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Abstract

Some of the most significant aspects in the selection of wastewater treatment plants are the investment costs, since they cross-linkthe
treatment level, the quality of the raw wastewater, the design flow and the purpose of the treated wastewater. Through a multivariable
exponential regression analysis, data from 51 projects of new treatment plants was analyzed, and from that process, data of cost scale
elasticity was obtained, in slow growth, in comparison to the design flow for each of the treatment technologies analyzed.

Key words. Wastewater treatment, investment, treatment capacity.

Analisis de los costos de inversion en plantas de tratamiento de
aguas residuales municipales en Cundinamarca

Resumen

Uno de los aspectos mas importantes en la seleccion de plantas de tratamiento de aguas residuales son los costos de inversion debidos a los
costos de interconexion, el nivel de tratamiento, la calidad de las aguas residuales crudas, el flujo de disefio y el destino final de las aguas
residuales tratadas. A través de analisis multivariado de regresion exponencial, se analizaron datos de 51 proyectos de nuevas plantas de
tratamiento. En este proceso, se obtuvieron datos de elasticidad de la escala de costos y se aprecio un crecimiento lento en comparacion

con el flujo diseilado para cada una de las tecnologias de tratamiento analizadas.

Palabras clave. Tratamiento de aguas residuales, inversion, capacidad de tratamiento.

1. Introduction

The selection of municipal wastewater treatment plants
(MWTP) has taken into consideration technical elements
such as the concentrations of BODs, TSS, N 1ot and P rotal,
without ignoring the population, eating habits,
socioeconomic aspects, the municipal wastewater collection
system and, of course, the flow and the direct costs of the
MWTP project [1], to produce a high quality effluent in
compliance with the regulations applicable to the discharge
into the receptor body of water [2]. The above is taken into
consideration when making technical decisions on
wastewater ~ management, for the purpose of
decontaminating, but there is also the situation of procuring
technical economic conditions, on the basis of an analysis,

empirical in many cases, where the purpose is to interlink the
construction costs, the treatment level and the design flow of
the MWTPs [3,4].

Approximations have been made to the economic
analysis of the MWTP relating the investment or construction
cost and the design flow, establishing in a general manner a
regression in function of the costs and flow of the MWTP,
through an exponential equation [5-11] CI = aQ? where CI
is the investment or construction cost, Q is the design flow,
and a and b are calculated coefficients. However, constant a
represents the cost of unit capacity and constant b is
considered the constant of cost scale elasticity (always
positive), where if b = 1, it means that the investment costs
are directly proportional to the capacity or flow of the MWTP
(costs increase linearly), if b< 1, it means that the costs
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Table 1.
Cost equations from different countries
Treatment fug;sifm #  Reliability limit Corr. Sou
technology N data I7s) coefficient rce
Stf:;;f:g *833781 37 16,20 — 1388,9 0,908 [7]
Secondary 2790
advanced and Y 084 11 34,7-173,6 0,938 [7]
nitrification Q
Asclt:l‘c/éfs ,? 3(?3811 6 115,7-289,3 0,979 9]
O’“pdi‘;‘;“’" 38991170 s 11.6-902,8 0604 9]
Aerated pond 38&3831 11 11,6 - 902, 8 0,822 [9]
O);fr?(;lson ,?g%)et 23 11,6 —902, 8 0,790 [9]
Conventional
secondary *oé%}sgl 9 NA 0,935 (8]
treatment
Extended
mechanical *0'2(,,(:?5 35 NA 0,829 [8]
aeration e
Extended
aeration *0'%5727 32 NA 0,808 [8]
dissolved air Q
Prima 15,75
eatmy Qoo NA 1- 4000 1,000 [13]
Seconda 23,46
treatmeg + 0763 NA 1-5000 1,000 [13]

CI in millions of dollars and Q in m%/s.
Source: The authors.

advance less than proportionally to the capacity or size of
the MWTP; that is, an economy of scale is present, which
describes the behavior of costs according to the variable of
flow or size [9], if while b is smaller in the cost function of
the MWTP, it is considered that its cost grows more slowly
as larger flows or capacities are considered for the MWTP;
if b > 1 there would be a false economy of scale [10];
However, the literature reports values of the constant b
between 0.68 — 0.954 [7].

The above has served to plan the new MWTPs, but only
in the direct cost of construction or investment approximated
to the level of pre-feasibility for the efficient assignment of
resource [13]. The measurement of the impacts on the final
users of a MWTP project indicates the order of priority of the
investment and compares several MWTP projects without
including aspects such as location, area, environmental
impacts and local prices at the time of construction, among

Table 2.
Cost equations for Colombia.

Treatment Cost function # data Reliability limit Corr. Sour
technology (CD) (I/s) coefficient ce
Stabilization 41915593
ponds « QU019 7 1-250 NA [14]
13974805
UASB* « QU814 5 1-450 NA [14]
RAP** 33010('1%4223 2 1-60 NA [14]
Extended 33826482
aeration * (008378 3 1-40 NA 4]
Seconda 2841+ 0
4 +46830 % Q NA 1000 — 14000 0,984 [13]
treatment 1834

CI in millions of Colombian pesos and Q in L/s.

* Upflow Anaerobic Sludge Blanket

** Anaerobic piston reactor (acronym in Spanish).
Source: The authors.
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some other aspects. Some regressions of exponentials have
been differentiated according to level or treatment process of
the wastewaters as shown below in Table 1.

In Colombia several analyses of exponential regressions
have been conducted [2,14-15], where costs functions have
been formulated for different treatment systems, as shown in
Table 2.

In the Interamerican Development Bank (BID for its
acronym in Spanish) document [16], Development Objectives
for the Millennium in Latin America, a universal goal was
established, to reduce by half the percentage of people lacking
access to drinking water and basic sanitation, something that
requires great investments in each country. According to
Corporacion Andina de Fomento (CAF), the management study
for the infrastructure in Latin America [17] established that
homes in the region with access to water in their property was
87%, with access to a public sewer system 58%, and toilets
connected to asewer system or septic system is 66%. In addition,
the study further indicates that between 10% and 19.9% of the
population in Colombia has an inadequate system for the
elimination of excreta. The Pan American Health Organization’s
basic indicators report [ 18] for Latin America indicates that 80%
of the population has access to an adequate supply of water,
54% of the population has access to an adequate sanitation
system; in our country 92% of the total population has access to
sources of potable water (99% in the urban area and 72% in the
rural area) and 77% of the total population has access to
sanitation installations (82% in the urban area and 63% in the
rural area). Other indicators establish that coverage (urban and
rural) of water supply is 91% and basic sanitation is 85% [19].
For the Department of Cundinamarca, aqueduct coverage is
81.26% and sewage system coverage is 66.08% [20]. However,
an analysis of the sector, establishes that our country (water
coverage 88%) in the 90s was above the average for Latin
America and the Caribbean (average 85%). With regard to water
coverage, in the years 2000 to 2010, it was found to be below
average (average 93%) for Latin America and the Caribbean, but
during the last few years, 2011 to 2013, it was placed above the
average for Latin America and the Caribbean [21].

The National Plan for the management of municipal
wastewaters in Colombia [22], indicates that 237 Wastewater
Treatment Plans (WTP) have been constructedin the country
(21.7% of all the municipalities in the country), generating 67
m¥/s and, about 10% of those WTP present adequate operating
conditions. However, for the rest of the WTP, the actual operating
and working conditions are unknown; and it also establishes that
the WTP do not treat the totality of the wastewater produced by
the afferent municipalities. In 2010, an increase of 75.95 m3/s in
the flow of wastewater was observed, but only 18.93 m’/s are
treated, equivalent to 24.92% of the wastewaters generated from
454 WTP constructed [23].

The most widely used technologies in the WTP are
aerobic and anaerobic ponds (55%), activated sludge (22%),
percolator filters (14%), ascending flow anaerobic reactor
(9%); however, the conditions of the WTP built (454), are as
follows: 24% (108) in good conditions, 27% (122) in regular
conditions, 22% (100) in deficient conditions and for 27%
(124) the conditions are unknown [23]. The study [22]
mentions that there should be an interrelation between the
WTP, the sewage system and the receptor body, while taking
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into consideration concepts such as the integral management
of the hydric resource, the pressure exerted over the resource,
the preservation of the basins and the potential uses of the
source, but does not establish the environmental assessment
of the WTP with respect to the hydric basins. In addition, it
can be mentioned that according to the World Bank the cost
per capita for the treatment of wastewater is US$ 100 [20].

However, the technical report on wastewater treatment
systems in Colombia—baseline 2010 [24]—establishes that out
of the 1119 municipalities in Colombia, 490 have a WTP
(43.80%) and out of these, a total of 556 WTP in Colombia, are
located in the Departments of Cundinamarca and Antioquia. The
installed capacity of WTP was 33.2 m%/s, and in conclusion, the
report establishes: absence of monitoring and control of the
processes; no characterization of the waters is made, there is no
control of the inflow or the outflow, and the design flows are
unknown so that the operation of the systems is conducted in an
empirical, autonomous and routine manner. The lack of
knowledge on the systems operated does not allow the careful
planning of the expansion and optimization of the treatment
systems, leads to the deterioration of the corrective and
preventive maintenance plans for the wastewater treatment
systems, and createsthe absence of programs for the control of
vectors and the handling of sludge, making it difficult to monitor
the discharge of non-residential wastewaters and compliance
with the existing regulations.

In addition to the above, the analysis conducted by the
Asociacion Colombiana de Ingenieria Sanitaria y Ambiental
(Colombian Association of Sanitary and Environmental
Engineering) [25], indicates that 31% of the cities in
Colombia have a WTP (primary treatment 29% and 1%
tertiary treatment), where the following factors have been
observed: incorrect selection of technologies, high
investment and operating costs (although the investment
assigned to the treatment of wastewaters does not reach the
1% invested or assigned to potable water), and very little
protection of the hydric sources, jeopardizing environmental
sustainability, due to the pollution of hydric resources, given
the now obsolete premise used in Colombia, which states that
the country’s hydric resource is infinite.

Therefore, the cost function model for the MWTP in the
Department of Cundinamarca developed in this research was
obtained through the historic costs of the MWTPs already
built and of the MWTP projects under construction with
different flows or capacities and different water quality
parameters (biochemical oxygen demand BOD, total
suspended solids TSS, nitrogen N, phosphorous P) in
different municipalities of the department. These serve as
tools for the planning of the efficient use of the resources in
preventing the pollution of the hydric basins based on the
technology to be applied for the treatment of wastewater, the
investment costs and its adaptability to the local environment.

2. Methodology
2.1. Type of Research
The type of research applied to the development of the

cost function model of the MWTPs can be established from
the prospective scope [26], given that the information is

recorded as the phenomenon occurs, in this case, obtaining
the information of future investment costs of the MWTP in
the Department of Cundinamarca. However, according to the
analysis and scope of the results, the research can also be
quasi experimental [26] due to the fact that there is a causal
relationship (cause — effect) between investment costs,
wastewater flow and the physical parameters of the quality of
raw wastewater that in conditions of rigorous control of the
factors may affect the result of the analysis. Additionally,
with the cost functions of the MWTPs, it willbe possible to
foresee the efficient assignment of the investment resources
for the preservation and conservation of the hydric basins in
the department. For this reason, the research is also known as
a forecast [27], given that future situations will be
anticipated, under conditions of project horizon, demand of
raw wastewater, compliance with current environmental
regulations for the discharge of treated wastewater and
institutional strengthening.

2.2. Data for the construction of the cost function

A Departmental Water Plan (DWP) has been
implemented in Cundinamarca whereby prefeasibility
studies have been conducted for the development of
investments for the installation of MWTP in the different
municipalities of this territorial entity, where the idea, profile
and design of the different MWTP have been foreseen, for
the purpose of strengthening the institutions, and conserving
and managing the basins in the different provinces of the
department through compliance with the current
environmental regulations for the discharge of treated
wastewater. In accordance with the above, to determine the
cost functions for the MWTPs the data gathering and historic
costs method was applied to 51 MWTP projects constructed
or being constructed with different capacities or flows of
wastewater (grouped according to the technologies for the
treatment of wastewaters and taking the direct cost without
Administration, Incidentals and Profit (AIUfor its acronym
in Spanish) within the DWP and projects executed by the
Autonomous Regional Corporation (CAR for its acronym in
Spanish) in Cundinamarca, that is, future investment costs or
costs of monitoring the construction of the MWTPs.

2.3. Data Analysis

The costs functions in the MWTP that express a exponential
regression of the form CI = aQ? * cDBO® * eSSTS * gN" *
kPJ where CI is the investment or construction cost, O is the
design flow, BOD (biochemical oxygen demand), 7SS (total
suspended solids),N (nitrogen), P (phosphorous), a and b are
calculated coefficients. This model allows the establishment of
the relationships between variables and the identification of the
existing dependency. In other words, a deterministic model that
excludes external factors that produce fluctuations that influence
the construction of the cost function, which means that it can be
insufficient to explain the reality of the phenomenon.
Consequently, the construction of a cost function of the MWTP
should bestochastic or random, meaning that it includes
unknown external information (represents the factors that affect
the cost function of the MWTPs and that are not considered in
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the model) through error ¢, so that the model that better interprets
reality can be better explained [28].

3. Results

Out of the 51 MWTP projects in the department of
Cundinamarca, 39,2% of the MWTP have anaerobic reactor
technologies (20 MWTP UASB, RAP reactors and anaerobic
filters), 21,6% of the MWTPs have activated sludge
technologies (11 MWTP extended aeration, oxidation pit and
conventional reactors), 19,6% have oxidation pond
technologies (10 MWTP), 11,8% have aerated ponds (6
MWTP) and 7,8% have advanced treatment technology with
DAF (4 MWTP). The MWTP are distributed from 177
m.a.s.l up to 2718 m.a.s.1 and with a flow rate of between 0.4
L/s and 958.7 L/s according to the quantity of inhabitants
benefited. In terms of investment costs per MWTP, these
range between USD$51655 and USD$6975000 and with a
per capita cost of 4 USD$/inhab. to 1506 USD$/inhab.which
indicates a considerable dispersion, since in countries such as
Brazil (USD$40/inhab to  USD$240/inhab), Peru
(USD$90/inhab to USD$320/inhab), México
(USD$10/inhab to USD$220/inhab), and even Colombia
(USD$10/inhab to USD$289/inhab) present investment
values per capita (secondary treatment) that are low in
comparison to those reported in the MWTPs of
Cundinamarca [14].

Fig. 1 shows the behavior of the investment costs
according to the design flow or the treatment flow in the
MWTP, where the tendency is to have a greater flow and
thereby greater investment cost in the MWTP. In addition, it
is observed that the largest concentration of projects is below
200 L/s. The average flow is 73.3 L/s and only 10 MWTP
projects are above the aforementioned flow average and the
remaining 41 MWTP projects are below it. The average
investment cost is USD$1060046.9 and 13 MWTP projects
are above the aforementioned average investment cost and
the rest; that is, 38 projects are below the average investment
cost. The average investment cost per capita is 229.18
USD$/inhab.

Table 3 shows that the 20 MWTP projects with anaerobic
reactor technology, in terms of investment costs per capita all
exceed the recommendation made by MAVDT {(for Colombia
can be from USD$20/inhab to USD$40/inhab [29]},

Table 3.

Municipal wastewater treatment plants with anaerobic technology
Investment cost per capita

o Investment Reference

Design

Population (Lfs) Cost (USD$ MAVDT R(e[f;esreDng ¢ hasl TT
(Inhab) (USD$)  /Inhab)  (USDS$ /Inhab)
/Inhab)
10.000 38,0  520.000 52 48 40 719 (a)
42796 1812  6.969.656 163 45 40 2700  (a)
9.130 11,0 803.000 88 48 40 2.608  (a)
490 2,3 73.638 150 48 40 1.725  (a) (b)
382 1,6 108.626 284 48 40 980 (a) (b)
1.943 6,4 757.579 390 48 40 1.243  (a) (b)
2.340 7,6 669.965 286 48 40 976  (a) (b)
108 0,4 108.151 1.001 48 40 976  (a) (b)
381 1,4 54.677 144 48 40 976  (a) (b)
761 7,1 51.655 68 48 40 1.400 (a) (b)
513 1,7 74.349 145 48 40 2270 (a) (b)
3.845 10,1 841.158 219 48 40 2450 (a)(c)
473 1,5 89.811 190 48 40 453 (a)(b)
2.111 7.9 616.795 292 48 40 1.134  (a)(d)
4.394 20,1 884.799 201 48 40 2.180 (a)(b)
999 62  1.067.206  1.068 48 40 177 (a) (c)
981 34 324.421 331 48 40 1.300 () (d)
183 0,6 275.686 1.506 48 40 1.543  (a) (b)
2.343 49 431.103 184 48 40 1.520 (a)(d)
546 4,6 113.054 207 48 40 1.312 (a) (b)

TT: Treatment technology
(a) Anaerobic reactor; (b) Anaerobic Filter; (c) UASB; (d) RAP
Source: The authors.

of 48 USD$/inhabitant and the literature [30], of 40 USD$/
inhabitant. Even when the recommendation is to locate the
MWTP with anaerobic technology below 1000 m.a.s.1.for the
adequate stabilization of biogas [31], there are 13 MWTP
projects above 1100 m.a.s.1., the flow range found goes from
0.4 L/sto 181.2 L/s.

Table 4, shows that out of the 11 MWTP projects with
activated sludge technology, in terms of investment costs per
capita, only two MWTP projects fulfill the recommendations
from MAVDT (for Colombia, it can be from USD$40/inhab to
a USD$120/inhab [29]) and six MWTP projects fulfill the
recommendations of the literature [30]; Arceivala, 1981) of 70
USD#$/inhab. The investment cost per capita for the activated
sludge technology varies from 52 USD$/inhab to 1506
USD$/inhab, presenting a large dispersion of the data, since in
countries like Brazil (USD$170/inhab to USD$270/inhab),
Mexico (USD$50/inhab to USD$85/inhab), and even
Colombia (USD$110/inhab to USD$175/inhab) present values

Table 4.
Municipal wastewater treatment plants with activated sludge technology

9.000.000 Investment cost per capita
Design Investment Reference
8.000.000 Population (i‘/’s) Cost  (USDS MAVDT Rféesrglge hasl  TT
_7.000.000 (Inhab) (USDS) /Inhab) (USD$ /Inhab)
99: 6.000.000 /Inhab)
=3 I 108.000 187,0  6.975.000 65 36 70 2586 (a)
5  5:000.000 I 6.724 93 439.000 65 48 70 2579 (a)
S 4.000.000 16000 32,0 2.162.500 135 45 70 2718 (a)
E I 6.000 8,0 405.500 68 48 70 2636 (a)
g 3:000.000 | I 10.000 12,0 843.000 84 48 70 2601 (a)
§ 2.000.000 / 106.099 188,6  451.274 4 36 70 2548 (a)
= 1.000.000 w\' / 9.060 27,0 443.000 49 48 70 2610 (a)
e ———— 9.122 4,0 164.000 18 48 70 2457 (a)
. —" 8.787 952  1.664.186 189 48 70 987  (a)(c)
(1.000.000) 0[0 200.0 400.0 600.0 800.0 1000,0-—1200,0 1.984 38,9  2.778.560 1400 48 70 1044 (a) (b)
3.157 49,2 788.678 250 48 70 2376 (a) (c)

Design Flow (L/s)
Figure 1. Investment costs and desing flow.
Source: The authors.

TT: Treatment technology
(a) Activated Sludge; (b) Extended Aeration; (c) Oxidation Pit.
Source: The authors.
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Table 5.
Municipal wastewater treatment plants with oxidation pond technology

Table 7.
Municipal wastewater treatment plants with advanced DAF technology

Investment cost per capita
o Investment Reference

Design

Investment cost per capita
Reference

Design Investment

Population (Lfs) Cost (USD$ MAVDT Rf{]esrglg ¢ hals TT Population (Lfs) Cost (USD$ MAVDT R(eéesreDng ° hals TT
(Inhab) (USD$)  /Inhab)  (USD$ /Inhab) (Inhab) (USD$)  /Inhab)  (USD$ inbab)
/Inhab) /Inhab)
9.287 350  502.000 54 48 30 2598 () 1.924 7.4 890.240 463 48 40 2580 (a)
6.537 17,0 695.000 106 48 30 2625  (a) 1.746 6,5 766.224 439 48 40 2590 (a)
32234 117,0  3.955.000 123 45 30 2545 (a) 17.086 25,0 1.647.634 96 45 40 2600 (a)
19.000 30,0 1.257.500 66 45 30 2556  (a) 3.324 12,3 1.031.838 310 48 40 2586  (a)
8.000 50,0  1.058.000 132 48 30 2657 (a) TT: Treatment technology
43.000 70,0 1.914.000 45 45 30 2556 (8 (3) Advanced DAF.
141.349  958,7 2.227.683 16 36 30 2650  (a) .
5000 200 516000 103 48 30 2563 (a  Source: The authors.
8.097 9,0 360.000 44 48 30 2595  (a)
11.936 20,0 552.000 46 45 30 2650  (a)

TT: Treatment technology
(a) Oxidation ponds.
Source: The authors.

for the investment per capita (secondary treatment) that are
low in comparison with those reported for the MWTPs of
Cundinamarca [14,32]. The flow range found goes from 4.0
L/s to 188.6 L/s. The vast majority of the MWTP projects are
above 2000 m.a.s.l..

Table 5 shows that out of the 10 MWTP projects using
oxidation pond technology, in terms of investment cost per
capita only three MWTP projects fulfill the MAVDT
recommendations (for Colombia, this can be from
USD$10/inhab to USD$30/inhab [29]) and one MWTP
project fulfills the recommendations made in the literature
[30] of 30 USD$/inhabitant. The range of investment cost per
capita found was USD$44/inhab to USD$132/inhab, which
indicates a very high dispersion range, since it is estimated
that the value of cost per capita in Colombia could be from
USD$3.9/hab to USD$27.1/hab [32]. The flow range found
went from 9.0 L/s to 958.7 L/s. It was also observed that all
MWTP projects are located above 2500 m.a.s.l., even though
the recommendation is to locate MWTPs with oxidation pond
technologies below 1000 m.a.s.1.

Table 6 shows that out of the six MWTP projects with
aerated pond technology, in terms of investment costs per
capita, only three MWTP projects fulfill the MAVDT
recommendations and two MWTP projects fulfill the
recommendations made in the literature of 30 USD$/inhab
[30]. The range of investment cost per capita went from
USDS$8/inhab to USD$117/inhab which is a considerable
dispersion range since it is estimated that the value of the cost

Table 6.
Municipal wastewater treatment plants with aerated pond technology

Investment cost per capita
Design low Investment Reference Reference
Population (Lis) Cost (USD$ MAVDT (USD$ hals TT
(Inhab) (USDS) /Inhab) (USD$ /Tnhab)
/Inhab)
12.000 20,0 1.183.000 99 45 30 2566  (a)
122.814  861,6  1.299.548 11 36 30 2652 (a)
56.458 355,6 459.500 8 38 30 2558  (a)
4.100 17,0 480.000 117 48 30 2588 (a)
5.001 15,0 348.000 70 48 30 2652 (a)
22.899 1235 969.199 42 45 30 2606 (a)
TT: Treatment technology
(a) Aerated pond.

Source: The authors.

per capita in Colombia could be from USD$1.54/inhab to
USD$3.87/inhab [31]. The range of the flow found went from
15.0 L/s to 861.6 L/s. It was also observed that all MWTP
projects are located above 2500 m.a.s.1.

Table 7, shows that out of the four MWTP projects with
advanced technology DAF, in terms of investment costs per
capita, none of them fulfill the MAVDT recommendations
(for Colombia it can be from USDS$20/inhab to
USD$30/inhab [29] or the literature [33] of 40 USD$/inhab.
The range of the investment cost per capita found went from
USD$96/inhab to USDS$463/inhab, which is a high
dispersion range since it is estimated that the value of the cost
per capita in Colombia could be from USD$1.35/inhab to
USD$3.87/inhab [32]. The range of the flow went from 6.5
L/s to 25 L/s. It was also observed that all MWTP projects
are located above 2500 m.a.s.1.

Together with the information presented above, the
econometric results of the model or cost function of the
MWTP are presented for the 51 MWTP projects in the
department of Cundinamarca.

3.1. First scenario

This scenario considers the value of the investment
measured in Colombian pesos as a dependent variable, and
the characteristics of the microbasins such as population,
flow, BOD, TSS, N, and Pas independent variables. A linear
model,and a log-log model are considered (Table 8).

Table 8.
Econometric analysis bylinear model.

Dependent Variable: INVERSION COP
Method: Least Squares

Sample: 1 51
Included observations: 51

Variable Coefficient  Std. Error  t-Statistic Prob.
C 9,28E+08 9,69E+08  0,958069 0,3431
CAUDAL 11224012 2067174 0,592118 0,0467
BOD 12127754 3147626  3,852984 0,0004
N 3,46E+08 8,79E+08  0,393516 0,6958
TSS 2368166 2756035  -0,859266 0,3947
P -1,64E+08 79565693 -2,058601 0,0453
R-squared 0,329383  Mean dependent var 2,12E+09
Adjusted R-squared 0,254870  S.D. dependent var 2,84E+09
S.E. of regression 2,45E+09  Akaikeinfocriterion 46,18706
Sum squared resid 2,70E+20  Schwarz criterion 46,41433
Log likelihood -1171,770  Hannan-Quinncriter 46,27391
F-statistic 4,420484  Durbin-Watson stat 1,535813
Prob (F-statistic) 0,002329

Source: The authors.
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Table 9.
Econometric analysis by linear model

Table 11.
Econometric analysis by Log — Log model

Dependent Variable: INVERSION COP

Dependent Variable: LOG(INVERSION COP)

Method: Least Squares

Method: Least Squares

Sample: 1 51 Sample: 1 51
Included observations: 51 Included observations: 51

Variable Coefficient Std. Error  t-Statistic Prob. Variable Coefficient  Std. Error  t-Statistic Prob.
C 1,81E+09 4,17E+08 4,342566 0,0001 C 17,94784 1,273990 14,08790  0,0000
CAUDAL -4237381 2129708  1,989653 0,0522 LOG(CAUDAL) 0,458459  0,075848 6,044410  0,0000
R-squared 0,074751 Mean dependent var 2,12E+09 LOG(BOD) 0,308837  0,252729 1,222012 0,0277
Adjusted R-squared 0,055868 S.D. dependent var 2,84E+09 R-squared 0,725225 Mean dependent var 20,88235
S.E. of regression 2,76E+09  Akaikeinfocriterion 46,35206 Adjusted R-squared 0,705443 S.D. dependent var 1,140451
Sum squared resid 3,73E+20 Schwarzcriterion 46,42782 S.E. of regression 0,802020 Akaikeinfocriterion 2,453656
Log likelihood -1179,978 Hannan-Quinncriter 46,38101 Sum squared resid 30,87532 Schwarzcriterion 2,567293
F-statistic 3,958720 Durbin-Watson stat 1,626834 Log likelihood -59,56822 Hannan-Quinncriter 2,497080
Prob (F-statistic) 0,052225 F-statistic 26,55025 Durbin-Watson stat 1,619977
Source: The authors. Prob(F-statistic) 0,000000

The table above, shows that the model or cost function is
as follows: CI =9.28%% + 11.224.012 x Q + 12.127.754 x
BODg, which indicates that it is only analyzed for the
significant variables within the model, that is, those whose
probability value is less than 0.05; the investment cost of the
MWTPs increases per each capacity (L/s), which means that
the investment cost increases $11,224,012 COP as the flow
increases for each L/s of capacity or flow and in turn the
investment cost of the MWTP increases $12,127,754 COP
per each mg/L in BOD concentration.

3.2. Second scenario

This scenario considers the value of the investment on the
MWTP measured in Colombian pesos as a dependent
variable and the flow as an independent variable.

Table 9 shows that the model or cost function as follows:
CI = 1.81°° — 4.234.381 = Q.In this cost function of the
MWTPs, the investment cost increases by COPS$ 4,237,000
per each L/s of capacity or MWTPflow.

3.3. Third scenario

This scenario considers the model or cost function as a
log-log, where the investment logarithm of the MWTP is
estimated in Colombian pesos against the logarithm of flow
or capacity of the MWTP. Comparing these two equations, it
can be seen that the coefficient is a log estimator (investment

Table 10.
Econometric analysis by Log — Log model

Dependent Variable: LOG(INVERSION COP)
Method: Least Squares

Sample: 1 51
Included observations: 51

Variable Coefficient  Std. Error t-Statistic Prob.
C 19,48016  0,226321  86,07307 0,0000
LOG(CAUDAL) 0,496602  0,069475  7,147923 0,0000
R-squared 0,610454 Mean dependent var 20,88235
Adjusted R-squared 0,600464 S.D. dependent var 1,140451
S.E. of regression 0,806047 Akaikeinfocriterion 2,445077
Sum squared resid 31,83588 Schwarzcriterion 2,520834
Log likelihood -60,34945 Hannan-Quinncriter 2,474026
F-statistic 51,09281 Durbin-Watson stat 1,588287
Prob(F-statistic) 0,000000

Source: The authors.

Source: The authors.

cost), while the estimator of the flow is the exponent of the
exponential function.

Table 10 shows that the model or cost function is as
follows: Log(CI) = 19.40 + 0.41 «log(Q) and the cost
function is expressed as follows:Cl = 266.264.305 *
Q049602 The value of the coefficient expresses the elasticity
of the flow in function of the cost which is 0.49, indicating
that if the flow or capacity is increased by 1%, the cost of the
investment in the MWTP will increase by 0.49% (less than
the unit).

3.4. Fourth scenario

This scenario only contemplates logarithms in the
dependent variable, in the flow and in the BOD, taking into
account that for the other variables it is not significant.

Table 11 shows that the elasticity of the flow or capacity
of the MWTP is 0.45 and BOD is 0.30, this is the model that
adjusts the most (R adjusted 0.70) and the cost function is as
follows:Log (CI) = 17,49 + 0,45 * Log(Q) + 0,30 *
Log(BOD) and expressed otherwise is:
61836230,21 * QO.4—58459 * B0D0'308837.

Fig. 2 shows the behavior of the investment costs function
estimated according to the design flow or treatment flow of
the MWTP. With regard to the investment costs function, it
can be mentioned that in the model applied, 70% of the data
adjusts to the model or the investment costs function of the
MWTP according to the independent variables of flow (Q) or
capacity of the MWTP and the BOD. The constant a
(COP$61,836,230.21) is the cost of unit capacity and the
constants b(cost scale elasticity) for Q (0.458459) and BOD
(0.308837), meaning that the costs increase proportionally
less than the capacity or flow of the MWTP.

Cl =

3.5. Models per type of technology

The investment costs functions or models described
below correspond to the estimates in accordance with the
wastewater treatment technologies. The variables considered
in the model are investment cost in the MWTP as the
dependent variable and the flow or capacity, BOD, N, TSS
and P as independent variables. The logarithm is only applied
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Table 13.
3:000.000.00 Econometric analysis by Log — Log model. Anaerobic Reactor Technology
4.500.000,00 = ’-‘\‘ Dependent Variable: LOG(INVERSION COP)
P ! Method: Least Squares
_ 4.000.000,00 /, Sample: 120
& 3.500.000,00 /" Included observations: 20
5 3.000.000.00 s Variable Coefficient  Std. Error  t-Statistic Prob.
z P C 19,33746  2,762663  6,999573 0,0000
< 2.500.000,00 " 4 LOG(CAUDAL) 0,888219 0,201254 4,413425 0,0006
g 5.000.000.00 it LOG(BOD) 0,488460  0,632031  -0,772842  0,0525
g R ‘\u: K N 0,113196  0,539280  0,209902  0,0368
E1500.00000 ——d ¢ LOG(TSS) 0,301130  0,463820  0,649239  0,0267
1.000.000.00 g P 0,030058  0,045243  0,664375 0,0172
T R-squared 0,656971 Mean dependent var 20,23191
500.000,00 Adjusted R-squared 0,534461 S.D. dependent var 1,288849
S.E. of regression 0,879387 Akaikeinfocriterion 0,824142
) Sum squaredresid 10,82650 Schwarzcriterion 1,122862
0.0 2000 4000 6000 8000 10000  1200,0 Log likelihood -22,24142 Hannan-Quinncriter 2,882455
F-statistic 5,362580 Durbin-Watson stat 1,723489

Design Flow (L/s)

Figure 2. Estimated investment cost and design flow.
Source: The authors.

Table 12.

Econometric analysis by Log — Log model. Activated Sludge Technology
Dependent Variable: LOG(INVERSION COP)

Method: Least Squares

Sample: 1 11
Included observations: 11

Variable Coefficient  Std. Error t-Statistic Prob.
C 14,33332 3,744969  3,827354 0,0123
LOG(CAUDAL) 0,331351 0,254887  1,299989 0,0403
LOG(BOD) 2,186059 1,207188  1,810869 0,0299
N 0,186291 0,517564 -0,359938  0,0336
LOG(TSS) 0,961049 1,101546 -0,872455  0,0229
LOG(P) 0,324029 0,329225 -0,984219  0,0702
R-squared 0,744708 Mean dependentvar 21,29760
Adjusted R-squared 0,689417 S.D. dependentvar 1,079744
S.E. of regression 0,771533 Akaikeinfocriterion 0,621576
Sum squaredresid 2,976313 Schwarzcriterion 0,838610
Log likelihood -8,418669 Hannan-Quinncriter 2,484767
F-statistic 2,917088 Durbin-Watson stat 2,197722

Prob(F-statistic)
Source: The authors.

0,132481

to those variables that do not contain zero or negative values.

Table 12 shows that the model or cost function for the
activated sludge technology is as follows: Log(CI) =
14,33 + 0,33 = log(Q) + 2,18 * Log(BOD) + 0,18 *

Log (N) + 0,96 * Log (TSS) + 0,32 * Log (P)and the cost
function is expressed as follows: CI = 1.672.784 * Q%33 «
BODZ,lS * N0,18 * TSSO’96 * P0'32.

Table 13 shows that the model or cost function for the
anaerobic reactor technology is as follows: Log(CI) =
19,33 + 0,88 = log(Q) + 0,48 * Log(BOD) + 0,11 =
Log (N) + 0,30 * Log (SST) + 0,03 * Log (P) and the cost
function is expressed as: CI = 248.263.192 % Q%88
BOD0,53 * NO,ll * TSSO‘30 * P0‘03.

Table 14 shows that the model or cost function for the
oxidation ponds technology is as follows: Log(CI) =
21,64 + 0,59 = log(Q) + 0,28 * Log(BOD) + 0,65 *

Log (N) + 0,06 x Log (TSS) + 0,93 x Log (P)and the cost
function is expressed as:CI = 2.501.108.824 * Q%5 «
BODO,ZB * N0,65 * TSSo,oe * P0’93.
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Prob(F-statistic) 0,005832

Source: The authors.

Table 14.

Econometric analysis by Log — Log model. Oxidation Ponds Technology
Dependent Variable: LOG(INVERSION _COP)

Method: Least Squares

Sample: 1 10
Included observations: 10

Variable Coefficient  Std. Error  t-Statistic Prob.
C 21,64916 3,565699 6,071506 0,0037
LOG(CAUDAL) 0,594555 0,231520  2,568048 0,0021
LOG(BOD) 0,281994 2416211  -0,116709  0,0427
N 0,658809  0,981761 0,671049 0,0389
LOG(TSS) 0,065380 1,471132  0,044442 0,0567
LOG(P) 0,933924  2,645121  -0,353074  0,0419
R-squared 0,698632 Mean dependentvar 21,39443
Adjusted R-squared 0,521922 S.D. dependentvar 0,777915
S.E. of regression 0,640578 Akaikeinfocriterion 1,230817
Sum squaredreside 1,641359 Schwarzcriterion 1,412368
Log likelihood -5,154084  Hannan-Quinncriter 2,031656
F-statistic 1,854560 Durbin-Watson stat 1,917909
Prob(F-statistic) 0,284669

Source: The authors.

For the aerated pond and advanced DAF technologies, the
first model or the cost function is not significant because the
sample is not representative. For the second, it is not possible
to estimate the model or cost function because of the number
of observations: four.

4. Conclusions

In terms of investment cost per capita for the MWTPs,
there is evidence of a great dispersion of the data obtained.
This is due to the fluctuation of the materials, equipment, and
the civil works at the time of estimating the budget, which
ostensibly affects the value calculated (investment cost per
capita) in comparison with international and Latin American
literature. For the most part, the investment costs are assumed
indirectly by the inhabitants of the populations benefited,
through the financing by the national government, and
afterwards these costs are assumed directly through the
charges for the operation and maintenance of the MWTP.

The investment cost functions of the MWTPs formulated

are an appropriate tool for the selection of the
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decontamination model applied and in addition serves as an
economic indicator for decision making and even for the
evaluation of several alternatives of treatment. This is due to
the fact that the investment cost of a MWTP is not
proportional to the design flow, but rather mainly depends on
the characteristics of the raw wastewater to be treated and
consequently, the greater the quantity of contaminants
eliminated from the wastewater, the greater the
environmental damaged prevented, and therefore,the greater
the benefit from the wastewater treatment process, because
the entire treatment train of the MWTP is utilized.

Having cost functions to estimate long term economies of
scale in the MWTPs in the department of Cundinamarca is
specific to the capacity or flow of the MWTP considered in
the analysis. Consequently, the elasticity of the cost scale (Q
(0,458459) and BOD (0,308837)) meant that the investment
costs rose slowly in comparison to the capacity or flow of
the MWTP analyzed. Cost functions were obtained for the
activated sludge, oxidation pond and anaerobic reactor
technologies, while given the number of observations or data
of MWTP projects with aerated pond or advanced DAF
technologies, the cost function was not significant in the
estimation of the model.

Acknowledgements

The authors wish to thank the Empresas Publicas de
Cundinamarca S.A. E.S.P. of the Government of
Cundinamarca, Colombia for the information provided on the
MWTP investment projects within the Departmental Water
Plan (PDA acronym in Spanish) as part of the agreement
subscribed with the Universidad Distrital Francisco José de
Caldas. Likewise, the authors express their gratitude to
tenured professor Vidal Fernando Pefiaranda Galvis from the
Environmental and Natural Resources Faculty of the
Universidad Distrital Francisco José de Caldas, for the
review of the document.

References

[1]  Molinos, M., Hernandez, F. and Sala, R., Economic feasibility study
for wastewater treatment: A cost - benefit analysis. Science of the
environmental, 408 (20), pp. 4396-4402, 2010.

[2] Rodriguez, J.P., Seleccion técnico econdémico del sistema de
depuracion de aguas residuales: Aplicando la evaluacion de la
descontaminacion hidrica. Tecnologia del Agua, 306(29), 22-21,
2009.

[3] Posada, E., Mojica, D., Pino, N., Bustamante, C., y Monzon, A.,
Establecimiento de indices de calidad ambiental de rios con bases en
el comportamiento del oxigeno disuelto y de la temperatura:
aplicacion al caso del Rio Medellin, en el Valle de Aburra. Revista
DYNA, 80 (181), pp 192-200, 2013.

[4] Restrepo, G., Rios, L., Marin, J., Montoya, J. y Velasquez, J.,
Evaluacion del tratamiento fotocatalitico de aguas residuales
industriales empleando energia solar. Revista DYNA, 75 (155), pp
145-153, 2008.

[5]  United States Enviromental Protection Agency-USEPA, Construction
cost for municipal wastewater treatment plants: 1973-1977.
Washington: uU.sS. Environmental Protecion Agency.
EPA/430/977014, 1978.

[6]  United States Enviromental Protection Agency-USEPA, Construction
cost for municipal wastewater treatment plants 1973-1978.
Washington: U.S. Environmental Protecion Agency.
EPA/430/980003, 1980.

237

(7]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

(21]

[22]

Friedler, E. and Pisanty, E., Effects of design flow and treatment level
on construction and operation costs of municipal wastewater
treatment plants and their implications on policy making. Water
research, 40 (20), pp. 3751-3758, 2006. DOLIL:
10.1016/j.watres.2006.08.015

Tsagarakis, K.P., Mara, D.D., and Angelakis, A.N., Application of
cost criteria for selection of municipal wastewater treatment systems.
Water, air and soil pollution, 142 (1-4), pp. 187-210, 2003. DOI:
10.1023/A:1022032232487

Singhirunnusorn, W. and Stenstrom, M.K., A critical analysis of
economic factors for diverse wastewater treatment process: Case
studies in Thailand. Sustainble Environmental Research, 20 (4), pp.
263-268, 2010.

Hernandez-Sancho, F., Molinos-Senante, M. and Sala-Garrido, R.,
Cost modelling for wastwater treatment processes. Desalination, 268
(1), pp. 1-5, 2011. DOI: 10.1016/j.desal.2010.09.042

Revollo, D. and Londoiio, G., Analisis de las economias de escala y
alcance en los servicios de acueducto y alcantarillado en Colombia.
Desarrollo y Sociedad, 66, pp. 145-182, 2010.

Valenzuela, L.C., Evaluaciéon econémica y metodologia de
minimizacion de costos para proyectos de sistemas de agua potable.
Desarrollo y Sociedad, [Online]. 19, pp. 147-171, 1987. Available at:
http://www.academia.edu/11320913/Evaluaci%C3%B3n_Econ%C3
%B3mica_y Metodolog%C3%ADa_de_Minimizaci%C3%B3n_de
Costos_para_Proyectos_de_Sistemas de_Agua Potable

Engin, G.O. and Demir, 1., Cost analysis of alternative methods for
wastewater handling in small communities. Journal of Environmental
Management, 79 4), pp- 357-363, 2006. DOLIL:
10.1016/j.jenvman.2005.07.011

Aristizabal, O.L., Referencias para costos de inversion en plantas de
tratamiento de aguas residuales, en Pinilla J.I. Las ciudades y el agua:
Ingenieros de EPM investigan sobre los sistemas hidricos urbanos.
Medellin: Universidad de Medellin. 2011. pp. 337-348.

Buitrago, C.A., and Giraldo, E., Evaluacion técnica y economica de
sistemas de tratamiento de aguas residuales. Bogota: Universidad de
los Andes. 1994.

Banco Interamericano de Desarrollo — BID, Los objetivos de
desarrollo del milenio en America Latina y el Caribe: Retos, acciones
y compromisos. Washington D.C.: Banco Interamericano de
Desarrollo. 2004.

Corporacion Andina de Fomento — CAF, Caminos para el futuro:
Gestion de la infraestructura en América Latina. Caracas:
Corporacion Andina de Fomento, 2009.

Organizacion Panamericana de la Salud — OPS, Indicadores basicos:
Situacion de salud en la americas. Washington: Organizacion
Panamericana de la Salud, 2012.

Sanchez J., Estudio sectorial de los sistemas de acueducto y
alcantarillado en Colombia, Memorias 56 Congreso Internacional:
Agua, Saneamiento, Ambiente y Energia Renovable ACODAL Tomo
I, [Online]. 2013. pp- 1-34. Available at:
http://www.acodal.org.co/acodiario2012/imagenes/docweb56/Memo
rias%20Congreso%20Acodal/Presentaciones/Jaime%20S%e Inchez
%20De%20Guzm%e 11n%20-%20Superservicios.pdf

Marin, C. and Serna, M., Analisis del costo per capita de ampliacion
de cobertura a nivel nacional de los servicios de acueducto y
alcantarillado. Revista Regulacion de Agua Potable y Saneamiento
Basico, 16, pp. 153-190, 2011.

Asociacion Colombiana de Ingenieria Sanitaria y Ambiental —
ACODAL, Agua potable y saneamiento: Colombia se rezaga en el
contexto Latinoamericano. Bogota: ACODAL. 2013

Ministerio de Ambiente, Vivienda y Desarrollo Territorial —
MAVDT, Plan nacional de manejo de aguas residuales municipales
en Colombia. Bogota D.C.: MAVDT. 2004.

Ministerio de Ambiente, Vivienda y Desarrollo Territorial —
MAVDT, Politica nacional para la gestion integral del recurso
hidrico. Bogota D.C.: MAVDT. 2010.

Superintendencia de Servicios Publicos Domiciliarios, Informe
técnico sobre sistemas de tratamiento de aguas residuales en
Colombia - linea base 2010. Bogotd D.C.: Superintendencia de
Servicios Publicos Domiciliarios. 2012.



Rodriguez-Miranda et al / DYNA 82 (192), pp. 230-238. August, 2015.

[25] Asociacion Colombiana de Ingenieria Sanitaria y Ambiental —
ACODAL, Aguas residuales y ciudades. Bogota: Asociacion
Colombiana de Ingenieria Sanitaria y Ambiental. 2013.

[26] Vergel, G., Metodologia. Un manual para la elaboracion de disefios y
proyectos de investigacion. Compilacion y ampliacién tematica.
Barranquilla: Publicaciones Corporacion UNICOSTA. 1997.

[27] Hurtado, J., Metodologia de la investigacion holistica. Caracas:
Fundacion SYPAL. 2000.

[28] Gallego, J. and Pinilla, M., Modelo econdémetrico basico: Teoria y
conceptos. Madrid: Académica Espafiola. 2012.

[29] Salas, D., Zapata, M. and Guerrero J., Modelo de costos para el
tratamiento de las aguas residuales en la region. Scientia et Technica,
13 (37), pp. 591-596, 2007.

[30] Von Sperling, M., Comparison among the most frequently used
systems for wastewater treatment in developing countries. Water
Science and Technology, 53 (3), pp. 59-62, 1996. DOL
10.1016/0273-1223(96)00301-0

[31] Ghazy, M.R., Dockhorn, T. and Dichtl, N., Economic and
environmental assessment of sewage sludge treatment processes
application in Egypt. International Water Technology Journal, 1 (2),
pp. 1-17,2011.

[32] Sarmiento, G., Documento de manejo de aguas residuales urbanas y
tasas retributivas. Memorias Seminario internacional sobre
tratamiento de aguas residuales y biosélidos. Fundacioén Universitaria
de Boyaca, Tomo 1. 2000.

[33] Fresenius, W. y Schneider, W., Manual de disposicion de aguas
residuales. Lima: Centro panamericano de ingenieria sanitaria y
ciencias ambientales (CEPIS/OPS/OMS). 1991.

J.P. Rodriguez-Miranda, is Sanitary and Environmental Engineering,
MSc. in Environmental Engineering. PhD (c) Engineering. He is associate
professor of the Universidad Distrital Francisco José de Caldas, Bogota,
Colombia. Director of the research group AQUAFORMAT.

C.A. Garcia-Ubaque, is Civil Engineer, PhD in Engineering He is associate
professor of the Universidad Distrital Francisco José de Caldas, Bogota,
Colombia. Head of research group GIICUD.

J. C. Penagos-Londoiio, is Civil Engineer, MSc. in Civil Engineering.
Deputy General Manager. Cundinamarca PublicEnterprises Inc. E.S.P.

238

SEDE MEDELLIN
FACULTAD DE MINAS

Area Curricular de Medio Ambiente
Oferta de Posgrados

Especializacion en Aprovechamiento de
Recursos Hidraulicos
Especializacion en Gestidn Ambiental
Maestria en Ingenieria Recursos Hidraulicos
Maestria en Medio Ambiente y Desarrollo
Doctorado en Ingenieria - Recursos Hidraulicos
Doctorado Interinstitucional en Ciencias del Mar

Mayor informacion:

E-mail: acia_med@unal.edu.co
Teléfono: (57-4) 425 5105




