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ABSTRACT

The present work is focused on the dispersion of a thermal effluent, produced by the Sines power plant, Portugal, along coastal
waters. This facility intakes a yearly average around 40 m?/s of seawater, for the required cooling process, which is subse-
quently discharged back to the ocean at a 10 °C increase in temperature. A three-dimensional hydrodynamic local model was
nested into a regional model and set up to simulate the transport of the thermal effluent during two distinct periods, August and
October 2013, respectively featuring dominant north and south wind. The simulations were performed for both situations, with
and without the thermal discharge, where the later provides baseline scenarios. Obtained model results closely followed the
existing field data. The temperature increase is shown to decay from 10 °C near the outlet vicinity to 2 °C at a distance of 2 km
from the outlet for both scenarios. Even though the main driving force of this phenomenon is the wind, tidal conditions also
have additional influence on thermal plume dispersion near the discharge area. In the north wind scenario the plume extends
away from the coast while under south wind dominance the plume is contained near the coast, extending towards the inlet. As
a consequence there is a positive feedback under south wind dominance, which is caused by the intake of already warm water
from the thermal plume itself. Consequently, south wind dominance is the most unfavorable scenario for both coastal envi-
ronment and the operational efficiency of the power plant.

Keywords: Thermal discharge; Three-dimensional model; Coastal hydrodynamics; Water temperature

RESUMO

Modelagdo de um efluente térmico numa zona costeira (central termoelétrica de Sines, Portugal)

Este artigo tem como objetivo estudar a dispersdo do efluente térmico da central termoelétrica de Sines (Portugal) na zona
costeira. Esta central retira em média 40 m’/s de dgua do oceano Atldntico que apés o processo de refrigeracio é restituida a
fonte através de dois canais, com uma temperatura de 10° C acima daquela que tinha na zona de captag¢do. De modo a estudar
o transporte deste efluente térmico foi implementado um modelo hidrodindmico tridimensional acoplado a um modelo
regional. Foram simulados e analisados dois cenarios de ventos diferentes, vento predominante do quadrante norte e vento
predominante do quadrante sul. Para cada tipo de vento sdo comparados os resultados para a situagdo com e sem descarga.
Os resultados obtidos com o modelo evidenciam a anomalia térmica, observavel nos dados de campo, mostrando um aumento
variavel entre 10° C, na regido proxima a descarga, até 2° C a cerca de 2 km da mesma drea, para ambos cendarios. Contudo,
enquanto que no cendrio de vento norte se observa uma pluma térmica estreita, ao longo da costa, no caso do vento sul
observa-se uma pluma mais confinada a regido da saida do efluente. O vento sul é o cendrio mais desfavoravel a eficiéncia da
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central uma vez que nesta situacdo a pluma é direcionada para zona de captagdo. Assim conclui-se que o vento tem um papel
preponderante na dispersdo do efluente térmico. Os resultados do modelo mostram ainda que a maré também influéncia a

dispersdo, sobretudo na zona junto a descarga.

Palavras-Chave: Efluente térmico; Modelo tridimensional; Hidrodindmica Costeira;, Temperatura da dgua

1. Introduction

Coastal areas are often used as a disposal environment
for thermal effluents originating from the cooling proc-
esses in thermal or nuclear power plants. Studies pro-
viding information on thermal effluent behavior in re-
ceiving environments can contribute to efficiently man-
age such discharges, mitigating impacts on relevant en-
vironmental and economic values (Abbaspour et al.,
2005). The changes caused by the effluents of power
plants on ambient water temperature and, consequently,
their impact on the aquatic biota has been studied for
decades (e.g., Takesue & Tsuruta, 1978; Kelso &
Milburn, 1979; Hester & Doyle, 2011; Coulter et al.,
2014).

Reported values show that power plants can cause tem-
perature increases that range from 1-2° C up to 15°C,
in both rivers and seawater (Takesue & Tsuruta, 1978;
Kelso & Milburn, 1979; Madden et al., 2013; Stewart et
al.,2013; Coulter et al.,2014;). Since temperature is an
essential environmental variable, affecting the meta-
bolic rate of organisms and the levels of dissolved oxy-
gen (Langford, 1990; Agarwal, 2005; Coulter et al.,
2014), any disturbances in ambient temperature has the
potential to disrupt the marine environment (e.g.
Martinez-Arroyo et al., 2000; Poornima et al, 2005;
Chuang et al., 2009; Choi et al., 2012). Therefore, the
forecast of the thermal plume transport and dispersion
in the receiving water body is critical to assess its envi-
ronmental exposure.

There are several methodologies to study thermal plume
behavior, ranging from physical models (El-Ghorab,
2013), to in situ data analysis (e.g. Jan et al, 2004;
Hunt ef al.,, 2010) to the use of numerical models (e.g.
Bedri et al, 2013). The latter option allows the con-
tinuous representation of the environmental system in
space and time, and with fewer information require-
ments and reduced resources when compared to the
other options (Jones et al., 2007).

A common practice to discharge thermal effluents con-
sists of open channels with free surface flow and along
the water column, such as the examples provided by
Abdel-Latif et al. (2007) and Fossati ef al. (2011). Open
channels are more cost effective when compared with
submerged point or multiport diffusor systems, al-
though this type of diffusors can provide an increased
initial mixing (Kim & Cho, 2006).

In the open channels systems the effluent is released at
lower velocities, originating a buoyant plume, similar to

plumes caused by natural geophysical phenomena such
as tributaries and rivers. Thermal plumes spread from
the outlet depending on transport and mixing mecha-
nisms controlled by environmental conditions, with
wind stress acting as a major driving force (Lentz &
Largier, 20006).

This work presents a methodology based on the imple-
mentation of a three-dimensional numerical model to
study the dynamics of a thermal plume originated by a
power plant located at the Portuguese west coast. A ref-
erence scenario without the effluent was used to com-
pare with other scenarios where the effluent is present,
for simulations with distinct wind conditions. The dif-
ferences between the reference and the other scenarios
were then quantified and discussed, highlighting the
less favorable conditions for plume dispersion.

2. The case study

The Sines thermal power plant is located on the west
Portuguese coast, as shown in Figure 1. This thermal
power plant has a total installed capacity of 1192 MW.
On yearly average, 40 m’/s of cooling water go through
the intake structure (Direccdo de Producdo Térmica da
EDP, 2012) and, after flowing through the condenser
system, are discharged back to the ocean by two open
channels, along the water column, which depth is
around 4.5 m. The discharge structure is located ap-
proximately 400 m to the south of the water intake.

Coastal hydrodynamics, particularly in what concerns
superficial currents and waves, is conditioned by domi-
nant wind patterns. Furthermore, wind is also responsi-
ble for the vertical movements caused by upwelling
phenomena in this area (Barton, 2001; Santos et al.,
2011). During a typical year, 80% of wind observations
exhibit north wind dominance (See Supporting Infor-
mation I), leading to strong upwelling along the Portu-
guese west coast (Fiuza, 1983).

3. Methodology

MOHID (www.mohid.com), Portuguese acronym for
MOdelo HIDrodindmico [Hydrodynamic Model], is the
numerical model applied on this work. This model has
been largely applied in several studies for coastal and
estuarine systems (Mateus & Neves, 2008; Vaz et al.,
2009; de Pablo et al, 2013; Fossati & Piedra-Cueva,
2013; Otero-Diaz et al., 2014; Sousa et.al., 2014), hav-
ing shown its ability to simulate complex systems and
processes.
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Figure 1 — (a) Location of the study area. (b) Bathymetric
data around the around the Sines thermal power plant in-
take and outlet structures.

Figura 1 — (a) Localizag¢do da drea de estudo. (b) Batimetria

junto a zona de tomada e descarga de dgua de refri-
geragdo da central termoelétrica de Sines.

MOHID water system solves the three-dimensional in-
compressible primitive equations, equilibrium, Boussi-
nesq approximation and Reynolds approximation. The
governing continuity equations are described in Sup-
porting Information II.

For this work, the horizontal turbulent viscosity is set
uniform in each domain. To handle vertical turbulent
viscosity MOHID is coupled to the General Ocean Tur-
bulence Model (GOTM, online at http://www. gotm.net),
through which the k-&¢ model is parameterized accord-
ing to Canuto et al. (2001).

The mass-balance equation for temporal and spatial
variations of salinity and temperature is expressed in
Supporting Information II. The density is solved with
the UNESCO state equation as a function of salinity,
temperature and pressure (Supporting Information II).

Regarding temporal discretization, MOHID uses semi-
implicit algorithms to compute the processes that have

higher stability requirements, like vertical advection
and diffusion, and explicit methods for processes less
constrained to the stability problems, like horizontal
transport (Neves, 2013). A more detailed description of
the numerical algorithms can be found in Martins et al.
(2001).

In this study the numerical model was implemented
with a downscaling methodology. Such method is use-
ful to interpolate the boundary conditions of locally re-
fined models from regional, less resolved, models (As-
cione ef al., 2014). The model was configured using
four nested domains as shown in Supporting Informa-
tion III. The first level (A) has a spatial resolution of
6000 m, the second (B) and third (C) levels have 1200
m and 240 m, respectively, and the fourth (D) and most
refined level is discretized using 48 meter cells. The
geographic dataset used for the bathymetries was ob-
tained from the European Marine Observation and Data
Network (2014). All the domains were setup in 3D,
where a z-level vertical discretization (Martins et al.,
2001) was adopted. This way it was possible to imple-
ment 7 sigma-type layers on the top for all domains,
and a variable number of fixed layers below, according
to its bathymetric topology.

The domain A works as an acquisition window, acquir-
ing data from the PCOMS operational model
(www.mohid.com/operational), which provides results
for tide levels, velocity fields, density, temperature and
salinity for the whole Portuguese coast, as described by
MOHID water system solves the three-dimensional in-
compressible primitive equations, assuming Hydrostatic
Mateus et al. (2012). Hence PCOMS provides horizon-
tal open boundary conditions for regional models like
the present one. Open boundary conditions are then ap-
plied through a Flow Relaxation Scheme (FRS) for
temperature, salinity and velocities (Martinsen &
Engedahl, 1987) whereas level is radiated through a
condition provided by the Flather method (Flather,
1976), both described by Riflet (2010). At the vertical
open boundary with the atmosphere the model is forced
with atmospheric results, provided by Mesoscale Mete-
orological Model 5 operational model (MMS5, online at
http://meteo.ist.utl.pt/), for air temperature, wind inten-
sity and direction, atmospheric pressure, solar radiation
and cloud coverage. From this data, the model com-
putes momentum and heat fluxes, allowing for a vari-
able interaction between free surface and atmosphere.

The intake and discharge structures are accurately mod-
elled on the domain D, as well as the nearby port of Si-
nes. For the water intake, a constant flow of 40 m’/s, is
considered and modelled by a simple sink, whereas the
effluent is modelled by a source term, injecting a
30 m’/s local discharge at the downstream section of the
open channels and two 5 m’/s lateral linear discharges,
simulating the crosswise flow percolating through the
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breakwaters. The intake and discharge of water are both
made along the water column simulating the real condi-
tions. It was also implemented a bypass function that
prescribes a 10°C rise in temperature of the discharged
water temperature, relative to the intake. This continu-
ous offset value was obtained by applying the heat
equation to the turbine generators and cooling system.

4. Results and discussion
4.1. Model validation

The model setup used in this study was validated at two
different domain levels. The regional solution of the
model PCOMS, from where the horizontal open bound-
ary conditions were downscaled, was validated with
remote sensing data for sea surface temperature (SST)
and in situ observations. This is a routine validation de-
scribed by Mateus et al. (2012). The local higher-
resolution model, where the thermal discharge was im-
plemented, was validated with in sifu observations for
water level and sea surface temperature, recorded by a
moored buoy located near the Sines port (Instituto Hidro-
gréfico, 2014a, b).

Temperature data acquired during in situ monitoring
campaigns, disclosed by the power plant executive
board, was also used to validate the higher-resolution
model application. These campaigns were conducted
directly, by sampling the water column in the vicinity
of the discharge and in a location displaced from the
area of influence of the thermal plume. Remote sensing
data was not used to validate the higher resolution
model given the lack of resolution in the images.

Results for water level show a good fit with field data,
with a Pearson correlation coefficient of 0.99 (Support-
ing Information IV). The root mean square error
(RMSE), shows a relatively small difference (0.17°C)
between model predictions and field observations for
SST, denoting a good fit between model outputs and
data (Supporting Information IV).

Nonetheless, the model misses the high frequency fluc-
tuations in the SST recorded by the buoy, as seen in
Supporting Information IV. Apparently, the model
tends to overestimate superficial temperature, as evi-
denced by the bias error (BE) (Supporting Information
IV). The calculated temperature by the model is an av-
erage value for a 48 x 48 meters cell (1 meter deep),
and not a single point matching the location of the
buoy, which may explain this outcome. Moreover, the
variability recorded by the buoy can be related with it is
sensitivity to surface currents and wind, since the float
sensor is located right below the water surface.

The model follows the trend of in-depth monitored
temperature with significant accuracy. A Pearson corre-
lation coefficient of 0.97 was obtained for both loca-
tions, suggesting that the model exhibits a positive

variation relative to field data (See Supporting Informa-
tion IV). The RMSE denotes some overestimation of
temperature by the model (~ +1 °C) in the vicinity of
the outlet, and a slight underestimation of the tempera-
ture in the reference site (~ -0.4 °C). The wider differ-
ence between modelled and observed data may be re-
lated to the assumption made for the discharge; the
model relies on a constant yearly average value, ignor-
ing possible variations on the power plant operation
during the simulated period.

4.2. Thermal plume dynamics

Temperature affects almost every aspect of aquatic life.
Hence, thermal effluents from power plants have the
potential to cause significant perturbations to the coastal
marine environment. There are now mounting evi-
dences of the detrimental impact of thermal stress on
the biota (e.g., Young & Gibson, 1973; Poornima et al.,
2006; Arieli et al, 2011; Ingleton & McMinn, 2012;
Jiang et al., 2013), and its combined effect with the
chloride used as an antifouling agent in power stations
pipes (e.g., Holmes, 1970; Poornima et al, 2005;
Saravanan et al., 2008; Chuang et al., 2009).

Considering the harmful effects that the cooling water
may have on the costal environment, it is important to
understand the magnitude and range of its influence
upon discharge. In this context, simulating velocity
fields using coastal models is extremely useful to moni-
tor and interpret the dispersion of the warmer plume
(Wei et al., 2013). Within this framework, we set up a
three-dimensional hydrodynamic and temperature
model to simulate the transport of the cooling water
under two distinct wind conditions, August and October
2013 featuring dominant north and south winds,
respectively, and compared them to the reference
scenario.

Surface velocities are usually higher under north wind
regimes than under south wind, as seen in Figures 2 and
3. The presence of the cooling water discharge induces
an increase on surface velocity in the vicinity of the
outlet, by approximately 0.1 m/s, in both the north
(Figure 2b) and south (Figure 3b) wind scenarios. This
is an expected outcome, since the wind pushes the
warmer and less dense water discharged in the coastal
area.

The effect of the thermal plume on the surface tempera-
ture field under north wind and south wind conditions is
depicted in Figure 4 and Figure 5, respectively. Also,
the anomaly in surface temperature induced by the
presence of the plume is illustrated Figures 6 and 7.

A maximum temperature increase of approximately
10°C is observed near the outlet, when compared to the
baseline simulation (no thermal effluent). Under north
wind conditions with an intensity about 5 m/s, there is
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Figure 2 - Model results for the velocity modulus, without (a) and with (b) discharge, in north wind scenario.

Figura 2 - Resultados para o modulo da velocidade, sem (a) e com descarga (b), no cendrio de vento norte.
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Figure 3 - Surface velocity, without (a) and with (b) discharge, in south wind scenario.

Figura 3 - Velocidade superficial, sem (a) e com descarga (b), no cendrio de vento sul.
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Figure 4 - Model results for superficial temperature, without (a) and with (b) discharge, in north wind scenario.

Figura 4 - Resultados para a temperatura a superficie, sem (a) e com descarga (b), no cendrio de vento norte.
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Figure 5 - Model results for surface temperature, without (a) and with (b) discharge, in south wind scenario.

Figura 5 - Resultados para a temperatura a superficie, sem (a) e com descarga (b), no cendrio de vento sul.

an increase of temperature ranging from 2 to 10°C (Fig-
ure 6), relatively to the reference scenario, and the ef-
fect on surface temperature is noticed up to a maximum
distance of approximately 2 km from the outlet. In
south wind scenario, with wind intensity about 4 m/s, a
thermal plume is also noticeable at surface (Figure 7).
There is an increase of temperature varying between 2
and 10°C (Figure 7) in a maximum distance around
2 km from the outlet, as in the north wind scenario.

These values are generally comparable to values found
by other studies for both the temperate anomaly
(Lardicci et al., 1999; Chuang et al., 2009; Arieli et al.,
2011; Madden et al., 2013) and extent of influence
(Arieli et al. 2011). While in the north wind scenario
the plume extends longer along the coast, under the
south wind scenario the plume extends and impacts a
wider area around the outlet.

Tide also plays a significant role on the dispersion of
the thermal plume. As observed in Figure 6 and 7, the
extent of the plume is higher in ebb or low-tide condi-
tions. Inversely, the plume is more compressed and
closer to the coast in flood and high-tide conditions.
Results suggest that ebb conditions facilitate the disper-
sions of the thermal effluent, while flood keeps the
warmer waters closer to the outlet.

In both scenarios the thermal plume develops along the
direction of the dominant wind incidence. When the
south wind is dominant the thermal plume is pushed
northward, and finds the coastline, a physical barrier
that confines the plume, as seen in Figure 6. In these
conditions the thermal plume develops toward the water
intake, and the process can be further aggravated during
flood and high-tide conditions. This means that a feed-
back process may occur, by which the water used in the
cooling process is continuously drawn at increasing

temperatures and, consequently, so is the discharged
effluent.

Therefore south wind conditions are the less favorable
for the thermal power plant efficiency, although this
regime occurs with low probability for this area. This is
particularly relevant since the availability of cooling
water for steam condensation is a major criterion in the
location of power plants.

The release of a warmer mass of water at the coast line,
and associated increase in the surface temperature field
leads to the vertical thermal stratification. This effect
could be reduced with a discharge system that induces
mixing like a multiport diffuser system (Kim & Cho,
20006). In this case the vertical thermal stratification is
shown in Figures 8 and 9 (corresponding to the line rep-
resented in Figures 4a and 5a), for north and south
winds, respectively. In the reference scenario a well-
mixed water column is visible, with colder waters flow-
ing upward, as opposed to the simulations featuring the
effluent, where an increase in temperature is visible
over the whole water column in the vicinity of the out-
let. North wind conditions induces greater initial mix in
the effluent discharge, when compared to the south
wind scenario. This can be explained by higher wind
intensity (north wind) that promotes a stronger mixing
of the water column situation, and by the associated
upwelling that brings colder and deeper water to the
surface.

The thermal signature is stronger at the surface because
of the lower density of the warmer that leads to higher
buoyancy, and becomes less evident with increasing
distance from the shore. Similar observations have been
reported for thermal effluents (Arieli et al., 2011), but
in this particular situation the intense hydrodynamic
regime of the coastal area prevents the enhancemtn of
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Figure 6 - Sea surface temperature anomaly induced by the presence of the cooling water discharge in the coastal area, in north

wind scenario.

Figura 6 - Efeito da descarga térmica na temperatura superficial do oceano, caso do vento norte.

strong and persistent thermal stratification similar to the
one observed in lakes (Eloranta, 1983; Kirillin et al.,
2013).

4.3. The choice of model

Reported works display different approaches to simu-
late the effect of thermal plumes on the receiving wa-
ters: simple models to account for thermal stratification
of the water column (Kirillin et al, 2013), mixed ap-
proaches using physical and numerical models (EI-
Ghorab, 2013), schematic studies using 2D (You-liang
et al, 2011) or 3D numerical models (You-liang &
Jing, 2011), and Lagrangian coherent structures (Wei ef
al., 2013).

The Sines power plant is similar to other energy pro-
duction units with water pumped into the power plant to
cool the turbines and then channeled back into the sea,
lake or river via an open canal (Klein & Lichter, 2006;

Ingleton & McMinn, 2012; Kirillin et al., 2013). In
such setting the water discharged at the outlet is similar
distinct physical properties (temperature) from the to a
discharge from a small river or tributary, having
receiving water body. The model of choice in this study
(MOHID) has been extenseivelly used to simulate
coastal systems with comparable discharges (Vaz et al.,
2005, 2007, 2008, 2009a, 2009b, 2014), and our results
show that it adequatly models the physical control of
wind and tide on the dispersion of the thermal effluent
in the coastal area.

Similar modeling approaches have been used to simu-
late the dispersion of thermal plumes (Kolluru et al.
2003, Bedri et al., 2013), while other rely on models
that solve the near field dilution, such as CORMIX
(Roberts & Tian, 2004). However, these models were
mainly developed for effluent discharges via submarine
outfalls, frequently with multiport diffuser. Since this is
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Figure 7 - Sea surface temperature anomaly induced by the presence of the cooling water discharge in the coastal area, in south
wind scenario.

Figura 7 - Efeito da descarga térmica na temperatura superficial do oceano, caso do vento sul.
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Figure 8 - Results for temperature profile, without (a) and with (b) discharge, in north wind scenario.

Figura 8 - Resultados para o perfil de temperaturas, sem (a) e com descarga (b), no cendrio de vento norte.
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Figure 9 - Model for temperature profile, without (a) and with (b) discharge, in south wind scenario simulations.

Figura 9 - Resultados para o perfil de temperaturas, sem (a) e com descarga (b), no cendrio de vento sul.

not the case with the thermal effluent at Sines,
addressing the near field dilution would not necessarily
lead to better results. Also, while performing optimally
for simple discharges into large basins, in complex am-
bient environments such as at Sines, CORMIX has been
proved to overestimate the dilution, resulting in smaller
and cooler modeled plumes than the measured plumes
(Schreiner et al., 2002, Roberts & Tian, 2004).

5. Concluding remarks

Numerical models are essential to assess the potential
impact of thermal effluents from power plants on the
physical and ecological dynamics of natural systems.
As the construction of a new generation of coastal
power stations in European countries demands robust
standards for thermal discharges to transitional and
coastal waters (Wither et al., 2012), the dependency on
numerical modeling will increase. Similarly to other
studies (e.g., Bedri et al., 2013; Shawky et al., 2013)
the present work is of particular relevance for the
coastal zone management of the Sines area, by contrib-
uting to a better understanding of the thermal effluent
impact on coastal dynamics.

Model results allowed for a good representation of the
thermal effluent effects on coastal circulation and ther-
mal structure. The main effect of the discharge of the
cooling water is the formation of a thermal plume and
consequent vertical temperature stratification. Model
simulations show that wind direction and tide play a
significant role on the dispersion of the plume and, con-
sequently, of the surface temperature anomaly induced
by the thermal discharge. A well-mixed and elongated
plume is observed under north wind dominance, as op-
posed to a constrained wider plume during south wind
conditions.

The worst case scenario, regarding the thermal plume
extents, is the south condition. This scenario possibly
carries major efficiency losses for the operation of the
power plant, since the water at the intake is continu-
ously warming

Appendix

Supporting Information associated with this article is available on-
line at http://www.aprh.pt/rgci/pdf/rgci-577_Salgueiro_Supporting-
Information.pdf
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