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Abstract
The quality of water, under the influence of the wastewater treatment plant’s discharges, makes the simulation of the 
water parameters a key issue, broadly when considering intermittent rivers. In the case of study, the Pracana reservoir 
works as an example of the characterization, monitoring and control of the impact of several wastewater treatment plants’ 
discharges, directly contributing to water quality. Proença-a-Nova’s wastewater treatment plant contributes directly to 
the Pracana reservoir (Central Portugal), which is a protected field. Twelve georeferenced water samples were gathered, 
between the sewage discharge and downstream to the Pracana reservoir, at almost equal distances. Sampling campaigns 
were taken during three different periods: rainy winter (January), intermediate conditions (March) and dry season (June). 
The following chemical parameters were analyzed: biochemical oxygen demand (BOD5), dissolved oxygen (DO), dry 
residue, Ptotal, Ntotal, pH, temperature and microbiological parameters. DO, BOD5 and microbiological parameters served 
as indicators for environmental pollution evaluation. A coupled hydrodynamic and water dispersion model, QUAL2kw, 
was used for water’s quality simulation. The results lead to conclude that the water quality is acceptable for multiple 
purposes, except for human consumption, mainly due to moderate-to-high values of BOD5.
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1  Introduction

Sewage discharge is one of the problems in developed 
and developing countries. It contributes to a compounded 
unstable aquatic ecosystem, including but not limited to 
oxygen demand and nutrient loading of the receiving 
watershed [1–4]. In addition, sewage effluent may be 
of public health significance, especially if effluent is dis-
charged into water that is subsequently used for drinking, 
recreation or agricultural purposes [5, 6].

Watershed characteristics and stream inflows have been 
increasingly considered as factors affecting water quality 
in a variety of environments and different scales [7–11]. 
Water quality models are useful tools for determining 

contaminant plume behavior and impacts in water qual-
ity. Simulated scenarios are especially useful for accessing 
multiple possibilities and proactively developing response 
plans for rapid and appropriate actions if a contaminant 
event occurred [11–13].

Pollution simulation is a serious issue as it has conse-
quences for hydrological modeling and discharge pre-
dictions for environmental impact assessment [14–17]. 
Modeling can be a useful management tool because 
models allow understanding the water body response to 
different pollution pressure scenarios which may assist 
in the decision-making process and in prosecuting the 
Water Framework Directive objectives. This study points to 
evaluate the usage of water quality models (QUAL2Kw) to 
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better understand the response of a river under the influ-
ence of different loads of nutrients. QUAL2Kw was used 
to model water quality of the Pracana River (Portugal), a 
river contributing to a protected reservoir called Pracana 
which represents an important ecosystem to the local 
community.

Water is a natural resource whose availability depends 
on its quantity and quality. In freshwater’s availability 
evaluation, it is pivotal to know the pollutant loads, topi-
cal and diffuse ones [18, 19]. In the last decades, surface 
water contamination has drastically increased mainly due 
to anthropogenic emissions of nutrients. The European 
Union (EU) water legislation and the Water Framework 
Directive (WFD, 2000/60/EC) aim to achieve and main-
tain good chemical and ecological status of surface and 
groundwater. The European Water Framework Directive 
2000/60/EC (WFD) refers to an integrated approach for 
eutrophication characterization and stresses the surface 
waters’ trophic status assessment as a central goal of WFD 
objectives achievement. Environmental quality standards 
based on annual average and maximum allowable con-
centrations were defined for a priority group of substances 
(EU Watch List) that represent a significant risk for the 
aquatic environment and thereby human health (Direc-
tive 2013/39/EU). Subsequently, the EU Watch List was 
established on monitoring potentially harmful substances 
(Decision 2015/495/EC), and such are chemical and micro-
biological parameters. While an awareness regarding the 
occurrence and distribution of priority and emerging con-
cern substances in EU catchments is developing [20, 21], 
there is still a gap on the spreading of these contaminants 
in surface waters, including those restricted in the EU [21, 
22]. Considering that the majority of the chemicals are 
originated from urban and agricultural areas and enter 
in the aquatic environment mainly via urban runoff [23], 
and/or domestic and industrial wastewaters [21], a special 
focus should be addressed toward domestic and agricul-
tural catchments [24, 25].

Mathematical modeling allows the estimation of con-
tamination loads into an aquatic environment [26–29], 
establishing cause–effect relations between pollution 
sources and water quality, as well as to simulate different 
response scenarios of the aquatic environment under dif-
ferent controlled situations. The simulation outputs work 
as a management tool for policy-makers predicting the 
effect of accidental discharges or additional pollutant 
loads. In the literature, several examples of QUAL2KW 
modeling can be found, used as a tool for simulating 
the water quality in rivers and catchment areas using as 
control parameters: biochemical oxygen demand (BOD5) 
[30], nitrogen, phosphorus and chemical oxygen demand 
(COD) [17, 28, 29, 31] loads. QUAL2KW is also broadly used 
to study water quality management strategies [26, 28].

QUAL2Kw model was applied to model Pracana River’s 
water quality, aiming for a straightforward representation 
of the complex parameters responsible for the overall 
water quality downstream of the river, under the influence 
of the Proença-a-Nova wastewater plant’s discharges.

2 � Materials and methods

The Ocreza River and its tributary the Pracana River are 
in Central Portugal and have their origin in an important 
Alpine Portuguese chain called Gardunha, included in 
the Tagus River watershed. The Pracana’s waters have an 
important purpose by being abundantly used in agricul-
ture. Proença-a-Nova wastewater treatment plant was 
dimensioned to serve 2234 inhabitants with a depura-
tion ability of 326 m3/day and discharges directly into the 
Freixada River, which runs straight to the Pracana River 
and, therefore, to the Pracana reservoir (Fig. 1). Charac-
terization, monitoring and control of water quality, due 
to the several wastewater discharges, are of substantive 
importance.

Twelve georeferenced surface water samples were 
gathered between the sewage effluent discharge and its 
confluence with the Pracana reservoir (Fig. 2) during the 
year of 2010. Secondary inflows were identified and water 
samples collected downstream, at roughly equal lengths. 
The fitted model was calibrated using a subset of the col-
lected samples (10–11).

The following physical–chemical parameters were 
analyzed: biochemical oxygen demand (BOD5), chemical 
oxygen demand (COD), dissolved oxygen (DO), dry resi-
due, total phosphorus (Ptotal), total nitrogen (Ntotal), pH 
and temperature. The microbiological parameters DO and 
BOD5 were used as water contamination indicators and, 
consequently, as key attributes in the subsequent mod-
eling procedure. Temperature (T, °C), pH (Sörensen scale), 
electrical conductivity (EC, µS/cm), dissolved oxygen (DO, 
mg/L), oxi-reduction potential (ORP), dry residue (ppm) 
and salinity (mg/L) were field measured using a mul-
tiparametric portable probe HI 9828, Hanna Instruments. 
Biochemical oxygen demand (BOD5), chemical oxygen 
demand (COD), dissolved oxygen (DO), dry residue, total 
phosphorus (Ptotal), total nitrogen (Ntotal) followed the pro-
tocol expressed in Table 1.

A water quality model was fitted using a coupled hydro-
dynamic and water dispersion model, the QUAL2kw, 
developed by the US Environmental Protection Agency 
(US EPA) [32]. QUAL2Kw is a one-dimensional and steady 
flow stream water quality model, implemented in Micro-
soft Excel, using a general equation of mass balance for 
the concentration of a constituent ci in the water column 
(excluding hyporheic exchange), in a reach i [32]. Microsoft 
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Excel is the graphical user interface for input, running and 
output layouts. The spatial approximation of one dimen-
sion (1D) has been considered appropriate for the study 
area as the river-reaches are long relative to the mixing 
length over the cross section and the transport of con-
taminants is dominated by longitudinal liquid motion 
[33]. The QUAL2Kw model represents a river as a series of 
reaches with constant hydraulic characteristics (e.g., slope, 
bottom width, etc.). The model simulates dendritic water 
systems, i.e., simulations extending not only to the main-
stream, but likewise to its tributaries. The model is capable 
of simulating (1) the stream’s main flow and three tribu-
tary streams. Tributaries can be operated independently or 
integrated into the main branch depending on user needs 
[34]. The Freixada River was segmented into nine sections 
of approximately 2.5 km each, assuming constant values 
for the side slope, bottom width and channel roughness 
(Figs. 2 and 3).

Sampling surface water campaigns were taken during 
2010, in three different periods: (1) rainy winter (Janu-
ary); (2) intermediate conditions (March) and (3) dry 

season (June). Dissolved oxygen (DO), biochemical oxy-
gen demand (BOD5) and the microbiological parameters 
(MP) were used as organic matter indicators and as param-
eters for assessing environmental water contamination 
(Table 1).

3 � Results and discussion

The analyzed surface water attributes went through a 
comparative statistic evaluation aiming to stress their 
spatiotemporal variability (Fig. 4). It is possible to iden-
tify the samples PR2 (discharge point) and PR3 as the 
ones with the highest BOD5 and highest microbiologi-
cal parameter values and, consequently, the lowest 
DO content (Figs.  5 and 6). These parameters have a 
considerable decrease heading the river downstream, 
pointing out to a good self-depuration (Fig. 3). It is also 
worth noticing that during April (intermediate season), 
the highest values are observed for the selected indica-
tor parameters (Fig. 4), which could be related to the 

Fig. 1   Proença-a-Nova: a wastewater treatment plant; b Pracana reservoir
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addition of diffuse contributions associated with agricul-
ture seasonality and river flow rate reduction.

To the model calibration, the QUAL2Kw software 
offers manual or auto-calibration, using an internal 
genetic algorithm which calibrates the model automati-
cally based on several specified stoichiometric rates and 
constants [32]. Calibration is a process through which 
an optimized fitting between observed and predicted 
values was obtained. In the case of the study, auto-cali-
bration was used for January, April and June campaigns.

A general analysis allows saying that the calibration 
results for the various parameters were acceptable. In 
future work, field flow rates and kinetic coefficient val-
ues are keen covariates for calibration improvement and, 
therefore, the enhancement of the QUAL2Kw fitted model 
quality.

3.1 � Dissolved oxygen calibration

Dissolved oxygen calibration for the analyzed temporal 
periods varies according to the received influences along 
the river course (Fig. 5). The best calibration was obtained 
in the rainy season (January) due to higher flow rates. On 
average, it is possible to conclude that the Freixada River 
shows normal oxygenation content and satisfactory sur-
face water quality.

3.2 � Biochemical oxygen demand (BOD5) calibration

The results of the biochemical oxygen demand (BOD5) 
calibration show high temporal variability (Fig.  6). 
Whereas in the first campaign (January), the observed 

Fig. 2   Overview of the study area and the Freixada River’s gauging stations

Table 1   Laboratory parameter protocol for water quality determi-
nation

Parameter Analytical methods

MP PAFQ09 based on norm SMEWW 2540 D
BOD5 Manometric method
DO and COD Volumetric precipitation
Ntotal Computed
Ptotal Molecular absorption spectrometry
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values fairly agree with the predicted ones, for the 
campaigns of April and June 2010, a few discrepancies 
can be kept close to the wastewater plant discharge 

(Fig. 6). The decreasing river flow rate, associated with 
deficient water treatment, may explain the observed 
variability. However, the Freixada River shows a good 

Fig. 3   River segmentation

Fig. 4   Spatiotemporal variability for: a BOD5; b dissolved oxygen (DO) and c microbiological parameters
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self-depuration and no impact will be expected in the 
Pracana reservoir.

3.3 � Microbiological parameters calibration

In relation to microbiological parameters, the calibra-
tion results are acceptable and in concordance show a 

constant trend along the hydrological year (Fig. 7). The 
content of microbiological parameters, detected close 
to the Pracana reservoir, is within the admissible ones, 
for good water quality and stressing a good level of self-
depuration along the river.

Fig. 5   Seasonal DO calibration: ———fitted curve;  min values; -------- max values;  Observations

Fig. 6   Seasonal BOD5 calibration: ——— fitted curve;  min values; -------- max values;  Observations

Fig. 7   Seasonal microbiological parameter calibration: ——— fitted curve;  min values; -------- max values;  Observations
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4 � Conclusions

1.	 The entrance into force of the Directive 2000/60/EC of 
the European Parliament for technical specifications 
for chemical analysis and monitoring of water status 
has made mandatory the development of manage-
ment strategy and decision support tools, for water in 
all European countries.

2.	 The numerous environmental pressures and changes 
resulting mainly from human activity to which surface 
waters are subjected coupled with water pollution 
problems have led to the need to build a surface water 
quality indicator system.

3.	 The Pracana River water quality monitoring was car-
ried out over three sampling campaigns aiming to 
assess the spatiotemporal evolution and its impact on 
the Pracana reservoir, which is overlapping a protected 
area.

4.	 The modeling system used was the QUAL2Kw that 
was able to represent with skill and flexibility the 
experimental physical, chemical and hydraulic aspects 
observed in this study. The simulated results are con-
sistent with field observations and demonstrate that 
the model has been calibrated. QUAL2Kw accurately 
demonstrates the dynamic development of the cho-
sen indicator parameters (DO, CBO5 and microbiologi-
cal parameters). QUAL2Kw can reasonably be used in 
small watersheds for the assessment of the effects of 
different model fittings in an aquatic environment. 
This mathematical model requires simple input param-
eters and offers a full framework for the simulation of 
surface water quality, especially in places with scarce 
monitoring data. The model is also flexible as it can be 
used without knowing all the involved parameters as 
assuming default values.

5.	 The obtained results in different simulated scenarios 
show that the stream has a satisfactory water qual-
ity for multiple uses and does not contribute to the 
water of the Pracana reservoir quality. Nevertheless, 
due to the values of BOD5, water is not fit for human 
consumption.

6.	 The simulation results are consistent with field obser-
vations and demonstrate that the model has been 
acceptably calibrated. The results obtained in different 
simulated scenarios tell us that the stream flow shows 
a quite satisfactory water quality for multiple uses and 
should not be an issue for the Pracana reservoir qual-
ity. However, due to the values of BOD5, water is not fit 
for human consumption. Lastly, before the release of 
the effluent into the stream, the treatment should be 
improved.

7.	 Water may become the most strategic resource in 
many parts of the world within the next decades. The 
identification of critical control water quality param-
eters and their concentrations provides great opportu-
nities for improving water sustainability in the future. 
Therefore, regularly monitoring and evaluating the 
quality of river water are required for integrated man-
agement of these water resources.
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