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Abstract—A mathematical model to analyze the self-purification potential of organic matter in reservoirs was developed, seeking to cons-
titute a potential water management tool for easy application. Therefore, it was considered the input of organic matter into the watercourse,
its sedimentation, decomposition and its output downstream, as well as the oxygen input through the flow and through re-oxygenation,
its consumption by microbial activity and its downstream exit. The model was validated using data of Tietê river and applied using data
of Salto Grande reservoir, both located at São Paulo State, Brazil, considering different scenarios of biochemical oxygen demand (BOD),
dissolved oxygen (DO), water inlet flow and reservoir water volume. The results show that organic matter is decomposed faster in the
first 12 hours of water travel; moreover, self-purification efficiency is better with a greater volume of water in the reservoir. The model is
quite representative to study different self-purification scenarios in dammed areas, concluding that the developed model, being tested and
improved, can already contribute to the management of reservoirs, with the advantage of having a simple application.

Keywords—Biomathematics, Dams, Superficial water quality, Water contamination, Water monitoring, Organic carbon mineralization

Resumen—Se desarrolló un modelo matemático para analizar el potencial de autodepuración de la materia orgánica en embalses, buscando
constituir una potencial herramienta de gestión del agua de fácil aplicación. Para eso, se consideró el ingreso de materia orgánica al curso de
agua, su sedimentación, descomposición y su salida aguas abajo, así como el aporte de oxígeno por flujo y por reoxigenación, su consumo
por actividad microbiana y su salida aguas abajo. El modelo fue validado con datos del río Tietê y aplicado con datos del embalse de
Salto Grande, ambos ubicados en el Estado de São Paulo, Brasil, considerando diferentes escenarios de demanda bioquímica de oxígeno
(DBO), oxígeno disuelto (OD), flujo de entrada de agua y volumen de agua del embalse. Los resultados muestran que la materia orgánica
se descompone más rápido en las primeras 12 horas de viaje por agua; además, la eficiencia de la autodepuración es mejor con un mayor
volumen de agua en el depósito. El modelo es bastante representativo para estudiar diferentes escenarios de autodepuración en áreas
embalsadas, concluyendo que el modelo desarrollado, todavia en prueba y mejorías, ya puede contribuir a la gestión de embalses, con la
ventaja de tener una aplicación sencilla.

Palabras clave—Biomatemática, Represas, Calidad de agua superficial, Contaminación de agua, Monitoreo de agua, Mineralización de
carbono orgánico

INTRODUCTION

D ue to the misuse of superficial water, many tributaries
of reservoirs end up carrying (and storing in their se-

diments) contamination loads from the lack of domestic and

industrial sewage treatment. Also, they have their flow ra-
tes altered due to innumerable anthropogenic interference in
river courses (Curbani et al., 2021; Bianchini Junior, 1999;
Bianchini Junior and da Cunha-Santino, 2018)
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The concentration of contaminant compounds, however,
can naturally be reduced by water bodies through the self-
purification process. It is the natural ability of an aquatic
ecosystem to depurate organic and inorganic compounds th-
rough biological, biochemical and physical-chemical pro-
cesses. Decomposition of compounds by aquatic microorga-
nisms, chemical oxidation of organic matter, and inlet and
outlet of gases in surface waters are the main factors that
characterize the water self-purification process (de Esteves,
2011).

It is important to understand that self-purification trans-
forms excess organic compounds (which is harmful to the
aquatic ecosystem) into inert compounds that are no longer
harmful to organisms. This purification does not necessarily
bring potability to water, but restores the original characteris-
tics of a water body that has suffered some kind of contami-
nation, returning the equilibrium to the ecosystem (Suslova
et al., 2018).

For conceptual purposes, self-purification process can be
divided into zones: 1) the degradation zone, where effluent
is discharged; 2) active decomposition zone, where dissolved
oxygen reaches its lowest concentration and organic matter is
mostly decomposed; 3) recovery zone, in which the dissolved
oxygen begins to be reintroduced, algae and some species of
fish reappear; and 4) clean water zone, where dissolved oxy-
gen is recomposed in the environment and the excess organic
material has already been degraded. Also, the presence of
species of algae, fungi and bacteria and nutrient concentra-
tion are characteristic of balanced environments (Dodds and
Whiles, 2020).

The type of watercourse influences the extent and time of
each of these zones. In a lentic system with less water mo-
vement, purification is more dependent on water residence
time; whereas in the lotic system, like a river, with almost
continuous movement, purification is related to the space
covered by water (Wetzel, 2001). Each water body has its
purifying potential, which depends on ecosystem characte-
ristics such as temperature, salinity, biodiversity, length and
depth, water velocity and flow. This potential can be affected
by climatic variations such as annual temperature, wind and
humidity (Delgadillo et al., 2010). Also, the characteristics
of wastewater discharged into water sources affect the self-
purification potential (Skulovich et al. 2018). The composi-
tion of organic material, the presence of inhibitory substan-
ces and the disposal of (Skulovich and Ostfeld, 2018).Self-
purification capability of a stream has to be known by the mo-
nitoring organs. They determine in what quality stage each
watercourse belongs to and for what purpose it can be used,
among all of the possible uses of a watercourse. This capa-
bility is also a necessary information for those who deve-
lop and maintain sewage treatment stations. In this sense, the
application of mathematical modeling can represent to the
state monitoring agencies a viable and low-cost alternative
for management understandings and subsidies, favoring the
administration of water volume and flow to the downstream
river.

Due to the problems related to reservoir constructions (Fe-
derice, 2014), developing and applying mathematical models
in dammed areas can be strategic in order to: scale the da-
mage caused by damming; impacts caused by the damming
ecosystem; changes in river flow downstream of the reservoir

construction; growth and death of organisms; purification of
organic material; increased area of gas exchange between air
and atmosphere; effects of thermocline created by incorpo-
rating lacustrine environment into a previously fluvial envi-
ronment; physical effects of diffusion of water; among other
analysis that can be performed for many purposes, using
mathematical modeling as a tool.

Several self-decay studies have been performed to eva-
luate the potential for purification in a watercourse (Blodau
et al., 2018; de da Cunha et al., 2018; Ricciardone et al.,
2011; LaRowe and Van Cappellen, 2011; de Silva et al.,
2007), to analyze the impact of reservoir construction in wa-
ter self-decay capability (Wei et al., 2009), to evaluate the
clearance of organic matter in marine sediment (Arndt et al.,
2013), to understand the impact of some effluents in the self-
purification capability (Mengistie et al 2016), to analyze the
poly-functional role of biota in water self-decay capability
(Ostroumov 2017), to evaluate the decay potential in a cons-
tructed wetland (Ophithakorn et al., 2013) and to analyze, in
addition to self-purification capacity, the deoxygenation and
reoxygenation rates of the environment (de Menezes et al.,
2015), among others.

Regarding models performed to study reservoir water qua-
lity, CE-QUAL-R1 was developed for temperature, chemi-
cal species and biological assemblies (Wlosinski and Co-
llins, 1985);the model CE-QUAL-RI is a complement to the
previous model and includes vertical oxygen concentration,
some algae groups, particulate organic matter and dissolved
organic matter, among other parameters (MCA Filho et al.,
1990),and CE-QUAL-W2 (Cole and Wells, 2006),that is a
two-dimensional model. CE-QUAL-RI and CE-QUAL-W2
models are quite complete, but the high number of parame-
ters contained in them restrict their application; Mike mo-
dels evaluate hydrodynamics processes (MIKE, 2007). For
both models, the user needs to purchase a license; (Vázquez
and Mokrova, 2019) present the functionalities integrating
mathematical models to the Geographic Information System
(GIS) for studies of only hydrological and hydraulic proces-
ses; (Jiang et al., 2016) developed a model to assess the effect
of reservoir regulation on water quality; and (Reartes et al.,
2016) developed a model including as parameters the main
taxonomic groups of phytoplankton in reservoirs, some nu-
trients, dissolved oxygen, biochemical oxygen demand and
cyanobacteria. However, it was developed to be used only in
stratified reservoirs and therefore not in all of the reservoirs.
All of these models have the common property of not having
such an intuitive implementation and are not focused on the
analysis of water self-purification.

In this work, it was developed a mathematical model to
evaluate the self-purification capacity in water reservoirs and
other flooded areas with intermediate system profiles. It has
the advantage to be composed by simple parameters and is
easy to be implemented, assuming as hypothesis that this is
an innovative model compared to the works presented in the
literature. Thinking the mathematical modeling as an object
representation tool, in order to study the interaction between
its variables under different situations, a system of mathema-
tical equations was developed. These equations represent the
behavior of organic material and dissolved oxygen in a re-
servoir since its input with upstream river water flow, to its
output through the dam, and has the purpose to be a simple
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and easy model to apply.

THE MODEL

For the composition of this model, it was considered the
purification process of organic matter present in the reservo-
ir: by the dilution of compounds that occurs in the transition
space between lotic (riverine region, that is, beginning of the
reservoir) and lentic (damming water near barrage) zones; by
the biodegradation, which is part of the trophic chain existing
in both environments; and by the sedimentation that occurred
mainly in its lentic region. All of these adopted interactions
are performed mainly in the epilymium of the dammed body.

Thus, the developed model proposes to evaluate the
amount of oxygen O2 and carbon C, both as a function of

continuous time t, with t ∈ [0,T ) ⊂ R, where
dO2

dt
and

dC
dt

represent the rates of variation of this amount of oxygen and
carbon as a function of time, in the case of reservoirs with a
downstream river outlet.

Figure 1 presents a sectional drawing of the dam and the
interactions considered in the composition of the model.

In Figure 1, DIC represents dissolved inorganic carbon,
DOC represents dissolved organic carbon and POC, parti-
culate organic carbon. The interactions among contributions
of effluents, macrophytes, phytoplankton, DOC and POC
with heterotrophic organisms represent the mineralization
and metabolic consumption of organic carbon. The interac-
tions between DIC and CO2 represent the gas exchange bet-
ween air and water.

Table 1 shows what each of the interactions in Figure 1
represents in the developed model:

TABLE 1: INTERACTIONS CONSIDERED IN THE RESERVOIR

AND THEIR RESPECTIVE REPRESENTATIONS IN THE

DEVELOPED MATHEMATICAL MODEL

Reservoir Model
Contributions of effluents and macrophytes Input of carbon: Qi

V C0

Water flow of the river(s) upstream
Inlet flow: Qi

V

Input of oxygen: Qi
V C0

Gas exchange and air-water interactions
Reoxygenation constant: kr
Input of oxygen: kr[Osat −O2]

Mineralization and metabolic consumption of C
Deoxygenation constant: kd
Proportionality between C and O2: β

Dissolved oxygen
Oxygen consumption and production in epilymium: kr[Osat −O2] and βkdC
Reoxygenation constant: kr

Sediment-water interactions
Non-linearity between load and sedimentation: γ

Sedimentation constant: µ

Downstream water discharges Outlet flow:
Qs1
V

For the oxygen variation rate as a function of time, Equa-
tion (1), we considered: “ the reoxygenated oxygen portion,
plus the portion of oxygen that enters the epilymium, minus
the portions of oxygen that flows out to the downstream river,
less a portion of carbon that deoxygenates”.

Mathematically, this is:

dO2

dt
=

Qi

V
O20 + kr[Osat −O2]−βkdC−

Qs1

V
O2 (1)

Where

C =
BOD

β
(2)

Regarding the carbon variation rate as a function of time,
Equation (3), we considered: “ the portion of carbon that en-

ters the epilymium, minus the portion of carbon that decar-
boxylates, minus the portion of carbon that sediment, minus
what goes out with the flow downstream”.

Mathematically, this is:

dC
dt

=
Qi

V
C0− kdC−µCγ −

Qs1

V
C (3)

With O2(0) = O20 and C(0) = C0, where:

O2 = O2(t) indicates the oxygen of the epilymium
(mg/m3);

Qi indicates the inlet flow (m3/d);

V represents the water volume of the reservoir (m3);

O20 indicates the input of oxygen (mg/m3);

kr represents the reoxygenation constant (d−1);

Osat represents the saturation oxygen in the epilymium
(mg/m3);

β indicates the proportionality constant between C and
O2 (d−1);

kd indicates the deoxygenation constant in the epily-
mium (d−1);

Qs1 indicates the outlet flow (mg/m3);

C = C(t) represents the carbon in the epilymium
(mg/m3);

BOD represents the biochemical oxygen demand
(mg/m3);

C0 represents the input of carbon (mg/m3);

µ indicates the sedimentation constant (d−1);

γ represents the non-linearity between load and sedi-
mentation.

The model was solved numerically using one 4th order
Runge-Kutta Method (RK4), widely used to solve initial va-
lue problems, given its simplicity of implementation and high
precision (Carnahan and Wilkes, 1973; Cunha, 2001), with
local truncation error on the order of O(h5). To implement
the problem, Matlab®was used.
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Figure 1: Interactions considered in the reservoir to develop the model. Source: adapted from (de Esteves, 2011) and (Tundisi, 2013).

Model Validation

The validation of the developed model (Equations 1 and
3) was performed using data from collections by Tercini and
Méllo Junior (2016) and Tercini (2014) The authors evalua-
ted the self-purification of the Tietê River from the municipa-
lity of Pirapora to Salto, in São Paulo State, Brazil, through
an adaptation of the Streeter & Phelps model. The Tietê ri-
ver stretch considered has small reservoirs. The field work
carried out by the authors consisted of monthly water sam-
ple collections and analysis, in 2012, of biochemical oxygen
demand (BOD), dissolved oxygen (DO) and temperature in
some points of the river and reservoirs. They also stipulated
the reaeration and deoxygenation constants for the lentic and
lotic stretches.

Considering the model proposed in this study, the self-
purification of the Tietê River stretch is evaluated, adopting
the input data from BOD (which represents the input of car-
bon) and DO downstream and upstream of the Rasgão reser-
voir studied by Tercini (2014). Thus, we were able to analy-
ze whether what was depurated at the outlet of the reservoir
coincides with the result predicted by the model.

Figure 2 presents Tietê sub basin chosen by Tercini and
Méllo Junior (2016) to perform the study:

Figure 2: All the collections points chosen by Tercini and Méllo
Junior (2016) through the Tietê sub basin between Pirapora and

Salto cities. Source: Tercini (2014).

Figure 3 shows the collection points performed by Tercini
and Méllo Junior (2016). selected to validate the developed

model (Equations 1 and 3) (which we call Points 1, 2 and 3):

Figure 3: Point 1, Point 2 and Point 3 of the collections carried out
by Tercini and Méllo Junior (2016). in the Tietê river that were

used to validate the developed model. Source: adapted from
Tercini (2014).

Point 1 (Pirapora’s bridge) provides input data for the va-
lidation of the developed model. Considering 6.3 km of river
stretch until the arrival at the reservoir at Point 2 (Rasgão
Reservoir), the self-purification of this river stretch was de-
termined using the Streeter & Phelps model, which is more
appropriate for river sections. Equation 4 presents the model:

dO
dt

=−kdL+ kr(Osat −O2) (4)

Thus, for the simulations in this section, we applied the
Streeter & Phelps model and used the values of BOD, OD,
kd , kr, average velocity and distance between sections shown
by Tercini et al. (2016), according to Table 2. The BOD and
DO results used were from May 2012 analysis accomplished
by Tercini et al. (2016).

Figure 4 expresses the simulation between Point 1 and
Point 2 using the Streeter & Phelps model:

The final BOD after 6.3 km of the route, or 5.1h, was
2.786x104 mg/m3 and the final DO was 3.907x103 mg/m 3.
These results were used as initial BOD and DO to simulate
the next section, which is the reservoir.

In the reservoir, the developed model was applied using
the parameters: kd of 0.183/day, kr of 0.009/day, inflow of
11230000 m3 /day, outflow flow of 10329984 m3/day, re-
servoir volume of 6677000 m3 and water residence time in
the reservoir of 15.51h (0.65day) (Tercini et al. 2016). We
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TABLE 2: VALUES OF BOD AND OD FROM MAY 2012, kd , kr
AND AVERAGE VELOCITY EXTRACTED FROM TERCINI AND

MÉLLO JUNIOR (2016). FOR MODEL VALIDATION. SOURCE:
TERCINI AND MÉLLO JUNIOR (2016)

Parameters Value
BOD 2.9x104 mg/m3

DO 4.15x103 mg/m3

kd 0.188/d
kr 1.12/d
Average velocity 29,635.2 m/d

Figure 4: Simulation of the behavior of BOD and DO between
Points 1 and 2 of the validation, that is, in the first section.

adopted, following (Margalef, 1983), proportionality cons-
tant between C and O2 (β ) of 2.6/day and nonlinear relation
between load and sedimentation (γ) of 0.8/day, and sedimen-
tation constant (µ) of 1.0/day (tabulated by (Mizael, 2019)).
The generated simulation is shown in Figure 5:

Figure 5: Simulation of the behavior of BOD and DO in the
Rasgão reservoir, that is, in the second section.

The endpoint of the simulated curve for BOD is 2.606x104

mg/m3 and for DO is -8.22x10−1 mg/m3. It is noteworthy
that, as it is not possible for a negative oxygen concentration

to exist, this negative moment of the oxygen curve is attri-
buted to anaerobiosis, that is, to the decomposition carried
out by anaerobic microorganisms. Considering the next co-
llection point by Tercini and Méllo Junior (2016)(Point 3) at
10.3 km after the reservoir (or 0.35 days of travel), the Stree-
ter & Phelps model was again applied between Point 2 and
Point 3 (bridge on the Romeiros road) to estimate the organic
decomposition in the stretch of the river.

Using the end points of the curves in Figure 5 as the initial
condition for the simulation, the constants used were the sa-
me applied in the simulation of the section between Point 2
and Point 3 (kd of 0.188/d kr1.12/d). The simulation is shown
in Figure 6:

Figure 6: Simulation of the behavior of BOD and DO between the
output of the Rasgão reservoir and Point 3, that is, in the third

section.

The analysis by Tercini et al. (2016) showed, for Point 3,
BOD of 25000 mg/m3 and DO of 480 mg/m3. The values ob-
tained using the mathematical modeling were: BOD of 24400
mg/m3 and DO of 547 mg/m3. The difference between the
empirical results found by the authors and those predicted by
the proposed model are 600 mg/m3 for BOD and 67 mg/m3

for DO. This is qualitatively extremely similar, considering
the dynamism of aquatic environments and the margins of
error applied to empirical analysis of Physical-Chemical pa-
rameters (APHA 2017). Thus, it is concluded that the model
is valid for the study of self-purification in reservoirs.

SALTO GRANDE RESERVOIR, AMERICANA,
SÃO PAULO, BRAZIL.

The model developed was applied in a case study perfor-
med in Salto Grande Reservoir, located at the city of Ameri-
cana, 120 km far from São Paulo city, Brazil. This reservoir
is at a populated macro zone, with around 3 million people
and very important economically to the country due to its
industrial and agricultural development (IBGE 2019).

The dam was constructed in the 40’s and started to work
in 1950, producing electrical energy in its small hydroelectric
plant (Bottura, 1998). The dammed river for its construction
is called Atibaia and it is an important river for São Paulo
State, providing water for Cantareira System and supplying
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large cities like Campinas, with almost 1.2 million inhabi-
tants (Montagner and Jardim, 2011).

Salto Grande Reservoir has a contribution area of 2724
km2 and residence time from 10 days (summer) to 4 months
(winter) (Mizael, 2019), the reservoir is eutrophic, since Ati-
baia river receives disposal of liquid effluents from many of
the cities it crosses, taking to the dam large concentrations of
organic matter, nutrients and several compounds that lower
the quality of the water body (Rodrigues et al., 2019).

Surface water collection and BOD and DO analysis of Sal-
to Grande reservoir samples were performed in five different
points along the reservoir (P1, P2, P3, P4 and P5) and one
point downstream (P6) with the intention to pursue a self-
decay evaluation using the model presented at this study, that
could after be applied at any reservoir. The distance between
the points within the reservoir varies from 2 to 2.7km. The
distance between the dam and P6 is 600m, since P6 collec-
tion happened from a bridge that is the closest access to water
downstream from the dam. This spacial variation is not con-
sidered within the model. The collection points can be seen
in Figure 7.

Each collection point presents coordinates and some cha-
racteristics are exposed in Table 3:

TABLE 3: CHARACTERISTICS OF EACH OF THE COLLECTION

POINTS.

Point Coordinates Depth (m)1

P1 22o43′47,68”S and 47o13′18,44”O

Characteristics Entry point of the Atibaia river; presence of aquatic plants; 2.62
some crops on the nearby banks.

P2 22o43′18,10”S and 47o14′5,24”O

Characteristics Reduced distance between margins; presence of algae (in 11.59
most of the time).

P3 22o42′58,58”S and 47o15′5,94”O
Characteristics Area with small farms on the banks. 8.56

P4 22o42′57,05”S and 47o16′5,85”O

Characteristics Small farms on one of the banks; native vegetation and 9.95
crops on the other bank.

P5 22o42′2,43”S and 47o16′18,13”O

Characteristics Presence of aquatic plants; small farms on one of the banks; 13.79
small native vegetation area and crops on the other bank.

P6 22o41′46,02”S and 47o17′20,73”O
Characteristics River point; water with little turbidity and high velocity -

The samples were collected and stored in glass bottles un-
der refrigeration in a polystyrene box. All analysis were per-
formed in the Physical-Chemical Laboratory of the Faculty
of Technology, State University of Campinas, with certified
technical assistants and following the standard methods for
each of the analysis (APHA, 2017), within 2 hours after co-
llection.

The result of the first water collection point was used as
the BOD and DO intake at one simulation with the model.
All of the other points at this simulation, each of them 2 days
far from the others in summer season, were compared to the
empirical results of Salto Grande reservoir.

Besides, some analysis were accomplished considering
hypothetical scenarios in the reservoir. The main objective
of this is evaluating changes in the purification disposition
of organic matter under the occurrence of some phenomena,
such as effect of effluent disposal, changes in inlet flow and
volume. Thus, the following hypothetical cases were evalua-
ted:

Case 1: there happens the occurrence of average income
of organic material and average volume of the reservo-
ir, so a normalized average of BOD concentration input,
inlet flow and volume of the reservoir was also maintai-
ned;

Case 2: there happens the occurrence of high inflow of
organic material from the Atibaia River, with normali-
zed average of inlet flow and volume of the reservoir,
that is, organic matter intake was increased and dissol-
ved oxygen was reduced;

Case 3: there happens the occurrence of average organic
matter concentration, with high inlet flow and average
volume of the reservoir, so there is a substantial increase
in the flow of the Atibaia River and, therefore, an inflow
increase;

Case 4: there happens the occurrence of high inflow of
organic material from the Atibaia River, with low water
inlet flow and average volume of the reservoir;

Case 5: it was compared the self-purification process in
the reservoir from two perspectives: the first (a) with
low water volume, average inlet flow and high organic
matter inlet flow concentration and the second (b) with
low water volume, average inflow and low organic mat-
ter inflow concentration.

All the analysis were carried out considering 10 days of
total water travel time inside the reservoir. Table ?? shows
the values used in the simulations.

1The average depth of each point was calculated based on the depth
analysis performed in Cunha (2020)
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Figure 7: Water collection points from Salto Grande reservoir for BOD and DO analysis. Source: adapted from Google Earth®.

Input flow Volume BOD DO Output flow
(m3/s) (m3) (mg/m3) (mg/m3) (m3/s)

Case 1 60.2 1.06×108 12000 5000 54.2
Case 2 60.2 1.06×108 20000 5000 54.2
Case 3 106.5 1.06×108 12000 5000 95.9
Case 4 12.8 1.06×106 20000 5000 11.5

Case 5 (a) 60.2 1.06×106 20000 5000 54.2
Case 5 (b) 60.2 1.06×108 8000 6000 54.2

TABLE 4: FLOW, VOLUME, ORGANIC CONCENTRATION AND DISSOLVED OXYGEN USED IN THE SIMULATIONS.

The inflow of 60.2 m3/s was assumed based on the ave-
rage flow of the Atibaia River in the rainy season (DAEE,
2019). High and low flow rates were assumed. All outlet
flows were assumed to be 10% less than inlet flows, as pre-
sented by (Tercini, 2014). The normal volume of the reservo-
ir, 1.06×108, is presented by Espíndola et al. (2004) and the
reduced volume was stipulated, as well as the concentrations
of dissolved oxygen and organic matter. Volume was assu-
med to be constant along the reservoir. The following cons-
tant values were used in all simulations: kr=0.12 and kd=0.19
(according to the table presented by Von Sperling (2014),
regarding constants used for reservoir ecosystems), µ=1.03
(tabulated by Mizael (2019)), γ=0.8 and β=2.6 (Margalef,
1983).

RESULTS

Salto Grande Reservoir surface water analysis and si-
mulation

Table 5 presents the results of BOD and DO analysis of
surface water samples collected in Salto Grande reservoir on
April 29, 2019.

TABLE 5: RESULTS OF BOD AND DO ANALYSIS OF SURFACE

WATER SAMPLES COLLECTED IN SALTO GRANDE RESERVOIR.

Date Analysis P1 P2 P3 P4 P5 P6

04/29/2019 BOD (mg/m3) 5040 3460 1490 1190 1220 980
DO (mg/m3) 6950 6440 6310 4880 3630 6030

Figure 8 shows the simulation of the self-purification cur-

ves for BOD and DO on April 29, 2019 using the results
presented in Table 5 and using the model developed.

Figure 8: Simulation of the self-purification curves for BOD and
DO on April 29, 2019 using the model developed.

Both BOD and DO curves start with the same concentra-
tion, since the initial concentration for the simulation curves
are the concentrations analyzed in the collection whose re-
sults are in Table 5.

In the case of DO, it is observed that the simulated curve
shows a notable decay in the first two days of travel. This
is due to DO consumption in the system by the decomposi-
tion of organic matter, and subsequent growth from the third
day of travel. However, the DO decay observed in the field
assessment starts at P4 and intensifies at P5, reaching about
6000 mg/m³ at P6, a value very close to the tenth day of si-
mulated travel.

The DO values diverge between day 0 and 10 because the
collections were carried out on the same day. Therefore, the
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analyzed DO curve contains information that the simulations
cannot give us from the path, such as: punctual changes in or-
ganic load in the reservoirs from aquatic plant banks or algae
blooms; punctual changes caused by punctual contamination,
such as runoff, not considered in the model; resuspension of
organic matter from the deep zone.

Nevertheless, the graph is relevant for the study of the DO
concentration after 10 days, presenting the same result for
the final DO with the same initial DO, considering statistical
error margins.

Also, for DO, the greatest variation between measured and
simulated concentration was 2075 mg/m3 at P2. The average
variation between all points was 1217 mg/m3. The empirical
result of the DO concentration in the fifth point, that is the
closest point to the dam that was analyzed was lower than
the expected for the self-purification curve at this point. This
is possibly because of the presence of macrophytes in this
area of the reservoir, which reduce the gas exchange between
air and water. In addition, the increase in the concentration
of particulate organic matter causes a reduction in dissolved
oxygen consumed by decomposing microorganisms.

In the case of BOD, both curves (analyzed and simulated
BOD) evolve very similarly in relation to the travel days, en-
ding very close to 1000 mg/m³ on the tenth travel day / P6.

The greatest variation between the measured and simula-
ted BOD concentration was 1044 mg/m3 at P1 and the ave-
rage range of variation for all points was 556 mg/m3, which
is quite low.

Although this simulation was not performed in order to
validate the model, it is possible to observe that the results
achieved with this simulation are qualitatively similar to the
results obtained at the same points through empirical analy-
sis.
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Figure 9: Case 1: normal flow, volume and organic concentration
in 10 days of travel time

It is possible to observe in Figure 9 that in cases of avera-
ge inlet and outlet flows, as well as the volume and concen-
tration of organic matter and dissolved oxygen input, BOD
would be reduced to less than half of its original concen-
tration within the first 12 hours of travel. In the case of the

analyzed scenario, BOD reduced from 12000 mg/m3 to ap-
proximately 5700 mg/m3 in the first half part of the day.

Dissolved oxygen, on the other hand, was reduced from
5000 mg/m3 to about 3200 mg/m3, since it is consumed by
the organic material mineralization and also through oxida-
tion.

In the 24 hours of travel, BOD decay is intensified,
reaching approximately 2900 mg/m3, and dissolved oxygen
reaches 2600 mg/m3.

It is also possible to observe that the dissolved oxygen con-
centration, in this analyzed scenario, would increase again on
the second day of the journey, while the BOD concentration
would reach stability, that is, would stop concentration de-
crease on the third day of the journey.
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Figure 10: Case 2: Normal flow and volume and high organic
concentration in 10 days of travel time

Regarding the second case analyzed, BOD is also redu-
ced in the period of 12 hours of travel, but less than in the
first case. This is attributed to the fact that the initial BOD
concentration was 20000 mg/m3. In Figure 10 it is possible
to observe that BOD reaches, after half day of travel, appro-
ximately 9500 mg/m3, while the DO reaches approximately
1900 mg/m3. That is, it is drastically reduced by organic ma-
terial decomposition. After 24 hours of travel, BOD and DO
continue to decline, reaching a concentration of 4700 mg/m3

of BOD and 770 mg/m3 of DO, very close to anaerobiosis.
Dissolved oxygen concentration increases again on the se-

cond day of the journey, and BOD stabilizes on the third day.
The reduction rates of organic matter are similar in this se-
cond case and in the first one, with the difference that in the
first case, the dissolved oxygen reaches a greater value and
the organic concentration a lower value in the same travel
time as the second case.
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Case 3
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Figure 11: Case 3: High flow, normal volume and organic
concentration in 10 days of travel time

According to Figure 11, the flow increase also causes a
greater inflow of organic concentration and dissolved oxy-
gen. That is, the concentration of BOD and DO in mg/m3

increases mathematically when there is a greater flow in m3.
So, even if BOD and DO concentrations are the same simula-
ted in the first case (12000 mg/m3 of BOD and 5000 mg/m3

of DO), there are more liters of water entering the reservoir,
then more BOD and DO. Therefore, it is possible to obser-
ve that BOD and DO concentration after 12 or 24 hours of
travel is slightly greater than the concentrations found in the
first case: BOD ranges from 12000 mg/m3 to 5800 mg/m3

after 12 hours and to 3070 mg/m3 after 24 hours; dissolved
oxygen, from 5000 mg/m3 to 3200 mg/m3 after 12 hours and
to 2670 mg/m3 after 24 hours.

It was observed that, although the oxygen concentration
also starts to increase on the second day of the journey, as
in the previous cases, it stops being reduced before the other
analyzed cases. In other words, the inflection of the DO curve
occurs before what happened in the previous cases, which
demonstrates that the degradation and active decomposition
zones (which are the zones of greatest oxygen consumption
in the self-purification process) are smaller in this case. This
is because the entry of dissolved oxygen was initially greater
and, therefore, the organic decomposition is faster.
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Figure 12: Case 4: low flow, normal volume and high organic
concentration in 10 days of travel time

Figure 12 show that, even with low flow and high organic
concentration entered in the reservoir (20000 mg/m3 BOD),
the organic matter is strongly depurated in the first 12 hours,
reaching half of its initial concentration in this travel time.

Dissolved oxygen, in turn, reduces to a fifth part after 24
hours of travel, close to anaerobiosis. It is observed that it is
only at the end of the second day of the journey that the DO
concentration begins to increase in the reservoir, indicating
that the recovery zone in the self-purification process happe-
ned later than in the previous cases analyzed .
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Figure 13: Case 5 (a): normal flow, low volume and high organic
concentration in 24 hours of travel time
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Figure 14: Case 5 (b): normal flow, low volume and low organic
concentration in 24 hours of travel time

In the fifth case, it was analyzed how self-purification in
the reservoir with low water volume and average flow rate
occurs if there is a high input of organic matter and if there
is a reduced input.

In Figure 13 it is observed that, with the entry of 20000
mg/m3 of BOD under low volume of water, in 12 hours of
travel this concentration is reduced to approximately 3

4 than
initially. In the case of DO, it is reduced to 4

5 from the initial
concentration in the same period. On the other hand, with
low input of organic matter, as shown in Figure 14, the BOD
has a 13% reduction in the 12-hour period, and the DO has
only 4% of its concentration reduced in the same period.

The percentage of reduction in organic concentration, in
both cases, was the same: 17% of BOD. The difference, ho-
wever, was in the dissolved oxygen consumed in the aqua-
tic environment to perform the purification: in the first case,
with high organic concentration, 22% of the oxygen in the
medium was consumed to depurate the organic matter; in the
second case, less than 1% of oxygen was consumed.

The decomposition of organic material happens more
slowly in the last 12 hours of the day. Figure 13 shows that
BOD ranges from 20000 mg/m3 to 16500 mg/m3 in one day,
and the oxygen goes from 5000 mg/m3 to approximately
3900 mg/m3. In the scenario with low organic concentration
(Figure 14), BOD drops from 8000 mg/m3 to 6600 mg/m3,
while the DO goes from 6000 mg/m3 to 6006 mg/m3, or tech-
nically remains at 6000 mg/m3. That is, after 24 hours BOD
still decays at the same rate in both cases, but the dissolved
oxygen is presented in a scenario more favorable to a reser-
voir facing a low volume if it receives less organic discharge.

It was found that the efficiency of self-cleaning is greater
when there is a greater volume of water in the reservoir. In
the second case analyzed (Figure 10), whose BOD input was
20000 mg/m3, the removal efficiency of organic matter was
52.6% for 12 hours of travel and 76.3% for 24 hours. In the
fifth case (a) (Figure 13), whose BOD input was also 20000
mg/m3 however the volume of the reservoir was quite redu-
ced, the organic matter efficiency of removal was 16.55% in
the first 12 hours of travel and 17.4% for 24 hours.

DISCUSSION

The model developed (Equations 1 and 3) has shown to
be applicable to different reservoirs, since it was validated
having as parameters a reservoir present in a large river and
which contains several other reservoirs. Also, it was applied
in a reservoir dammed in a medium-sized river and with
another water residence time.

The one-dimensional model CE-QUAL-R1 is, as well as
the model proposed by this study, a model based on the con-
servation of mass and energy. There is, both models consider
mass/energy input - output, ± reactions. CE-QUAL-R1, ho-
wever, divides a reservoir in horizontal layers, and so it pre-
sents a set of differential equations that makes the compu-
tational implementation less simple (Wlosinski 1985). On
the other hand, the model presented at this study is quite sim-
ple to be implemented.

The model CE-QUAL-RI, although more complete than
CE-QUAL-R1, presents similar restrictions to CE-QUAL-
R1, that is the difficult computational implementation and a
high number of parameters, which requires a greater number
of laboratory analysis.

Mike models are not analyzed in this discussion because
the access to their model equations and parameters require
the purchase of a license, which makes their application de-
precated when compared to other existing models.

Vázquez and Mokrova (2019) suggest the use of the mo-
dels through GIS-MM integration. The study presents the ad-
vantages and disadvantages of using two models that could
fulfill this integration function: SWAT model (Arnold et al.,
2012), a model widely used for the analysis of hydrological
processes. That is also based on the equation of the water ba-
lance and has, as initial parameters, the inflow and outflow
of water by flow, water input by rain and water out by evapo-
ration; and the IBER Bi-dimensional Model, used for river
hydrodynamics, flood areas studies, evaluation of sediment
transport, among other tools for hydrodynamic studies, also
based on the equations of conservation of mass and momen-
tum, in this case in two horizontal directions, since the model
is two-dimensional.

The model is quite complete in terms of physical phe-
nomena in the reservoir, including parameters such as fric-
tion caused by wind. However, it is a model whose applica-
tion requires more advanced computational implementation,
since it is a two-dimensional model, and does not consider
physical-chemical and biological phenomena whose studies
allow the evaluation of water self-purification, such as mine-
ralization of organic compounds.

The model proposed by Vázquez and Mokrova (2019)
proposes an easy daily application of the tool by operators
and managers (once implemented), as some of the data that
feeds the model could be obtained through GIS. However, the
study lacks validation and, as it has been presented so far, it
would not be useful to specifically study the self-purification
capacity in reservoirs.

Jiang et al. (2016) use the combination of the Hydrody-
namic Model of MIKE 21 coupled with the transport mo-
dule (TR). They propose the use of a 2-D model to simula-
te the flow behavior and the contaminant convection trans-
port in the tidal river, using the two-dimensional advection-
dispersion equation. Although it is a very complete model,
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it is two-dimensional, which makes its computational imple-
mentation more elaborated. Besides, it presents quite many
parameters to fill, which diverges from the proposal of this
study, that is to present a model with few parameters and
easy to apply.

The model proposed by Reartes et al. (2016) differs from
the model presented in this study in terms of practicality of
application due to the number of parameters it considers. The
model exposed in Reartes et al. (2016) was developed by di-
viding the reservoir into two layers: upper and lower. The
first aspect to highlight is that the Reartes et al. (2016) model
has an output for water treatment in the lower layer, so it is
interpreted as a model for a reservoir that has an outlet for
public supply; the second point is that it has many parame-
ters for estimating the problem, many of them specific and
that require a detailed empirical study before applying the
model. The model presented in this study through the Equa-
tions 1 and 3, on the other hand, requires only empirical data
of flow, volume, BOD and DO.

Regarding the model applied by Tercini and Méllo Junior
(2016)study used at this work to validate the model, it is an
adaptation of Street & Phelps model, a model initially de-
veloped to study self-decay capability in lotic watercourses.
Though, in the case of Tercini and Méllo Junior (2016), it
was used residence time as a parameter to analyze self-decay
rates in dammed environments. Although it is also a simple
model to apply in lentic aquatic environments, it does not
consider the organic matter sedimentation effect in the water
quality of the reservoir’s epilimnium.

Thus, when compared to other models, the model presen-
ted in this study has advantages due to its easy application,
and can be used with simplicity by sectors that carry out wa-
ter management, accepting the hypothesis initially posed in
this study. It has, however, limitations that could be evaluated
in future works. Temperature was not included as a parameter
to analyze water clearance and this can lead to a less accurate
analysis in months of thermal stratification. Furthermore, the
in loco contributions of organic matter, which could provide
a more detailed analysis of organic load by study point, as
discussed in Figure 8, Section Results, might also be consi-
dered in future researches.

Furthermore, it is suggested the insertion of parameters
that represent the decomposition in the hypolimnion and
the interactions between water and sediment that result, for
example, in the resuspension of organic material in the deep
zone of the reservoirs. A more punctual study of the hypolim-
nion is extremely important to, in addition to understanding
organic purification in deep areas, understand the real situa-
tion of reservoirs that receive large loads of organic material
from untreated sewage; this is because the study of the epi-
limnion can result in the false idea that a reservoir that recei-
ves certain organic loads happens to have these organic loads
mostly mineralized. Though, part of this organic load ends
up being sedimented and, in the hypolimnion, faces a slower
mineralization time, as the decomposition there is mostly ca-
rried out by anaerobic organisms (Wetzel, 2001).

CONCLUSIONS

Self-purification has an essential function improving the
water sources quality, as observed in the simulations. In all

cases analyzed, the reservoir would begin to recover its ba-
lance within the first two days of the journey, and with higher
efficiency when the volume of water in the reservoir is grea-
ter.

The mathematical model developed is a suitable tool to
study and evaluate the self-purification process and run-time
in any reservoir. It was possible to make analysis and predic-
tions of the organic matter and dissolved oxygen concentra-
tions at the reservoir studied using the developed model and
considering possible scenario changes.

It is shown as an innovative and relevant model to be used
both in private enterprises and in the public management of
watercourses to evaluate self-purification capability of any
reservoir. That confirms the hypothesis initially assumed to
develop this work. The effective monitoring and control ca-
rried out by the competent organizations can result in actions
to improve the water bodies quality, such as incentives to in-
crease the rates of domestic and industrial sewage treatment
that are discharged in reservoirs and restoration of riparian
forests.

It is pointed out the possibility of adding, for future works
- since the model is passive of upgrading - the study of hy-
polimnium in the mathematical model, in addition to the
alternative of complementing the model considering other
physical-chemical and biological phenomena.

Also, for future works, it is recommended the validation
and application of the developed model using interconnec-
ted reservoirs, adding model output parameters without ma-
jor complications in the computational implementation.
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