]. Most efforts in this vein focus on new sources of water [7], wastewater
reduction [8], the control of flooding caused by stormwater [9], effective treatment systems [10],
and active participation by the different actors in the urban water cycle (users, government, etc.) [11].
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Several strategies for urban water management have been proposed, including structural
and nonstructural actions. These actions have been applied to different scales, from regions,
cities, towns, and neighborhoods to houses, apartments, and independent properties, all of which
contribute—to varying degrees—to the IUWM [12]. Some examples include: (i) harvesting stormwater;
(ii) reusing greywater and wastewater; (iii) treating stormwater, wastewater, and greywater; (iv) runoff
and contaminant reduction in stormwater via structural work (filters, artificial wetlands, porous
pavement, etc.); (v) water-saving technology; and (vi) environmental education, among other
proposals [13-20]. To evaluate the implementation or the selection of these options, software and
mathematical models have been used, offering appropriate technical support to plan cities” growth
and sustainability.

Among the most frequently employed infrastructure options for smaller-scale alternatives are the
use of rainwater, reuse of greywater, and water-saving devices. The collection of rainwater is a clear
and direct strategy for the sustainability of the urban water cycle. It offers myriad benefits, including;:
reduced water demand (30-70%), less hydric stress, minimized contaminant loads, and flooding
mitigation [21-25].

The use of greywater offers notable potential in light of the constant supply of this source, i.e.,
a high population density in cities leads to large volumes of greywater [26]. Water-saving devices,
for their part, have been gaining traction due to their ease of implementation and affordability. These
strategies have been studied across the globe with promising reductions in the consumption of drinking
water, namely from 20% to 60% [27-30]. Combining these two strategies (greywater reuse and domestic
water-saving systems) enhances the positive impact: Baskaran et al. [31] found savings of up to 77%
relative to normal consumption. It is important to mention that these strategies entail benefits from an
economic standpoint for cities, regions, and countries, as well as individuals.

Bogotd, Colombia’s capital and largest urban center, has more than eight million inhabitants
and essentially requires the implementation of such strategies. The treatment of water for human
consumption in the city is led by a public company whose primary sources are rivers, dams, and gullies;
the company has achieved full (100%) coverage. The drinking water supply comprises three systems
(Tibitoc, Chingaza, and La Regadera), which have five drinking water treatment plants (DWTP)
and present an installed capacity of 27.5 m3/s, of which 53% is used. Groundwater represents an
insignificant source and is mostly used by industrial and commercial sectors. The city’s public sewage
system has achieved coverage exceeding 90%. This system comprises four sanitary catchments, as can
be observed in Figure 1; these catchments bear the names of the four principal rivers in Bogota: Torca,
Salitre, Fucha, and Tunjuelo. Within these catchments, there are a total of 65 subcatchments, which are
subdivided into 49 sanitary subcatchments and 16 rain subcatchments. Most of the sanitary systems
are separated, with only a small portion in the Fucha and Salitre Catchments [32]. Bogota currently
has only one wastewater treatment plant (El Salitre), which is located at the confluence of the Salitre
River with the Bogotd River. At present, the El Salitre plant only runs primary treatment and has a
treatment capacity of 4 m3/s. It receives wastewater from approximately 2,200,000 people in the north
of the city, the area circumscribed by the Salitre Catchment.

It is important to mention that in Colombia, as is the case for many countries around the world,
clear policies for urban water management have not been set forth; for that reason, in a previous study,
the authors of this paper underscored the urgent need to carry out activities aimed at conserving water
to sustainably supply Bogotd’s population. The previous study highlighted alternative sources of
water supply, and the authors demonstrated that renewed emphasis should be placed on managing
the city’s drainage systems and treatment systems, primarily to reduce wastewater, contamination,
and runoff. These three aspects should be considered holistically, that is, in tandem, for the design of
policies for the management of urban water in line with the principles of IUWM [33].

In this article, the simulated implementation of four strategies (stormwater harvesting, reuse of
industrial waters, water-saving technology in residential sectors, and reuse of water from washing
machines) for managing urban water in two urban catchments (Fucha and Tunjuelo) are evaluated at
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three periods: baseline, 10 years, and 20 years. This simulation was done using Urban Volume Quality
(UVQ) software. In addition, two scenarios are assessed and compared in terms of potential savings
related to water supply and sewage fees.
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Figure 1. Land use of Fucha and Tunjuelo Catchments.

2. Materials and Methods

2.1. Location

Only the Fucha and Tunjuelo catchments were evaluated, for they account for 50% of Bogota’s
population, which is a sufficient sample size for the purposes of the present article. The Fucha
Catchment has a total area of 14,024.61 ha for wastewater and 3824.67 ha for stormwater. This
catchment has the highest area of industrial development in the city, including dry cleaners, tanneries,
food-related businesses, metal-mechanic companies, and chemical companies. Also, this catchment’s
eastern end has a combined sewage system, with a total coverage of 40.5 km?. The Tunjuelo Catchment
is predominately rural (agriculture use), thus serving mostly residences, with some industrial and
commercial sectors. Furthermore, this is the only completely separate sanitary catchment in Bogota.
Its total coverage area is 21,956.69 ha for wastewater and 62,606.85 ha for stormwater. Figure 1 shows
the dominant land use of the Fucha and Tunjuelo Catchments (these uses will be employed as inputs
for the software on the movement of water flows).

2.2. Urban Volume and Quality (UVQ)

The UVQ software program is an extension of Aquacycle, another software program; UVQ was
initially developed as support for the evaluation of alternatives in the management of the urban
water cycle in Australia within the feasibility stage of the CSIRO urban water program, which began
in the year 1999 [34]. Subsequently, it became part of the fifth European-Australian Assessing and
Improving Sustainability of Urban Water Resources and Systems (AISUWRS) project. The objective
of this project was to evaluate and improve the sustainability of the urban groundwater resources
by means of computer tools [35,36]. UVQ was selected for use in four cities globally, with detailed
case studies available: Mt. Gambier (Australia), Doncaster (UK), Rastatt (Germany), and Ljubljana
(Slovenia). As a management tool, UVQ has thus far generated a positive impact on urban water
management [34,37-39].

This software sequentially simulates the water balances in the provision of drinking water,
as well as the hydrological (precipitation, runoff, and evapotranspiration) and wastewater processes
within the study areas. These balances are given as loops that traverse the entire system at a daily
timescale. Spatially, UVQ relies on three different scales: single dwelling, neighborhood, and study
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area. Additionally, it has the capacity to simulate contaminants through the already-obtained water
balances. Note that the model assumes no degradation or conversion of the contaminants during the
different steps [34,40,41]. UVQ was chosen in light of the fact that it is a free tool, encompasses all
components of the urban water cycle, and is suitable for expansive urban areas such as Bogota.

2.3. Input Data

The input variables and their source are presented in Table 1.

Climate data were obtained from the Institute of Hydrology, Meteorology, and Environmental
Studies (IDEAM per its name in Spanish). For this research, two stations were selected (one for
each catchment). The stations selected had data for at least the last seven years. Model calibration
was performed by trial and error for runoff, wastewater, and consumption values reported by the
Aqueduct, Sewage, and Sanitation Company (EAAB per its name in Spanish), which was in charge of
providing these services in the city of Bogota for these two catchments in the year 2014. As a reference
for calibration, the data with the best fit between simulated and reported values for each water flow
were chosen. The model was validated with data from the second half of 2015 and the first half of 2016.
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Table 1. Input variables and their source.

S
Variable Type Unit ource Observation
Measured Local Literature International Literature
Total area N.A. ha X Measured using ArcGis
Road area N.A. ha X Measured using ArcGis
Open space N.A. ha X Measured using ArcGis
The rate was estimated using
Exfiltration of wastewater N.A. ratio X avalue of 7.67L/d/m, as
proposed by [42]
Number of dwellings in a NA 4 X Measured in the field by a
neighborhood o pilot study and using ArcGis
Dwelling area N.A. m2 X Measured using ArcGis
. Measured in the field by a
People per dwelling N.A. # X pilot study
Dwelling garden area N.A. m2 X Measured using ArcGis
Dwelling roof area N.A. m2 X Measured using ArcGis
Dwelling paved area N.A. m2 X Measured using ArcGis
Consumption of
water—Xkitchen, bathroom, N.A. L/d/c X [43]
toilet and laundry
BOD m/c/d X [44]
COD m/c/d X [44]
Contaminant load—Xkitchen,
bathroom, toilet and laundry N m/c/d X [44]
TF m/c/d X [44]
TSS m/c/d X [44]
Precipitation N.A. mm X Weather stations
Temperature N.A. °C X Weather stations
Actual evaporation N.A. mm X Weather stations

BOD: Biochemical oxygen demand, COD: Chemical oxygen demand, TSS: Total suspended solids, TN: Total nitrogen, TP: Total phosphorus.

5o0f 16
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2.4. Scenarios

For the simulation, six scenarios were developed, as shown in Table 2. Each was run at three
adopted points in time. The first time point reflects baseline conditions (2015-2016). The second
represents forecast population growth after 10 years. The third forecasts population growth after 20
years. For the forecasts, historical rates of population growth for these catchments were used; these
rates were calculated using a census administered by Bogotd’s mayoral office.

Table 2. Scenario Descriptions.

Scenario Strategy Description

1-m3 stormwater tanks for dwellings and
Scenario 1 Stormwater use 10-m3 tanks for industries, big businesses
commercial, and business or office centers.

2-m3 stormwater tanks for dwellings and
Scenario 2 Stormwater use 20-m3 tanks for industries, big businesses,
and business or office centers.

1-m3 stormwater tanks for dwellings and
10-m? tanks for industries, big businesses
Stormwater use, wastewater . . .
. . commercial, and business or office centers.
. treatment for the industrial and . o
Scenario 3 commercial sector. and reuse of Wastewater treatment with removal of 40%
wastewater in ,in dustries TN, 40% TP, 40% BOD, 40% COD, and 60%
TSS. Water tanks to reuse industrial waters
after treatment with the 10-m? tanks.

0.1-m3 tank for dwellings with water from

Scenario 4 Greywater use - .
washing machines.

Installation of water-saving equipment in
Scenario 5 Water-saving technology dwellings, sinks, dishwashers, toilets,
and showers.

0.1-m? tank for dwellings with water from
washing machines and installation of
water-saving equipment in dwellings for
sinks, dishwashers, toilets, and showers.

Scenario 6 Combination of scenarios 4 and 5

Rainwater was used given its immense potential as an alternative source in city with a climate
such as Bogotd’s. Wastewater reuse was chosen as an alternative source because of the general
need for treatment systems to control the contamination of this water. Lastly, greywater reuse and
water-saving technology were chosen due to the fact that they represent affordable strategies for the
residential sector.

The stormwater tank volumes for residential areas were calculated by looking at water use for
toilets, dishwashers, sinks washbasins, and showers, and by accounting for infrastructure capacity,
especially as pertains to areas for household and apartment building storage tanks. For industrial and
commercial areas, tank volumes for stormwater and wastewater reuse were calculated based on water
demand. These tank volumes represent average consumption, so a single volume was determined
for each sector. For this purpose, the following equation, developed by Santos and Taveira-Pinto [45],
was used:

V = Min(Annual non — potable demand) * 0.06 1)

2.5. Statistical Analysis

To evaluate the differences in water flows between the base scenario and the proposed scenarios,
a nonparametric Wilcoxon statistical test was used. With this test, it was possible to assess the statistical
significance, or lack thereof, of the observed (forecast) reductions. The test was performed using all
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values from each simulated neighborhood. For all statistical testing, significance was established using
a 95% confidence interval (« = 0.05) [46].

2.6. Economic Evaluation

To conduct the economic evaluation, two strategies that would impact drinking water
consumption and wastewater generation, respectively, were employed. The average consumption per
user (residential, industrial, and commercial) for the year 2015 was determined. For the same period,
fixed and base fees for water supply and sewage were obtained to determine the average costs of each.
Subsequently, the forecast results for the implementation of either of the strategies were compared to
average consumption. It is important to mention that, during this evaluation, only the cost of service
was taken into account (i.e., the cost of infrastructure was excluded).

3. Results

Although results were obtained at a daily scale, they are presented here in m m3/s. The results
show that the Fucha Catchment presented higher levels for all water flows relative to those obtained
for the Tunjuelo Catchment. With respect to the consumption of drinking water, approximately 2 m3/s
was the biggest difference between these catchments. For the generation of wastewater, this value
was approximately 1.5 m?/s, which may be associated with the fact that the Fucha Catchment has
more users, mainly residential, industrial, and commercial, than the Tunjuelo Catchment. In contrast,
the stormwater flows were also greater for the former catchment, given that the Tunjuelo Catchment
has more pervious surfaces, e.g., green areas, parks, etc., allowing for a higher infiltration rate. In the
following paragraphs, the results are broken down by catchment.

3.1. Fucha Catchment

3.1.1. Flow of Drinking Water, Wastewater, and Stormwater

In terms of drinking-water consumption, scenarios 1, 2, and 3 were projected to bring about 42 to
47% reductions relative to the baseline scenario without any modifications/improvements. Scenarios 5
and 6 led to a reduction in drinking-water consumption of 29%. The results revealed that scenarios 1,
2,3, 5, and 6 produced statistically significant differences. However, scenario 4’s reduction was 4.9%.
For wastewater, the biggest drop was observed for scenario 6—at 20%—with statistical significance.
For scenarios 1, 2, 3, and 5, decreases between 11% and 13% were projected. Scenario 4 presented a
drop of 7%. Finally, for stormwater values, the first three scenarios provided 21% to 23% reductions,
with statistical significance confirmed, whereas scenarios 4, 5, and 6 presented a reduction though not
to the level of significance. The decrease in the all flows can be seen in Figure 2.

For the forecast water flows (10 and 20 years), an approximate increase of 49% in water
consumption is expected for the 10-year period and 89% for the 20-year period (relative to the current
values). With respect to wastewater, increases of approximately 24% and 48% are expected for the
10- and 20-year periods, respectively (relative to the current values). The infiltration expected for the
stormwater sewage system from the sanitation systems from the drinking-water piping is 19% over
the next 10 years and 21% over the next 20 years, with these percentages referring to increases relative
to current values. Infiltration is caused by faulty wastewate-system connections and exfiltration by
piping for drinking water and wastewater.

To compare the future values with current ones, a red line was included in Figure 3. This
line clearly indicates the current values for drinking-water consumption, wastewater generation,
and stormwater flows. As shown in Figure 2, the expected drinking-water consumption when
implementing strategies 1, 2, and 3 for the 10-year period is less than current consumption levels,
representing a reduction of 7%, 12.2%, and 8%, respectively, when employing these three strategies,
which indicates that beginning to implement any of these measures for this period would be insufficient
if aiming to maintain current consumption levels. Moreover, the use of stormwater as a water source
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allows for these same scenarios to help reduce stormwater flows. As for wastewater, scenario 6 for the
10-year period resulted in values that are minimally below the current levels, with a difference of only
1.8%. Finally, for the 20-year period, all wastewater values were greater than the current base state.
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Figure 2. Flow of Drinking Water, Wastewater, and Stormwater in the Fucha Catchment.
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Figure 3. (a) Flow of Drinking Water, Wastewater, and Stormwater for the 10-year period and (b) Flow
of Drinking Water, Wastewater, and Stormwater for the 20-year future cases in Fucha Catchment.
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3.1.2. Contaminant Loads

Scenario 6, which displayed the greatest reduction in terms of wastewater flow, also produced
the greatest reduction in terms of contaminant loads. If implementing this scenario, when compared
to the current state, decreases would be: 13% for total phosphorus (TP), 12% for total nitrogen (TN),
26% for biological oxygen demand (BOD), 27% for chemical oxygen demand (COD), and 30% for total
suspended solids (TSS). For scenarios 1, 2, 3, and 5, reductions were between 7% and 9% for TP and TN;
for BOD and COD, these reductions were between 18% and 20%. Finally, TSS levels dropped between
20% and 25%. Despite the fact that industrial wastewater treatment was simulated for scenario 3,
the reduction observed was not significant because industrial commercial users do not represent more
than 10% of the Fucha Catchment’s users.

3.2. Tunjuelo Catchment

3.2.1. Flow of Drinking Water, Wastewater, and Stormwater

In terms of drinking-water consumption, scenarios 1, 2, and 3 presented reductions of 35% to 40%.
For scenarios 5 and 6, reductions in drinking-water consumption were 24.5%. These five scenarios
led to statistically significant decreases relative to the baseline. For scenario 4, the drinking-water
reduction was 10%. For wastewater, a statistically the significant statistics reduction stemmed from
scenario 6 (19%). For scenarios 1, 2, 3, and 5, drops were between 11% and 13%; for scenario 4, this
value was 7.2%. For the stormwater flow, the first three scenarios led to a drop of 22% to 25%, though
scenarios 4, 5, and 6 presented a drop, albeit an insignificant one. The results can be seen in Figure 4.
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Figure 4. Flow of Drinking Water, Wastewater, and Stormwater in Tunjuelo Catchment.

Looking at the projected scenarios, increases of 38% in water consumption for the 10-year period
and 66% for the 20-year period were forecast; for wastewater, increases of approximately 30% and
42% for the 10-year and 20-year periods, respectively, were forecast. The infiltration expected for
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stormwater drainage from the sanitation system and drinking-water pipelines is 11% and 23% higher
for the 10-year and 20-year periods relative to the current scenario.

Comparing the projected flow values to the current ones, strikingly similar behavior was observed
for the Fucha Catchment. For drinking water, in scenarios 1 and 3 for the 10-year period, the values were
almost the same as the current drinking-water consumption (differences of 4% and 6%, respectively,
for each scenario). For scenario 2, the difference between the 10-year projection and the baseline was
180 mm/year in consumption, equivalent to an 18% increase. The flow of wastewater in scenario 6 for
the 10-year period was lower than that of the current state (though only by 3%); although this value
is relatively small, its impact may be high, and for the catchment growth, it would be 23%. Finally,
for the 20-year period, all values were above those of the baseline state (see Figure 5).
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Figure 5. (a) Flow of Drinking Water, Wastewater, and Stormwater for the 10-year period and (b) Flow
of Drinking Water, Wastewater, and Stormwater for the 20-year future cases in Tunjuelo Catchment.

3.2.2. Contaminant Loads

The simulation results show that scenario 6 generated a decrease of 6% for TP, 4% for TN, 12%
for BOD and COD, and, 15% for TSS. For scenarios 1, 2, 3, and 5, the values for TP and TN were 2%.
For BOD and COD, these values were 5% and 7%, respectively; for TSS, they were 8%.

3.3. Comparing Scenarios 3 and 6

The (hypothetical) implementation of different scenarios pointed to the importance of strategies
3 and 6 insofar as these two strategies impacted the hydric resources. Therefore, there would
be a significant reduction in contaminant loads and notable economic benefits attributable to
implementing these strategies. Scenario 3 was selected because of the low costs associated with
1-m? tanks, and scenario 6 was chosen primarily because of the practicality of its implementation in
residential sectors.

The first step in comparing these strategies consisted of determining the reduction in the water
volume captured under maximum conditions for each scenario. For the Fucha Catchment, simulation
results showed that each drinking-water treatment plant supplying this catchment (Tibitoc and
Wiesner) reduced its capture by 1 m3/s for scenario 3 and 0.6 m® /s for scenario 6. The reduction for the
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Tunjuelo Catchment was 0.55 m3/s for each plant (South treatment plant and Wiesner) for scenario 3
and 0.22 m3/s for scenario 6.

When running scenario 3, the treatment plants delivering water to the Fucha Catchment would
capture approximately 5.26 GL/month less water. For the Tunjuelo Catchment, scenario 3 would reduce
water capture by 2.23 GL/month. In other words, the two catchments would capture 7.8 GL/month
less. For scenario 6, the reduction in drinking-water consumption for each plant supplying the Fucha
Catchment would be 3.15 x GL/month 1 and 5.78 x 10° m3/month for the Tunjuelo Catchment; thus,
a total of 3.73 GL/month in water would no longer be captured if implementing scenario 6. Therefore,
there was a difference in flow captured of 52% between scenarios 3 and 6, with the former providing
greater benefits. However, both strategies would positively impact the ecosystem, environment, society,
and economy at city and national levels.

In light of the fact that neither catchment has a wastewater treatment system, the reduction of
this water and the concomitant reduction in contaminant loads represent an optimal—perhaps even
necessary—strategy for controlling contamination in the city’s water bodies. On balance, scenario 3
would lead to a reduction of 32% for nutrients, 20% for organic material, and 26% for solids for both
catchments. For scenario 6, the contaminant improvements would be 36%, 38%, and 39% for nutrients,
organic material, and solids, respectively, revealing that an improvement in all parameters associated
with this scenario present the highest reduction in wastewater flow.

Lastly, savings on water supply and sewage fees were evaluated for both proposed scenarios.
In Table 3, the fixed and base fees for sanitation and sewage, in addition to the average values of
drinking-water consumption and sewage, for both catchments are displayed.

As shown in Figure 6 scenario 3 for the Fucha Catchment was identified as undergoing the
greatest drop in total cost (water supply and sanitation) per month for all land uses, which is
primarily attributable to the fact that this strategy allows for the greatest reductions in drinking-water
consumption (the highest-cost service). Furthermore, this scenario showed how the industrial and
commercial sectors could cut total costs between 40% and 47%compared to the baseline; in residential
sectors, this drop could be between 10% and 20%.

Base sc.6
zc‘:- |
sc- I I I I I I
Com. Ind R1 R2 R3 R4 RS Com. Ind. R1 R2 R3 R4 RS Com. Ind R1 R2 R3 R4 RS

Figure 6. Comparison of the cost for services in the baseline and scenarios 3 and 6 for the
Fucha Catchment.

variable
Bl watersupply

Il wastwoter

Total paid USD/month
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Table 3. Cost to pay for services and values of drinking-water consumption and sewage for Fucha and Tunjuelo catchments.

Average Average

Fixed Base Consumption—Water Consumption—Water Fixed Base Av.erage pes Av_erage iy
Fee—Water Fee—Water [ .. ..  Consumption—Sanitation Consumption—Sanitation
Land Use Supply Catchment Supply Catchment  Fee—Sanitation Fee—Sanitation .
Supply Supply X Catchment Fucha Catchment Tunjuelo
Fucha Tunjuelo (USD) (USD) 3 1 3 1
(USD) (USD) 3 1 3 1 (m° month™") (m® month™")
(m°> month™") (m> month™")
Residential = 5o 0.27 27.6 2.6 0.8 0.16 22,08 15.03
Stratus 1
Residential 5 ¢ 0.54 22.34 19.12 1.61 0.33 17.46 12.71
Stratus 2
Residential = 7 0.76 21 19.2 2.28 047 17.46 12.77
Stratus 3
Residential = 5 ¢ 0.89 215 185 2.68 0.55 17.46 123
Stratus 4
Residential =) 7 1.38 26.82 N.A. 6.67 0.83 17.46 N.A.
Stratus 5
Industrial 6.84 1.23 91 46.2 6.84 1.23 91 30.72

Commercial 7.89 1.34 30.1 30 7.89 1.34 30.1 19.95




Water 2017, 9, 858 13 of 16

Scenario 3, once more, presented the lowest total costs per month for all land uses. In contrast to
what was observed for the Fucha Catchment in the industrial and commercial sectors, the reduction
was between 18% and 27% of the total payment for the residences served by the Fucha Catchment;
for residential sectors, reductions were between 5% and 9.5%. However, the difference between
scenarios 3 and 6 with respect to the residential sector for this catchment did not exceed 4%, showing
that the implementation of either of these two strategies would essentially generate the same reduction
in expenses (see Figure 7).

Base
50
30- I
Com. Ind. R1 R2 R3 R4 Com. Ind R1 R2 R3 Ind R1 R2 R3 R4

Figure 7. Comparison of the pay for services in baseline and the sceneries 3 and 6 for
Tunjuelo Catchment.
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It is worth mentioning that the annual savings on water supply and wastewater treatment is
significant in Colombian pesos (COP), such that implementing either of these two strategies would
engender a major positive impact on Bogota residents” wallets. Moreover, by estimating the costs of
materials and construction labor per building in scenario 3, it is expected that dwellings could recoup
their investment in 1 to 2.5 years. Turning to the industrial and commercial sectors, recouping the
investment would take approximately 2.5 to 3.5 years. In fact, one scenario 6 should leave policy
makers optimistic: In the residential sector, investments (infrastructure) would be offset in less than
one year. However, to reap any of these benefits, the public sector must develop a model of financing
or subsidization, as recommended by Furlong et al. [47], for doing so would facilitate the mass
implementation of these strategies.

4. Conclusions

The simulation results obtained using UVQ software, which allow for the simulation of all
components of the urban water cycle, revealed a reduction between both catchments of nearly 2 m3/s
in drinking-water consumption and 1.5 m3/s in wastewater volume treated at when implementing.

Scenarios 1 (1-m? stormwater tanks for dwellings and 10-m3 tanks for industries, big businesses
commercial, and business or office centers), 2 (2—m3 stormwater tanks for dwellings and 20-m? tanks
for industries, big businesses commercial, and business or office centers), and 3 (1-m? stormwater tanks
for dwellings and 10-m?3 tanks for other uses. Wastewater treatment with removal of 40% TN, 40%
TP, 40% BOD, 40% COD, and 60% TSS) for the Fucha Catchment presented the highest reductions in
drinking-water consumption, with values ranging from 42% to 47%, which were statistically significant.
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Yet, for scenarios 5 (Installation of water-saving equipment in dwellings, sinks, dishwashers, toilets,
and showers) and 6 (0.1-m? tank for dwellings with water from washing machines and installation
of water-saving equipment in dwellings for sinks, dishwashers, toilets, and showers), the reductions
were not as impressive, though they were significant. Regarding wastewater, scenario 6 presented the
greatest reduction at 20%, with statistical significance. Finally, for stormwater, the first three scenarios
were projected to offer reductions in the range of 21 to 23%. Turning to the Tunjuelo Catchment,
scenarios 1, 2, and 3 presented reductions of 35% to 40% for drinking-water consumption. The biggest
drop in wastewater flow was observed for scenario 6 (19%). For stormwater flows, the first three
scenarios resulted in reductions of 22% to 25%. Reductions in contaminant loads in organic material
for the Fucha Catchment exceeded 20%, though only 12% for the Tunjuelo Catchment. However, either
case would notably help the Fucha and Tunjuelo rivers, which do not have treatment systems, as well
as the Bogota River, for the Fucha and Tunjuelo are tributaries of the Bogota River.

Evaluating scenarios 3 and 6 showed that the two catchments, in conjunction, would stop
capturing 7.8 GL/month if implementing strategy 3 and 3.73 GL/month if implementing strategy
6—a difference of 52% between these scenarios, favoring the former. Scenario 3 would reduce
contaminant loads by 32% for nutrients, 20% for organic material, and 26% for solids for both
catchments. For scenario 6, decreases of 36%, 38%, and 39% for nutrients, organic material, and solids,
respectively, were projected.

In terms of the costs associated with users’ sewage and sanitation services, scenario 3 presented
the greatest reductions for both catchments, mainly benefiting the industrial sector for the Fucha
catchment, though the implementation strategy 3 would offset the investment in residential sectors in
less time.
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