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ABSTRACT

Pumped-storage systems are expected to be used more in the future to provide an en-
ergy balancing system from renewable sources. In particular, Norway, due to its high
availability of reservoirs and traditional hydropower plants already in operation, aims to
provide this service to the European countries. However, the upgrade of traditional hy-
dropower plants into pumped-storage hydropower plants could impact the thermal equi-
librium of the two reservoirs connected.

In this study are detected the effects on the water temperature due to the upgrade
of the Rosskrepp power plant, which connects Rosskreppfjorden, the upper reservoir, to
Øyarvatn, the lower reservoir. In order to assess the impacts due to the adding of the
pump, four scenarios were simulated with CE-QUAL-W2, a two-dimensional laterally
averaged hydrodynamic model.

The four scenarios, two with conventional hydropower plants and two with pumped-
storage, are obtained from an optimal price-based scheduling model in reference to two
selected price years. The latter differ in the range of variation of the energy price, one
more variable and the other more constant. As a consequence, two different amounts of
water volumes are pumped in the Rosskrepp power plant.

The greater the amount of water pumped, the more severe the effects on the two reser-
voirs compared to a conventional hydroelectric power plant. In particular, the area closest
to the inlet/outlet results to be the most affected. There the stratification is intended to
become more unstable, worsening especially in the upper reservoir, Rosskreppfjorden.
The lower reservoir, Øyarvatn, which is already affected by the operation of conventional
hydropower plant, reports an increase in the frequency of water level fluctuations.

With a high energy price, as during winter period, the pumping mode does not operate.
Therefore, ice cover is not further altered. However, the turbined water alone has a strong
impact in the lower reservoir, in the area closest to the outlet, the ice formation does not
occur every year.

In summary, with the implementation of the pumped-storage system, the thermal strat-
ification is expected to weaken closer to the intake/outlet and water levels are expected to
be more variable.
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1 INTRODUCTION

Norway, with its large number of lakes and power plants, has the potential to increase
energy storage for Europe. The production of energy from renewable sources has in-
creased in the last years in European countries and at the same time also the necessity to
implement the storage capacity. However, renewable energies, due to their discontinuous
and hardly controllable production, need storage in order to be exploited.

To resolve this increasing demand, an interesting choice could be to convert conven-
tional hydroelectric power plant into pumped-storage system. The latter stores energy as
potential energy pumping water from a lower to an upper reservoir. In fact, when energy
demand is low, and therefore also the prices, this system operates as pump bringing water
from down reservoir to the upper one. In the opposite situation, when energy demand is
high and therefore also the prices, this system operates as turbine generating energy.

Although this system has an evident benefit from an energy point of view, simulating
its hydrodynamics becomes relevant to detect the effects of these kind of systems on the
environment. As a result of the implementation of the pump to a conventional hydropower
plant, the water flow will no longer be directed only downstream. Consequently, water
from two reservoirs, with different properties in terms of temperature but also biological
and chemical constituents, is continuously mixed affecting both of them.

The study case examined in this study is located in Norway, where the relevance of
ice needs particular attention considering that a pumped-storage system will increase the
water level fluctuations in the two reservoirs. This phenomenon can adversely affect the
ice stability and consequently its duration and extension. For these reasons, it is necessary
to detect carefully the impacts due to this system because lots of features can concur to
its outcomes.

First, the bathymetry of the lake, especially in the proximity of the intake/outlet, is im-
portant. In fact, a long and narrow shape of the lake can enhance mixing and so negatively
affecting the stratification (Bermudez et al., 2018). In addition, the area closest to the sys-
tem is the most mixed considering that hydroelectric operations generate 25 times more
turbulent kinetic energy (TKE) than the natural TKE from wind (Müller et al., 2018).

Not only the lake’s characteristics but also technical choices can play a role on hydro-
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Chapter 1. Introduction

dynamic conditions. Kobler et al. (2018) find out that if the withdrawal depth is located
in the hypolimnion the impact on thermal distribution is minor.

Finally, weather conditions are fundamental in driving fluxes across lake-atmosphere
surface boundary and in determining lake dynamics, its stratification and ice-cover. The
latter in Norwegian lakes is a crucial component to consider. Its formation is strictly con-
nected to the amount of negative degree days to which the lake is exposed and this quantity
increases with the depth (Franssen and Scherrer, 2008). In fact, deep-water temperature
and oxygen content are relevant in determine the ice season (Leppäranta, 2014). Further-
more, the presence of wind postpones the freeze-up date (Toffolon et al., 2021). Once the
ice is present, it modify heat exchange, momentum and material between atmosphere and
lake (Leppäranta, 1993). Moreover, snowfall can affect ice-cover increasing it thanks to
ice-snow formation, but also limiting it due to its insulator capacity; the intensity of the
phenomenon is related to the rate of snowfall (Leppäranta, 1993).

This thesis is focused on modeling the hydrodynamics of two Norwegian reservoirs
connected by a pumped-storage system, Rosskreppfjorden and Oyarvatn, in order to quan-
tify its impacts on thermal distribution and ice cover. The model used to achieve this
purpose is CE-QUAL-W2, a two-dimensional water quality and hydrodynamic model
averaged along the transverse direction.

This work is a small part of a big project under development, called HydroConnect -

Impacts of connecting Norwegian hydropower to continental Europe and UK, carried out
by SINTEF Energi. This project involves a multidisciplinary research whose goal is to
investigate the economical, technical and environmental aspects to better understand how
Norwegian hydropower can provide large-scale balancing services to Europe. In more
detail, the project analyses the effects on CO2 emissions, power prices and environmental
conditions. Regarding the latter theme, the University of Trento is involved in the project
to support the quantification of the impacts of future hydropower operations on the envi-
ronment, and this thesis provides an initial analysis on reservoirs thermal alteration.
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2 STUDY CASE

2.1 Sira-Kvina system

The study case refers to only a first small part of a bigger system of lakes connected,
called Sira-Kvina, used for hydropower production, Figure 2.1.1.

Roskrepp is the smallest power plant in the Sira-Kvina power company (Sira-Kvina,
2022) with a drop height of 83 meters and a Francis turbine with a rated capacity of 50
MW. The production occurs mainly in the winter period when the power price is high.
The reservoir is then filled by snow melting and precipitation throughout the summer and
autumn.

The water that starts in the Roskreppfjorden must go through five power stations be-
fore it flows into the sea at Åna-Sira with a total hydraulic head of 900 metres.

Figure 2.1.1: Sira-Kvina hydropower system and reservoir - SINTEF
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Chapter 2. Study case

2.2 Rosskreppfjorden and Øyarvatn reservoirs

The two lakes analysed, Rosskreppfjorden and Øyarvatn, are located in the southern
part of Norway. Both of the lakes are situated in Sirdal and Valle municipalities in Agder
county, Norway.

(a) (b)

Figure 2.2.1: Position of Rosskreppfjorden and Øyarvatn

They have a narrow and long shape with irregular shores and small islands in the
middle. Rosskreppfjorden, the upper reservoir, is the biggest one with a water volume
around six times the lower reservoir, Øyarvatn. The latter is smaller but deeper, it is 60
meters deep, while the upper reservoir is about 35 meters deep.

In Table 2.1 are summarized the main dimensions and regulating level and production
for the lakes. In fact, both reservoirs currently are used for hydropower production with
a conventional hydroelectric power plant. Regarding the degree of regulation of the two
reservoirs, the NVE (Norwegian Water Resources and Energy Directorate) defines the
permitted water level that must be in a range between the lowest regulated water level
(LRV) and the highest regulated water level (HRV).

5



Chapter 2. Study case

Parameter Rosskreppfjorden Øyarvatn

Length 11 km 7 km

Width 3 km 1.5 km

Bottom elevation 876.29 m a.s.l. 766.92 m a.s.l.

Area 29.82 km2 8.02 km2

Catchment area 271.49 km2 401.21 km2

Regulation volume capacity 684 Mm3 104 Mm3

LRV 890 m a.s.l. 820 m a.s.l.

HRV 929 m a.s.l. 837 m a.s.l.

Energy capacity 137 GWh 30 GWh

Table 2.1: Roskreppfjorden and Øyarvatn characteristics [Sira-Kvina (2022)]

In the area analysed, the hydrographic network is extensively developed. There are
plenty of tributaries distributed all around the perimeter of the lakes that convey their
flows into them.

Figure 2.2.2: Hydrographic network [NEVINA (2022)]
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Chapter 2. Study case

The outlets are regulated with dams, a zoom in that area is more visible in Figure 2.2.3.

(a) (b)

Figure 2.2.3: Zoom on the dams, highlighted in pink, located at the outlet of
Rosskreppfjorden (a) and Øyarvatn (b) [NEVINA (2022)]

(a) (b)

Figure 2.2.4: Rosskreppfjorden dam
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3 MORPHOLOGICAL,
HYDROLOGICAL AND

METEOROLOGICAL

CHARACTERISATION

Before starting work at the modelling process, a data collection and analysis was
performed. In particular, it was necessary to acquire information on both morphological
and meteorological aspects of the site of interest in order to reconstruct the bathymetry
of the two reservoirs and the meteorological forcings acting on them. In addition, natural
inflows and outflows for each reservoir and their temperature are also essential boundary
condition to know.

Different data from different sources were considered and compered in order to choose
the best option among the possible ones.

Although the data reconstruction aims to be as realistic as possible, it is important
here to point out that the uncertainties and the absence of data may affect the correctness
of the results obtained. Only by increasing the measurements available can the accuracy
of the outcome be improved.

3.1 Bathymetry

In order to reconstruct the bathymetry a DEM (Digital Elevation Model) was built
starting from all data available. These data refers to:

• water level obtained from satellite pictures;

• DEM 1 meter resolution for the shore (Kartverkets, 2022);

• ADCP (Acoustic Doppler Current Profiler) measurements taken in the two lakes,
Figure 3.1.1.
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Chapter 3. Morphological, hydrological and meteorological characterisation

(a) (b)

Figure 3.1.1: ADCP measurements in Rosskreppfjorden (a) and Øyarvatn (b)

Regarding Rosskreppfjorden, more elaboration was required due to the lack of ADCP
data in the upper part of the lake. In fact, an historical map from year 1958 (Figure 3.1.2)
was used to extract contours for the internal part of the actual lake which was at that time
dry. Also, the talweg has been extrapolated from the same map and the elevation assigned
has been interpolated between known external points.

(a) (b)

Figure 3.1.2: Orthophoto of Rosskreppfjorden (NiB, 2022) (a) in year 1958 and its
contour lines overlapping the actual situation (Kartverkets, 2022) (b)

Once all data available was converted in points, an interpolation using GQIS 3.22.6

was done to obtain the DEM. In order to choose the best interpolation method a statis-
tical analysis was made, selecting randomly 10 % of all the points available and using
them as test points, as reported in some articles (Meng et al., 2013; Erdede and Bektas,
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Chapter 3. Morphological, hydrological and meteorological characterisation

2020). In fact, the comparison among the methods was done comparing the elevation of
those known points with the elevation obtained at the same location with the different
interpolation methods.

The interpolation methods were selected so that it is possible to achieve a quick
method calibration which does not require many input parameters. In particular, in this
case the interpolation method used are:

• TIN: Triangular interpolation

• IDW: Inverse Distance Weighting

• B-spline interpolation

• RST: spline interpolation

For each of them maximum (Max), minimum (Min) and mean values (Mean) and
standard deviation (SD) computed at the test points position were compared with their
real values. In addition, also the root mean square error (RMSE), the maximum differ-
ence between predict and actual value (∆max) and the mean absolute error (MAE) were
analysed.

The same procedure is applied for both the lakes.

3.1.1 Rosskreppfjorden

(a) (b) (c) (d)

Figure 3.1.3: Comparison among different interpolation methods for Rosskreppfjorden:
TIN (a), IDW (b), Bspline (c) and RST (d)

The amount of test points among which the statistic is done is 20’899, corresponding
to the 10 % of the total points available.
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Interpolation method Max Min Mean SD RMSE ∆max MAE

TIN 930.00 877.08 918.79 7.631 3.763 26.43 2.284

IDW 930.00 877.03 917.28 7.159 2.547 32.93 1.460

Bspline 931.82 876.79 917.32 7.253 2.375 27.52 1.466

RST 935.40 874.36 917.11 7.486 2.625 29.74 1.460

Test points 930.00 877.04 917.28 7.633

Table 3.1: Comparison between different interpolation methods for the DEM of
Rosskreppfjorden using 20’899 randomly sampled points. The best result for each

statistic is highlighted in light blue. All the values are expressed in meters

Referring to the statistical results obtained, Table 3.1, TIN interpolation reproduces
data distribution well but with the highest errors, both RMSE and MAE. IDW keeps the
maximum, minimum and mean value, but it records the highest value difference between
points. Finally both Bspline and spline interpolation give maximum and minimum eleva-
tion out of the range of the real test points but maintaining low errors.

The considerations made are not sufficient to identify the best method. Moreover,
due to the irregular spatial pattern distribution of the points and the test points proximity,
different cross sections, especially far from measurements, were compered.

(a) (b) (c)

(d) (e) (f)

Figure 3.1.4: Cross sections selected in Rosskreppfjorden

As a result of this analysis, RST interpolation has been used to obtain the DEM from
which the bathymetry has been extrapolated.

3.1.2 Øyarvatn

The same analysis done for Rosskreppfjorden has been made for Øyarvatn, in this
case the statistic refers to 8’086 test points.
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(a) (b) (c) (d)

Figure 3.1.5: Comparison among different interpolation methods for Øyarvatn: TIN (a),
IDW (b), Bspline (c) and RST (d)

Interpolation method Max Min Mean SD RMSE ∆max MAE

TIN 840.00 787.91 833.24 4.960 1.527 12.01 1.078

IDW 840.00 787.50 832.54 4.707 1.126 10.84 0.782

Bspline 840.00 787.91 833.24 4.960 1.527 12.01 1.078

RST 840.21 787.88 832.28 4.707 1.325 10.21 0.973

Test points 840.00 787.39 832.55 4.843

Table 3.2: Comparison among different interpolation methods for the DEM of Øyarvatn
using 8’086 randomly sampled points

For Øyarvatn, where the data were distributed more omogeneously, IDW seems to be
the best method. However, also in this case a visual comparison at selected cross sections
was made to check the interpolation efficiency especially far from the measurements.

(a) (b) (c)

(d) (e) (f)

Figure 3.1.6: Cross sections selected in Øyarvatn

In the end, based on the results obtained, and mainly on visual considerations, the
RST method has been used to create the DEM for both the lakes.
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Chapter 3. Morphological, hydrological and meteorological characterisation

3.2 Weather data

The meteorological information were collected by two different sources: OpenWeather
and MET Nordic dataset. Both of them process different data sources in order to recon-
struct spacial distribution of them. Therefore, they provide the requested data by giving as
input a specific point. In order to choose the best weather data set, a comparison was con-
ducted with the nearest meteorological stations with similar altitude: Blåsjo and Sirdal.
All the data analysed refer to the period January 2014 - August 2022 with an hourly
timestep and for the location corresponding to source considered, shown in Figure 3.2.1.

Figure 3.2.1: Location of weather data
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Chapter 3. Morphological, hydrological and meteorological characterisation

3.2.1 OpenWeather

OpenWeather (OpenWeather, 2022) is an online service that provides weather data
globally from different sources: national meteorological agencies, weather stations, weather
satellites and others. The data resolution is 500 meters and the data available regard: air
temperature, dew point temperature, relative humidity, air pressure, cloud cover, wind
speed and direction and precipitation both rainfall and snowfall. For each parameter max-
imum, mean and minimum daily value and the duration curve for both reservoirs are
analysed.

(a) (b)

(c) (d)
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(e) (f)

(g) (h)

(i) (j)
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(k) (l)

(m) (n)

(o) (p)
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Chapter 3. Morphological, hydrological and meteorological characterisation

(q) (r)

Figure 3.2.2: OpenWeather meteorological data for both Rosskreppfjorden and
Øyarvatn. For each parameter maximum, mean and minimum value and hourly duration

curve are shown. The wind rose legend refers to the one used by Norsk
Klimaservicecenter (Klima, 2022)

Both reservoirs show a similar trend in all the parameters. Rosskreppfjorden, the
upper reservoir, records lower temperature and an higher rate of snowfall.

3.2.2 MET Nordic dataset

The second source considered is MET Norway (MET, 2022). In particular, the MET
Nordic dataset, which is a post-processed product with 1 km resolution. The data available
regard: air temperature and pressure, relative humidity, wind speed and direction, cloud
cover, downwelling shortwave and precipitation.

(a) (b)
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(c) (d)

(e) (f)

(g) (h)

18



Chapter 3. Morphological, hydrological and meteorological characterisation

(i) (j)

(k) (l)

(m) (n)

Figure 3.2.3: MET meteorological data for both Rosskreppfjorden and Øyarvatn. The
wind rose legend refers to the one used by Norsk Klimaservicecenter (Klima, 2022)
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In this data set, the difference between the two lakes is not noticeable. Moreover, the
data acquired report a limited temperature range, approximately between -12 °C and + 12
°C, and a high wind speed in all the directions.

In addition, MET nordic dataset provides data on shortwave solar radiation. However,
there is an error in the last year reported, 2022, in fact, in that year the intensity is higher
than expected (Figure 3.2.4). Moreover, during winter period, between November and
February, radiation is zero. This result is not consistent with the latitude of the lakes
analysed therefore this parameter is not considered.

Figure 3.2.4: Downwelling shortwave solar radiation

3.2.3 Meteorological data comparison

The data from the two sources considered report different values. Therefore, in order
to choose the best data set a comparison with two meteorological station is performed. It
is important to note that all data refer to a defined point and is not known how they are
computed and how is the spatial data distribution.

Meteorological stations

The two meteorological stations are: Blåsjo and Sirdal. The first is 1105 m a.s.l. and
located about 30 km northwest the two lakes considered. This station is close to lake
of the same name, the largest artificial lake in Norway with similar characteristics to the
reservoirs considered. The second, Sirdal is 560 m a.s.l. and about 20 km southwest of
the case study.

Data comparison

Hourly and daily duration curves of the data provided by the two stations are compared
with those obtained from MET Nordic dataset and OpenWeather. The data analysed refer
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Chapter 3. Morphological, hydrological and meteorological characterisation

to: air temperature, air pressure, relative humidity, wind speed. In addition, the wind rose
of the two stations is reported.

(a) (b)

(c) (d)

(e) (f)
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(g) (h)

(i) (j)

Figure 3.2.5: Hourly and daily duration curves for meteorological data comparison for
both Rosskreppfjorden and Øyarvatn. The wind rose legend refers to the one used by

Norsk Klimaservicecenter (Klima, 2022)

Air temperature provided by OpenWeather is consistent according to the elevation of
the stations and the lakes considered. Instead, MET data have a different distribution with
a smaller range of values. Air pressure from the two sources analysed are similar but
they do not follow a trend with elevation considering the two stations. Also the relative
humidity from both MET and OpenWather are similar and more in accordance to Sirdal
than Blåsjo. Moreover, wind speed is very different in the two data set. The wind speed
provided by OpenWeather is similar to Sirdal station as its main direction north-south.
MET Nordic dataset records the strongest wind speed distributed in all the directions
(Figure 3.2.3 (m) (n)).

MET Nordic data set reports an unrealistic air temperature range for the area consid-
ered and a strong wind speed distributed on all the directions, very different from that
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measured at the meteorological stations. In addition, the radiation is inconsistent. There-
fore, this dataset shows issues, probably related to the downloading process.

Consequently, considering the results obtained in this analysis and the uncertainties
related to the MET data set, the meteorological data considered refer to OpenWeather.

3.3 Natural inflow and outflow

As already observed in Figure 2.2.2, natural inflows are distributed all along the
shore and there are no data available on them.

In order to deal with this issue they were back calculated performing a water balance
on each of the two reservoirs. In addition to the natural components, there are those due
to the operation of the hydropower plant. Therefore, regarding the discharges involved,
the data for the spill and the discharge used for actual production were provided from the
power plant with an hourly resolution as the water level in the two lakes.

First, the discharge, dQ, resulting from a variation in the water level was computed as
follow:

dQ =
A · dwl

dt
(3.3.1)

where A is the area associated to a specific water level, wl, and dt is equal to 3600 s

considering the hourly resolution of the data.
Secondly, the water balance is performed:

dQ = inflow − outflow (3.3.2)

This balance is slightly different for the two lakes:

• Rosskreppfjorden: inflow = dQ+Qturb +QR,spill

• Øyarvatn: inflow = dQ+QO,spill +Qdmv +Qkvinen −Qturb

in which the discharges involved are:

• Qturb is the discharge used for production, that flows through the tunnel from
Rosskreppfjorden to Øyarvatn;

• QR,spill is the spillage from Rosskreppfjorden;
• QO,spill is the spillage from Øyarvatn;
• Qdmv is the environmental flow;
• Qkvinen is the discharge used for production in the second power plant of the Sira-

Kvina system, Kvinen powerplant, that connects Øyarvatn to Nesjen.
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Note that the inflow obtained can be positive or negative, in the first case they were
considered as natural inflow, in the opposite case as natural outflow.

In addition, in the model used, CE-QUA-W2, is specified only one outlet for each
lake, consequently, natural outflows include also the spill and environmental flow when
present. Moreover, it is important to specify that precipitation is already included in the
balance, therefore it is not added separately in the model.

3.3.1 Inflow temperature

The temperature of the inflows is a required information by the model used. As already
discussed, the inflows used do not refer to a specific tributary but include all the "natural"
incomes feeding to each of the lake. Consequently, it is impossible to obtain a detail
characterisation of the inflow.

However, regarding water temperature there are measurements available in Gjuvatn, a
lake upstream of Rosskreppfjorden (Figure 3.3.1).

Figure 3.3.1: Location of Gjuvatn - NVE
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These data of water temperature measured in Gjuvatn refer to the period from 23
October 2018 until 29 July 2022.

Figure 3.3.2: Water temperature in Lake Gjuvatn, period: 23/10/2018 - 29/07/2022

However, in order to simulate a more extended period, a longer time series is required.
Without any other direct measurement, it is necessary to correlate the water temperature to
others data. In particular, first water temperature was obtained computing the equilibrium
temperature and then using the model air2water.

Equilibrium temperature

The equilibrium temperature is the temperature at which the net heat flux at the lake
surface is zero. In shallow lakes the surface temperature is close to the equilibrium tem-
perature (Schmid and Read, 2022). In this case the assumption done is that the fictitious
river from which the natural inflows flow is shallow, and its temperature is equal to the
equilibrium temperature.

The latter is obtained performing a heat balance at the water surface. The procedure
used is the one proposed by Fink et al. (2014). The net heat flux, Hnet, is defined as:

Hnet = Hs +Ha +Hw +He +Hc (3.3.3)

in which:

• Hs is the shortwave absorption;
• Ha is the longwave absorption;
• Hw is the longwave emission;
• He is the evaporation/condensation flux;
• Hc is the convection.
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The balance is performed on a river, hence the heat flux caused by throughflow is
neglected.
- Shortwave absorption

In order to compute the heat components of the flux, it is necessary to know the global
radiation incident at the surface. In the absence of direct measurements, radiation is
calculated referring to the same formulation used in the model CE-QUAL-W2. This last
refers to the relationship proposed by the United States Environmental Protection Agency

(EPA, 1971). The amount of reflected radiation depends on the portion of direct and
diffusive shortwave radiation, hence:

Hs = G ·Fdir · (1− Adir) +G ·Fdiff · (1− Adiff ) (3.3.4)

in which:

• G is the global radiation incident at the lake surface;
• Fdir = (1 − C) · [(1 − C) + 0.5C]−1 is the fraction of direct radiation and C the

cloudiness (0 clear sky - 1 complete cover);
• Adir is the albedo of direct shortwave radiation, the value considered is a monthly

mean value for 60 latitude reported in Table 5 by Cogley (1979);
• Fdiff (0.5C) · [(1− C) + 0.5C]−1 is the portion of diffusive shortwave;
• Adiff = 0.066 (Burt, 1954) is the albedo of the diffusive shortwave.

- Longwave absorption

This component represents the longwave radiation absorbed by the water body and is
computed as:

Ha = (1− AL) ·Ea ·σ ·T 4
a (3.3.5)

in which:

• AL = 0.03 (Raphael, 1962) is the albedo for the infrared radiation;
• σ = 5.67 · 10−8 W/(m2K4) is the Stefan-Boltzmann constant;
• Ta [K] is the atmosphere absolute temperature;
• Ea = (1 + 0.17C2) · 1.24 · (ea/Ta)1/7 is the emissivity, where C is the cloudiness

and ea [hPa] the water vapour pressure.

- Longwave emission

The longwave emission from the lake surface is calculated with the Stefan-Boltzmann
law:

Hw = Ew ·σ ·T 4
w (3.3.6)
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in which:

• Ew = 0.972 (Davies et al., 1971) is the lake surface emissivity;
• σ = 5.67 · 10−8 W/(m2K4) is the Stefan-Boltzmann constant;
• Tw [K] is the water absolute temperature.

- Evaporation and condensation

The difference between saturated (es) and not (ea) water vapor pressure drives this
heat transfer. In particular, when es < ea there is condensation.

He = −f · (es − ea) (3.3.7)

in which:

• f = 4.8+1.98 ·u10+0.28(Tw−Ta) (Livingstone and Imboden, 1989) is an empirical
function of wind speed, u10, water Tw and air Ta temperature;

• es = 6.11 · exp
(

17.62Tw

243.12+Tw

)
(WMO, 2008) is the saturated water vapor pressure.

- Convection

This component is related to the previous one and is computed as:

Hc = −γ · f · (Tw − Ta) (3.3.8)

in which γ = cp · p
0.622Lv

(Livingstone and Imboden, 1989) is the psychrometric constant,
where cp = 1005 [J/(kg ·K)], p [hPa] is the air pressure and Lv = 2.47 · 106 [J/kg] is
the latent heat of vaporization.

The last three components of the heat flux, Hw, He, Hc, are dependant on the water
temperature, Tw, therefore they are implicit equations. In order to find the equilibrium
temperature the zero of the Equation 3.3.3 is computed.

The heat balance is applied on both the reservoirs: Rosskreppfjorden and Øyarvatn.

(a) (b)
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(c) (d)

Figure 3.3.3: Heat fluxes acting on the water surface in Rosskreppfjorden (a) and
Øyarvatn (c) and the comparison between air temperature and the equilibrium

temperature obtained (b) (d)

In order to use this temperature as the water temperature for the inflows, all negative
values are set to 0.1. In Figure 3.3.4 are represented the results obtained. The range of
values is between 0 °C and 25 °C.

Figure 3.3.4: Inflow temperature as equilibrium temperature in Rosskreppfjorden and
Øyarvatn.

The equilibrium temperature is strongly dependant on meteorological forcing. In fact,
the difference between equilibrium temperature and air temperature increases decreas-
ing equilibrium temperature and wind velocity and increasing relative humidity (Schmid
et al., 2014).
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Air2water

Air2water is a model which relates the superficial water temperature to the air tem-
perature alone (Piccolroaz et al., 2013; Toffolon et al., 2014). Specifically, this model
is used to predict water temperature from year 2014 considering the water temperature
measured in Gjuvatn (23/10/2018-29/07/2022) to calibrate the model. Air temperature in
Rosskreppfjorden and in Øyarvatn are very similar (Figure 3.3.5), RMSE = 0.653 °C,
therefore, the analysis is not applied to the two lakes separately.

Figure 3.3.5: Comparison between air temperature in Rosskreppfjorden and Øyarvatn

The result obtained by the model shows a good correlation between measured and
simulated water temperature with a RMSE = 0.926 °C.

Figure 3.3.6: Result of the model air2water

3.3.2 Inflow temperature comparison

In order to select the best inflow temperature between the two methods considered,
the results obtained are compared first with air temperature (Figure 3.3.7) and then with
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the water temperature measured in Gjuvatn (Figure 3.3.8).

(a) (b)

Figure 3.3.7: Air temperature compared to water temperature computed with equilibrium
temperature (a) and the model air2water (b)

Figure 3.3.8: Comparison between water temperature measured and simulated

In Figure 3.3.8 is evident how water temperature from the model air2water is more
closely related to the water temprature of Gjuvatn than the equilibrium temperature which
is more distributed. In fact, with air2water, the RMSE is 0.92 °C while the equilibrium
temperature has a RMSE of 5.25 °C.

As a result, the water temperature used for the inflows is the one obtained by the model
air2water.
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4 SETUP OF THE CE-QUAL-W2
MODEL

CE-QUAL-W2 (Corps of Engineers QUALity Width averaged 2D) is a software de-
veloped by the U.S. Army Corps of Engineers and the Portland State University, in this
specific case the results obtained refers to the version 4.5 (Wells, 2021).

CE-QUAL-W2 is a two-dimensional hydrodynamic and water quality model averaged
along the transverse direction. For this reason, it is suitable to represent the case study
due to the fact that the two reservoirs are both deep and mainly developed longitudinally.
The current configuration, which refers to a standard (one-way) hydropower plant, where
water is released from Rosskreppfjorden and goes to Øyarvatn, was used to calibrate
the model. Once the model was calibrated, a pump, which allows to move water from
Øyarvatn to Rosskreppfjorden, is implemented in the model. In the model the penstock
is not simulated, hence the two lakes are directly linked. Consequently, the water volume
in it and the turbine/pump effects are neglected. However, frictional losses are negligible
considering that the hydraulic head is less than 100 meters.

4.1 Equations

Regarding the hydrodinamical component of the model, the equations solved are the
RANS (Reynolds Averaged Navier Stokes) equations. In particular, they are the continuity
and momentum equations along x and z directions obtained by a balance on the control
volume of the fluid phase. The latter is semplified to a vertical hydrostatic pressure distri-
bution, considering that vertical velocities are much less than horizontal velocities.

The governing equations (Equation 3.1.1) are obtained by making the following as-
sumptions:

• incompressible fluid;
• centripetal acceleration is a minor correction to gravity;
• Boussinesq approximation;
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• all velocities and pressure are the sum of turbolent time averages and deviations
from that average.


∂UB
∂x

+ ∂WB
∂z

= qB

∂UB
∂t

+ ∂UUB
∂x

+ ∂WUB
∂z

= gB sinα− B
ρ
∂P
∂x

+ 1
ρ
∂Bτxx
∂x

+ 1
ρ
∂Bτxz
∂x

1
ρ
∂P
∂z

= g cosα

(4.1.1)

where:

• U is the horizontal velocity;
• W is the vertical velocity;
• B the channel width;
• P the pressure;
• τxx the turbolent shear stress acting in x-direction on the x-face of contol volume;
• τxz the turbolent shear stress acting in x-direction on the z-face of contol volume;
• ρ the density.

Density is known trough the equation of state, which relates density as a function of
water temperature (Tw), concentration of total dissolved solids or salinity (ΦTDS) and the
concentration of inorganic suspended solids (ΦISS). As a consequence, the system has
three equations and three unknown: U, W, P.

Integrating the z-momentum from the depth z to the water surface, η, it is reduced to
a pressure equation. Then by combining it with the x-momentum equation, pressure is
removed from unknown terms but water surface level η is added.

As a result, the free water surface equation, which is derived from the integration of
the continuity equation on depth, is performed.

The governing equations can be rewritten as:



∂UB
∂x

+ ∂WB
∂z

= qB

∂UB
∂t

+ ∂UUB
∂x

+ ∂WUB
∂z

= gB sinα + g cosαB ∂η
∂x

− g cosαB
ρ

∫ z

η
∂ρ
∂x
dz + 1

ρ
∂Bτxx
∂x

+ 1
ρ
∂Bτxz
∂z

+ qBUx

1
ρ
∂P
∂z

= g cosα

ρ = f(Tw,ΦTDS,ΦSS)

Bη
∂η
∂t

= ∂
∂x

∫ h

η
UBdz −

∫ h

η
qBdz

(4.1.2)
In addition, it is necessary to specify the turbolent closure scheme for vertical shear

stress, τxz, defined as:
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τxz
ρ

= νt
∂U

∂z
= Az

∂U

∂z
(4.1.3)

where νt = Az [m
2/s] is the vertical eddy viscosity, U [m/s] the longitudinal velocity

and ρ [kg/m3] the water density. In order to compute the vertical eddy viscosity the
model allows to choose between different formulations: Nickuradse (NICK), parabolic
(PARAB), W2, W2 with mixing length of Nickuradse (W2N), renormalization group
(RNG), turbolent kinetic energy (TKE).

Instead the longitudinal shear stress, it is computed as:

τxx
ρ

= νt
∂U

∂x
= Ax

∂U

∂x
(4.1.4)

where νt = Ax is the longitudinal eddy viscosity, a constant defined in input.

4.1.1 Temperature modelling

Regarding temperature the reference equation is the ADE (Turbolent Advection-Diffusion

Equation) averaged along the transverse direction. The same equation is valid for both
constituents and temperature, in fact, concentration of heat can be written as ρcpT where
cp is the specific heat of water and T the temperature. The general formula is:

∂BΦ

∂t
+

∂UBΦ

∂x
+

∂WBΦ

∂z
− ∂

∂x

[
BDx

∂Φ

∂x

]
− ∂

∂z

[
BDz

∂Φ

∂z

]
= qΦB + SΦB (4.1.5)

where:

• Φ [g/m3] is the laterally averaged constituent concentration;
• Dx [m

2/s] longitudinal dispersion coefficient;
• Dz [m

2/s] vertical dispersion coefficient;
• qΦ [g/(m3s)] lateral inflow/outflow mass flow rate per unit volume;
• SΦ [g/(m3s)] laterally averaged source/sink term.

In particular, the source/sink term for temperature is ST = −∂Φ
∂z

where Φ is the heat
flux [W/m2] transmitted through the waterbody.

4.1.2 Surface heat exchange

The surface heat exchange is the flux boundary condition at the water surface. It is
computed as:

Φn = Φs − Φsr + Φa − Φar − Φbr − Φe − Φc (4.1.6)
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where:

• Φn [W/m2] is the net surface heat flux;
• Φs [W/m2] is the incoming short-wave solar radiation;
• Φsr [W/m2] is the reflected short-wave solar radiation;
• Φa [W/m2] is the incoming long-wave atmospheric radiation;
• Φar [W/m2] is the reflected atmospheric long-wave radiation;
• Φbr [W/m2] is the back long-wave radiation;
• Φe [W/m2] is the evaporative heat loss;
• Φc [W/m2] is the conductive heat loss.

Figure 4.1.1: Surface heat exchange [Wells (2021)]

4.1.3 Ice cover

The ice cover is a crucial component to be modelled, especially for the purpose of
the analysis in this thesis. It is relevant to note that ice cover is made by only one layer
of black ice, hence in the model snow-ice is not included. Therefore, its presence, which
affects the heat budget of the lake, is not taken into account. In particular, the heat balance
for the water-ice-air system can be written as:

ρiLf
∆Θ

∆t
= hai(Ti − Te)− hwi(Tw − Tm) (4.1.7)

in which:

• ρi [kg/m
3] is the ice density;

• Lf [J/kg] is the latent heat of fusion of ice;
• ∆Θ/∆ t[m/s] is the change in ice thickness (Θ) with time (t);
• hai [W/(m2 ◦C)] is the coefficient of ice-to-air heat exchange;
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• hwi [W/(m2 ◦C)] is the coefficient of water-to-ice heat exchange through the melt
layer;

• Ti [
◦C] is the ice temperature;

• Te [
◦C] is the equilibrium temperature of ice-to-air heat exchange;

• Tw [◦C] is the water temperature below ice;
• Tm = 0 ◦C is the melt temperature.

Initially, ice forms when surface water temperature is lower than the freezing point.
At that point, negative water surface temperature is converted to ice thickness as:

Θ0 =
−Tw · ρw · cP,w ·h

ρi ·Lf

(4.1.8)

in which:

• Tw [°C] is the temporary negative water temperature;
• ρw [kg/m3] is the density of water;
• cP,w [J/(kg ◦C)] is the coefficient of ice-to-air heat exchange;
• h [m] is layer thickness;
• Lf [J/kg] is the latent heat of fusion.

Consequently, an equivalent heat flux is added to the heat source and sink term for
water.

Heat components and thermal gradient in the ice are all a function of the ice surface
temperature, Ts. During active thawing season, the latter is constant at 0 °C and in the
other periods it is computed using the upper air-ice flux boundary condition. Therefore,
the approximate value for the ice surface temperature is obtained by linearizing the ice
thickness across timestep:

T n
s ≈ Θn−1

Ki

[Hn
sw +Hn

lw −Hbr(T
n
s )−He(T

n
s )−Hc(T

n
s )] (4.1.9)

in which:

• Ki[W/(m · °C] is the thermal conductivity of ice;
• Hsw [W/m2] is the short wave;
• Hlw [W/m2] is the long wave;
• Hbr [W/m2] is back radiation flux;
• He [W/m2] is the evaporative flux;
• Hc [W/m2] is the conductive flux;

The heat balance is:
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ρi ·Lf ·
dΘ

dt
= Hsw,2 +Hlw −Hbr −He −Hc + qi (4.1.10)

where qi, the heat through ice [W/m2] is defined as:

qi = Ki
(Tf − Ts(t))

Θ(t)
(4.1.11)

The ice melting occurs only when Ts > Tf , its formulation reported in the manual
considers the stored energy for melting:

ρi · cP,i ·
TS

2
·Θ(t) = ρi ·Lf ·∆Θ (4.1.12)

in which cP,i [J/(kg · °C] is the specific heat of ice and ∆Θ is the amount of ice melted
at the air-ice interface.

However, the ice-cover duration in spring is considerably underestimated. In fact, as
already notice in previous articles, the model tends to overestimate the heating in spring
and underestimate it in summer especially in the surface layer (Bonalumi et al., 2012).
In addition, the snow pack is omitted, hence its effect on reduction of heat conduction
through ice is missing (Sadeghian et al., 2015). Sadeghian et al. (2015), to overcome this
problem, adjust the ice algorithm with two empirical coefficients to reduce heat conduc-
tion.

Kobler and Martin (2019) suggest in the Supported material that the issue of the fast
melting is due to the incorrect representation of the short-wave radiation transfer through
ice cover. In agreement with the solution proposed by these latter, it is implemented in
the source code.

4.1.4 Ice melting formula variation

Ice melting starts operating when ice temperature computed is higher than zero. When
it happens, the new formulation substitute the original. In the solution proposed, an addi-
tional flux, that refers to the short-wave radiation transfer through ice cover, is computed:

Hsw,2 =
sw

refl
· shade · (1− albedo) · (1− (1− βi) · e−γi ·hice) (4.1.13)

in which:

• sw [W/m2] is the net short-wave solar radiation;
• refl [−] the reflectance (= 0.94);
• shade [−] is the shading coefficient;
• albedo [−] is is the ice albedo;
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• βi [−] is the fraction of incoming solar radiation absorbed in the ice surface;
• γi [1/m] is the ice extinction coefficient,
• hice [m] is the ice thickness;

When Tice > 0 melting starts. First, ice temperature is set equal to zero, Tice = 0, and
then the heat balance is performed:

ρi ·Lf ·
dΘ

dt
= Hsw,2 +Hlw −Hbr −He −Hc (4.1.14)

from which:

dΘ = − dt

ρi ·Lf

· (Hsw,2 +Hlw −Hbr −He −Hc) (4.1.15)

Note that he negative sign is due to the fact that the ice thickness is reduced.
The improvement obtained is significant. In Figure 4.1.2 are reported an example for

each lake analysed, where the only difference between the two simulated temperatures is
in the executable file used. The melting period is underestimated by more than a month
using the original formula.

(a) (b)

Figure 4.1.2: Water temperature obtained from the original and modified formula at a
depth of 0.5 m in Rosskreppfjorden (a) and Øyarvatn (b). In black are reported the

measured temperatures from sensors

4.2 Input data

CE-QUAL-W2 requires bathymetry data, meteorological data, and initial and bound-
ary conditions as input.
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4.2.1 Bathymetry

CE-QUAL-W2 needs geometric data to operate. Specifically, the model refers to a
two-dimensional bathymetry. In fact, it discretises the reservoirs into a grid of longitu-
dinal segments and vertical layers with for each cell an assigned cross-sectional width
determined by the bathymetry. Therefore, starting from the DEM created (Chapter 3.1),
the bathymetry has been extracted using the plugin CE-QUAL-W2_Bathymetry available
on QGIS.

Rosskreppfiorden bathymetry consists of 33 segments, of which, excluding the bound-
ary cells, there are 31 active segments. They have variable lengths, in the range 25-
800 meters, in order to have a high resolution only in the area closest to the outlet,
Figure 4.2.1.

Instead, the bathymetry of Øyarvatn comprises 43 segments, including a lateral branch.
In this case, there are 4 boundary cells, 2 for each branch, hence there are 39 active seg-
ments, 29 for the main branch and 10 for the lateral branch. As for the other reservoir, the
segments length is not constant but varies between 20 and 800 meters, with the highest
resolution close to the inlet, Figure 4.2.2.

It should be noted that the numbering of segments begins at Rosskreppfjorden and
continues to Øyarvatn, first to the main branch and then to the lateral one. Consequently,
the active segments numbering is from 2 to 32 for Rosskreppfjorden, from 35 to 63 for
Øyarvatn and from 66 to 75 for its lateral branch.

Both reservoirs have 91 layers 1 meter deep, including the two boundary cells.

(a) (b)

Figure 4.2.1: Segments selected (a) and its referring 2D bathymetry (b) for Rosskrepp
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(a) (b)

(c) (d)

Figure 4.2.2: Segments selected (a) (c) and its referring 2D bathymetry (b) (d) for
Øyarvatn

In addition to the computational grid, the bathymetry input file contains information
related to the orientation of the segments respect to north direction, the bottom friction
factor and the initial water level.

4.2.2 Meteorological data

The weather data required to the model are: air temperature, dew point temperature,
wind speed and direction, cloud cover and shortwave solar radiation. All the data selected
refer to those provided by OpenWeather. The only missing component, solar radiation,
is computed from cloud cover and the theoretical formulation proposed by the United

States Environmental Protection Agency (EPA, 1971).
Two additional file must be created. The first is a file containing the amount of shade

on each bathymetry segment. The second is a file which defines the wind sheltering
coefficient at each segment and for all timestep.

4.2.3 Initial conditions

The initial conditions specified regard water level, defined in the bathymetry file, the
initial ice thickness and the initial temperature vertical profile. The latter can be defined
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as constant or, alternatively, a different temperature value can be assigned to each layer.

4.2.4 Boundary conditions

In each branch simulated an upstream and downstream boundary condition must be
defined. In particular, in this case a discharge is considered both for upstream and down-
stream boundaries. In the lateral branch of Øyarvatn the downstram boundary condition
is the connection with the main branch, located at the segment 51.

4.3 Simulation setup

The simulation involves a connection between Rosskreppfjorden and Øyarvatn which
allows to simulate the pumped and turbined discharges. In the model this connection
is direct, therefore the conduct is not modelled. In addition, there are others external
contributions to the water balance. In fact, there are the spillages and the natural inflows
and outflows in both Rosskreppfjorden and Øyarvatn. In addition, an environmental flow
must be ensured in Øyarvatn. This last is equal to 0.5 m3/s in the period 15 June - 15
September and equal to 0.2 m3/s in the period 16 September - 15 October.

Natural inflows enter in the first active segment of each lake. Instead, natural outflows,
spillages and environmental flows exit the domain in the last active segment. The tunnel
connecting the lakes is implemented in the model considering two gates. The first gate has
a flow from Rosskreppfjorden to Øyarvatn, in order to simulate the turbined discharge,
and the second one a flow in the opposite direction, to simulate the pumped discharge.
Moreover, Øyarvatn is connected downstream to the Kvinen powerplant. In order to take
into account this outlet, a withdrawal is included in the model. Finally, the lateral branch
of Øyarvatn is added to the main branch at segment 51.

In Figure 4.3.1 and Figure 4.3.2 is illustrated the location in the bathymetry grid of
each component implemented in the model.

Moreover, as already mentioned, precipitation is not added separately but it is included
in the natural inflows. Regarding evapotranspiration, it is computed by the model.
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Figure 4.3.1: Rosskreppfjorden scheme

(a)

(b)

Figure 4.3.2: Øyarvatn scheme
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4.4 Model calibration

The model calibration has been done referring to the current situation. In particular,
it considers only the discharge turbined from Rosskreppfjorden to Øyarvatn and nothing
pumped. The period considered starts on 9th of September 2021, when the first fieldwork
took place, and until 27th of July 2022.

(a) Buoy (b) Temperature sensor

(c) Camera (d) CTD

Figure 4.4.1: Instruments used to acquire data: buoy (a) with temperature sensors (b),
camera (C) and CTD (d)

In order to check the validity of the results are available vertical temperature profiles
for the period starting from 8th − 9th September 2021 until 11th July 2022.

The data are acquired from temperature sensors placed at different depths along a rope
tied to an anchor at the bottom and a buoy at the top. In particular, three buoys are placed
in the two lakes, two in Øyarvatn and one in Rosskreppfjorden (Figure 4.4.2). The
buoy in Øyarvatn closer to the outlet of the Rosskrepp power plant is named "Øyarvatn
shallow" while the other one, in the southern part of the lake is nemed "Øyarvatn deep".
It is important to note that all of them move. Moreover, during winter period Øyarvatn
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shallow lost its anchor. In addition, the bouy in Rosskreppfjorden lost a weight placed
along the rope added in order to keep the rope as vertical as possible. In addition, to
compare the ice cover duration and extension two cameras are located in Øyarvatn, the
first close to the outlet of the turbine and the second one in the center of the lake. A
third camera is located in Rosskreppfjorden, however, it became useless after a storm
and so it could not be used, some satellite pictures were taken into account to have some
comparison.

A second fieldwork took place on the 11th of July 2022 and some CTD (Conductivity,

Temperature, and Depth) profiles were acquired on that occasion.

Figure 4.4.2: Map of the cameras and buoy initial and final location for the period
analysed
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4.4.1 Model inputs during the calibration period

The calibration period refers to the time interval 09/09/2021 14:00:00 - 27/07/2022
00:00:00. During this period water level reached low elevation in May, Figure 4.4.3, and
its effect is noticeable in the natural inflows and outflows computed, Figure 4.4.5 and
Figure 4.4.7.

(a) (b)

Figure 4.4.3: Water level in Rosskreppfjorden (a) and Øyarvatn (b) during calibration
period

All the discharges involved are reported below. In particular, in the model natural out-
flows include spillage and environmental flow, when present (Figure 4.4.4, Figure 4.4.6).

Figure 4.4.4: Natural outflow in Rosskreppfjorden
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Figure 4.4.5: Natural inflow/outflow in Rosskreppfjorden

Figure 4.4.6: Natural outflow in Øyarvatn
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Figure 4.4.7: Natural inflow/outflow in Øyarvatn

In addition to the "natural" component, the discharges used for actual production must
be included, Figure 4.4.8. In particular, the withdrawal inserted in the model refers to
the inlet of Kvinen power plant. Instead, in the two gates flows the discharge used for
energy production in Rosskrepp power plant.

Figure 4.4.8: Current power plant production

The weather conditions acting on the system are reported in Figure 4.4.9. The biggest
difference between Rosskreppfjorden (in red in the Figure) and Øyarvatn (in blue in Fig-
ure) time series is in the wind speed. The latter is lower in Øyarvatn especially in the fall
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and winter period.

Figure 4.4.9: Meteorological data during the calibration period (OpenWeather, 2022). In
red Rosskreppfjorden, in blu Øyarvatn

Regarding the initial water temperature vertical profile, it is acquired from CTD mea-
surements, considering the deepest point available. The reference initial water level is
910.7 m a.s.l. in Rosskreppfjorden and 835.38 m a.s.l. in Øyarvatn.

Figure 4.4.10: Water temperature vertical profile at time 09/09/2021 14:00:00
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4.4.2 Parameters

The calibration process was focused mainly on light penetration coefficients and ice
parameters. The most important are reported and explained below.

Ice albedo

Surface albedo has a key role on the lake heat budget. In fact, its decrease increases
the energy absorbed by the lake. During winter period, albedo has a large variability
related to the evolution of the ice cover, also ice thickness is significant during the initial
stages of ice growth (Perovich, 1996). In particular, the albedo of snow-covered ice can
reach 0.82-0.88 (snow dry), for melting snow 07-0.75, for bare, white ice 0.65, for ponds
0.3 and for deep, dark melt ponds 0.1 (Perovich et al., 2002).

The default value in the model is 0.25. According to what can be seen from the
camera, Figure 4.4.11, and the few data available, the ice cover consists of snow-ice in
the upper layer. Note that snow and snow-ice are not included in the model. However,
in the calibration, in order to better reproduce temperature data, a high value of albedo is
considered. In particular the value used in Rosskreppfjorden is 0.65 while in Øyarvatn is
0.55.

Figure 4.4.11: Winter landscape in Øyarvatn - Mid-lake camera

Coefficient of water-ice heat exchange

This coefficient determines the rate of heat exchange between water and ice and it is
expressed in W/(m2 °C). In a free convection its value is in the range 0.3 - 175 W/(m2

°C) and increases exponentially with temperature difference between surface and deeper
water (Chen et al., 2016). In condition of low velocity, LI et al. (2016) find out a linear
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correlation between ice-water heat transfer coefficient, hwi, and depth-averaged velocity,
uw: hwi = 4594.8 ·uw.

The default value is 10 W/(m2 °C), for rivers it is computed in the model as a function
of water velocity but for reservoirs it must be empirically adjusted. The value used is 40
W/(m2 °C). This value refers to an average-depth velocity of 0.0087 m/s considering the
empirical relationship. Although the velocity field has a wide variability, this value seems
realistic in representing the winter period.

Fraction of solar radiation absorbed in the ice surface

The absorbed radiation flux in the surface layer depends on the wavelength. Near
infrared light is mainly absorbed in the surface layer while a smaller amount in the visible
waveband equal to even only a fraction of 0.06 of the total energy (Light et al., 2008).
The default value is set equal to 0.6, the calibrated value is reduced to 0.2. By doing this
the 20 % of the incident radiation is absorbed in the ice surface.

Solar radiation extinction coefficient through ice

This coefficient determines the attenuation of light trough ice cover. Consequently,
it affects the amount of light available for under-ice heating and ecosystem (Castellani
et al., 2022).

The attenuation varies with different snow and ice types, it depends on the internal
structure and sky conditions. The extinction coefficient of bare ice is usually taken in the
range 1.1-1.6 1/m, and for snow the attenuation is higher 4.3-40 1/m (Perovich, 1996).
More recent studies find out that the extinction coefficient for bare ice is smaller and in
the range 0.65-0.95 1/m (Light et al., 2008).

The default value is 0.07 1/m and the selected one is set to 5 1/m in order to consider
indirectly the snow cover.

In order to show the impact of each parameter on the temperature profile, for both
Rosskreppfjorden and Øyarvatn, all the parameters explained above are set one at a time
to the default value and the result is compared to the reference solution (Figure 4.4.12).
The latter refers to the final selected values: βi = 0.2, γi = 5 1/m, hwi = 40 W/(m2

°C), ice albedo = 0.65 in Rosskreppfjorden and 0.45 in Øyarvatn.
The extinction coefficient and ice albedo result to be the factors that most influence

the ice duration and, to a minor extent, also the fraction of solar radiation absorbed in the
surface layer. As a consequence, the effect of a faster ice melting is reflected in higher
temperature during spring and summer period. A lower value of the coefficient of water-
ice heat exchange generate higher temperature in the water below ice cover.
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(a) (b)

Figure 4.4.12: Water temperature at a depth of 0.5 m in Rosskreppfjorden (a) and
Øyarvatn (b) obtained by varying ice parameters: fraction of solar radiation absorbed in
the ice surface, βi, the extinction coefficient through ice, γi, the coefficient of water-ice

heat exchange, hwi and the ice albedo

Extinction coefficient

As with ice, light is also attenuated in water. In particular, the net extinction coeffi-
cient, λ, is computed as:

λ = λH2O + λISS + λPOM + λa + λmacro + λzoo (4.4.1)

In which:

• λH2O is the extinction for pure water [1/m];
• λISS is the extinction due to inorganic suspended solids [1/m];
• λPOM is the extinction due to organic suspended solids [1/m];
• λa is the algae extinction coefficient [1/m];
• λmacro is the macrophyte extinction coefficient [1/m];
• λzoo is the zooplankton extinction coefficient [1/m].

All the components, except λH2O which is defined by the user, are obtained by mul-
tiplying the reference concentration by a parameter defined in input. In this specific case
constituents are not simulated. As a result, the only important parameter is the extinction
coefficient for pure water. The recommended value is 0.45 when only temperature, and
no constituents, is simulated.

As reported by the Sterkt Modifiserte VannForekomster (SMVF, 2022), both Rosskreppfjor-
den and Øyarvatn are defined as "very clear" with a concentration of total suspended solid
TSS < 10mg/L and total organic carbon TOC < 2mg/L. Consequently, the value se-
lected for both lakes is 0.2.

50



Chapter 4. Setup of the CE-QUAL-W2 model

During fieldworks a Secchi disk with a diameter of 9" (22.96 cm) was tested, Figure 4.4.13.
In both lakes the Secchi depth reached 7.5-8 meters. The Secchi depth, ZSD, and the ex-
tinction coefficient, kT , are related by the equation hT ·ZSD = 1.7 (Poole and Atkins,
1929). Armengol et al. (2003) find out that the constant coefficient was in the range 1.49
and 1.99 using a Secchi disk with diameter 30 cm.

Considering the extinction coefficient used, 0.2 1/m, and the Secchi depth measured,
the product obtained is between 1.5 and 1.6. Although the uncertainties related to the
correlation between the diameter used and the constant coefficient, the result obtained is
in accordance with the value used in the model.

Figure 4.4.13: Secchi disk

Fraction of incident solar radiation absorbed at the water surface

This coefficient represents the amount of solar radiation absorbed in the surface layer.
The default value is 0.45, therefore the 45 % of the incident radiation is absorbed in the
upper layer of the reservoir. In order to allow an higher amount of light penetration the
value selected is equal to 0.1 in both reservoirs.

4.4.3 Calibration result

Once all the parameters were defined, the final result of the calibration phase shows
good correlation between measured and simulated data, with a RMSE less than 1 °C
in Rosskreppfjorden and Øyarvatn deep. The root mean square error is computed by
referring to the temperature measured by the first sensor close to the buoy at a depth of
0.5 meters in order to reduce the uncertainties related to depth. The RMSE of Øyarvatn
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shallow is much higher due to the rope breakage that cause the sensors to float on the
surface, this is evident in Figure 4.4.14(b).

Buoy RMSE

Rosskreppfjorden 0.699 °C

Øyarvatn shallow 6.493 °C

Øyarvatn deep 0.572 °C

Table 4.1: Root mean square error between the temperature measured by the sensors of
the three buoys at a depth of 0.5 meters and the simulated temperature at the same depth

It is important to note that all the buoys report some uncertainties due to the different
location, rope breakage and mid-rope weight lost. However, the trend observed is similar.
Rosskreppfjorden has sensors until a depth of 47 meters, however, in the period analysed
the water level never reached high elevation, hence, the sensor placed at 47 meters is
compared to the temperature simulated at a depth of 30 meters. Consequently, sensors at
middle depth exhibit ambiguity on their measuring depth.

(a)

Øyarvatn shallow became useless after the rope broke, which probably occurred be-
fore the ice formation, considering the high temperature peaks. However, both simulated
and measured water temperature show a fluctuating trend. Finally, Øyarvatn deep that
moved largely away from its original location, seems to maintain its vertical profile cor-
rectly, and the water temperature is well reproduced.
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(b)

(c)

Figure 4.4.14: Comparison between water levels measured and simulated for
Rosskreppfjorden (a) and Øyarvatn (b) for the calibration period in Julian Day

In addition, some CTD (Conductivity, Temperature, and Depth) measurements taken
on the 11th of July 2022, when the second fieldwork took place, are available. In particu-
lar, three vertical profiles were acquired in each lake. Their location in the CE-QUAL-W2
bathymetry is reported in Table 4.2.
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CTD number segment

400 24

396-399 26

408 53

405-406 54

Table 4.2: Reference bathymetry segments of CTD measurements

Rosskreppfjorden measured and simulated temperature show a complete mixing along
the vertical profile. However, the simulated profile has a lower water temperature. In addi-
tion, at the bottom there is a colder area, it can be explained by looking at the bathymetry,
Figure 4.4.16. In fact, at the bottom the width is very low, around 5 meters, and mixing
is probably not favoured there.

In Øyarvatn the simulated temperature profile follows quite well the measured one ex-
cept at the bottom for CTD 405-406. These measurements refer to segment 54, Figure 4.4.17,
where the nearest segments have a minor depth. Consequently, mixing is less effective in
that area.

(a) (b)

Figure 4.4.15: CTD measurements in Rosskreppfjorden (a) and Øyarvatn (b) on
11/07/2022
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(a) (b)

Figure 4.4.16: Sections of segments 24 and 26 where CTM measurements were taken in
Rosskreppfjorden

Figure 4.4.17: Zoom on the bottom of segments 53 and 54 where CTD measurements
were taken in Øyarvatn

Finally, the presence or absence of the simulated ice is compared with what was
recorded by the two cameras in Øyarvatn. In particular, in Figure 4.4.18 the presence of
ice is indicated by the number 1 while its absence is indicated by the number 0.

(a) (b)

Figure 4.4.18: Ice thickness simulated comparing the presence (1) or absence (0) of ice
recorded by the two cameras in Øyarvatn
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The comparison shows a little anticipation in the simulated ice duration for the camera
located in the middle of Øyarvatn while the one nearest to the outlet shows a different
trend. In fact, there the simulated ice seems more stable. However, the trend reported by
the camera refers mainly to the outlet and not to the entire segment. It is interesting to
note also that the closest segment to the one considered does not record ice formation for
the entire period.

Although it is difficult to compare pictures to simulated values, it is clear that closer
to the outlet the maximum ice thickness is much lower than in a further place. The results
in Figure 4.4.18 report a reduction of the maximum ice thickness of one-third, from 0.6
m in the middle to 0.4 m closer to the outlet.

Figure 4.4.19: In blu the ice thickness in the segments of Rosskreppfjorden and in light
blue the ice thickness in Øyarvatn

In Figure 4.4.19 are reported the ice thicknesses in all the segments for both lakes.
In Rosskreppfjorden, blue in figure, the ice cover period is longer with higher ice thick-
ness. Instead, in Øyarvatn, light-blue in figure, ice cover period is shorter with thinner ice
thickness. This result is compatible with what expected.
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5 RESULTS

5.1 Scenarios of an optimal price-based scheduling

The discharges exchanged in the pumped-storage system are obtained from a medium-
term optimal stochastic scheduling model (Schäffer et al., 2022), initially used for con-
ventional hydropower plants and recently extended to include pumping operation. The
scheduling model aims to maximize production based on inflow and price according to an
optimization problem. Therefore, by giving in input prices and inflows the model returns
in output several possible scenarios.

In addition, it is necessary to provide the volume - water level curve for both the lakes
in order to correlate a variation of the water volume to a water level, the latter being the
constraining term. This has been done starting from the CE-QUAL-W2 bathymetry and
considering a water level variation between the lowest and the highest regulated water
level. In order to overcome compatibility issues between the two models, the lowest
regulated water level is increased of 5 meters. In the scheduling model this curve has been
provided selecting 10 points from the curve obtained from the CE-QUAL-W2 bathymetry,
Figure 5.1.1.

(a) (b)

Figure 5.1.1: Comparison between the curves volume - water level for the two reservoirs
in CE-QUAL-W2 model and in the scheduling model
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The inputs of the scheduling model, inflows and prices, have a weekly resolution.
Instead, the output returns discharges and water levels with a three-hours resolution. In
particular, the model simulates years consisting of 52 weeks, each with 56 three-hours
steps.

In order to correlate the output of the stochastic model to specific water inflows, the
model was adapted to simulate historical scenarios. This enables the generation of all
the discharges that influence the water balance of the two lakes and simulates real years
with their reference meteorological forcing. As a consequence, the inflows provided to
the model are the one computed performing the water balance mentioned in Chapter 3.
It is important to note that the inflows are provided as a volume to the model, expressed
in Mm3, with a weekly resolution (Figure 5.1.2).

Figure 5.1.2: Weekly inflow volumes in Mm3 in Rosskreppfjorden and Øyarvatn

Regarding electricity prices, the data considered are provided by a SINTEF project
called New environmental restrictions - overall impact on the power system (SINTEF,
2022). The prices refer to a forecast of energy price in 2030 based on historical mete-
orological conditions from 1981 to 2010. In particular, in the model are used weekly
average prices, expressed in C/MWh. Since the energy price is the governing factor in
determining the pump or turbine mode, it has been decided to select a reference year for
price between those available and keep it fixed for all the years simulated.

In this case, two different price years are selected: 1998 and 2000 (Figure 5.1.3). This
choice allows to detect the effects of a greater price fluctuation on the different discharges
involved.
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Figure 5.1.3: historical weekly prices from 1981 to 2010, highlighted in green (year200)
and in purple (year 1998) the two years selected as reference years

Inflows, especially in Rosskreppfjorden, and the prices show an opposite trend. In
fact, the peak of the inflows occur during the snow and ice melt period while prices de-
crease. During the winter period, on the other hand, prices are higher due to increased
energy demand and lower water availability.

The scheduling model allows to simulate both traditional, one-way hydropower plant,
and pumping. Therefore, for each of the two price years selected, two simulations, with
and without the pump, are performed.

Before analyzing the simulations is important to discuss the limitations of the model
used to generate the discharges.

5.1.1 Limitations of the scheduling model

As already mentioned, the input data have a weekly resolution. Consequently, the
initial hourly data trend is lost. In addition, there is not a perfect correlation between
water levels predicted by the scheduling model and those obtained from the simulation in
CE-QUAL-W2. In Figure 5.1.4 is illustrated an example obtained for price-year 2000
and with pumping mode. It is evident that the scheduling model seems to overestimate
the water level, and this difference increases with time. It may result from the different
water balance computation due to bathymetry, but mainly from the time step used. Conse-
quently, the range of possible water level variations, between LRV and HRV, was reduced
increasing the lowest regulated water volume.
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(a) (b)

Figure 5.1.4: Water level predict by the scheduling model and obtained by the simulation
for price-year 2000 and simulation with pumping

Moreover, the scheduling model has a year of 52 weeks corresponding to 364 days.
However, in CE-QUAL-W2 real years, of 365-366 days, are considered. In order to cope
with this issue during the one/two last days of the years zero discharges are simulated.

5.2 Simulation setup

The simulations analysed examine two selected price-year: 1998 and 2000. In par-
ticular, two simulations are performed for each price-year, one with and one without the
pump. In all the cases the period refer to the years 2014-2020. Specifically, the analysis
is focused on detecting the effects on temperature profile and ice cover by comparing two
segments for each reservoir, one close to the inlet/outlet and the other one in the middle
of the lake (Figure 5.2.1).

(a) Rosskreppfjorden
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(b) Øyarvatn

Figure 5.2.1: Selected segments for the analysis

The meteorological data are those reported by OpenWeather and the inflow tempera-
ture is the one obtained from air2water.

The initial conditions of all the simulations are the same. The water level is that
reported by the power plant on January 1st 2014, corresponding to 917.41 m a.s.l. in
Rosskreppfjorden and 836.42 m a.s.l. in Øyarvatn. Regarding the initial water temper-
ature vertical profile, it is considered constant and equal to 2 °C. Finally, the initial ice
cover is set at 0.25 meters.

5.3 Price-year: 1998

The prices for year 1998 are within the range 25-40 C/MWh (Figure 5.1.3) with
higher fluctuations during fall period. In Figure 5.3.1 are reported the annual cumulative
water volume curves for each component of the water balance. In both traditional and
pumped-storage modes the turbinate volumes are similar, and comparable with the inflow
volume to Rosskreppfjorden. The amount of volume pumped is much less than that tur-
bined, and equal to zero in the first half of the year in accordance with the higher energy
prices.

(a)

61



Chapter 5. Results

(b)

Figure 5.3.1: Annual cumulative water volume obtained by the scheduling model for
price-year 1998 with (a) and without (b) the pump

In particular, in 2018 the pump works more due to the increased inflows into Øyarvatn.
Moreover, it is important to note that the highest volume is for the Kvinen power plant.

In order to focus the attention on ice cover, the cumulative water volumes involved in
the water balance are performed referring to only the period from November 1st to June
1st, Figure 5.3.2. The result shows that pumping operations are negligible if not absent
during the years analysed.

(a)

(b)

Figure 5.3.2: Cumulative water volume during ice cover period 01/11 - 01/06 with (a)
and without (b) the pump

The water levels predicted by the model, Figure 5.3.3, show different trend in the
two reservoirs. In Rosskreppfjorden it is kept at the minimum until the end of the winter
period before being filled up with increased inflow at the beginning of summer. On the
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other hand, in Øyarvatn the water level shows frequent oscillations during all the period
analysed. In particular, with the pump Øyarvatn reaches higher water level.

(a) (b)

Figure 5.3.3: Comparison between water levels with and without the pump in
Rosskreppfjorden (a) and Øyarvatn (b) for price-year 1998

Below are analysed in more detail the two segments selected for Rosskreppfjorden,
segments 30 and 13, and for Øyarvatn, segments 37 and 56.

5.3.1 Rosskreppfjorden

In Figure 5.3.4 and Figure 5.3.5 are illustrated the evolution of the water temper-
ature profiles over time with and without the pump. In both segments and for both the
operational modes, a period with a strong stratification is not visible. In order to quan-
tify this latter, in Figure 5.3.6 is reported the evolution of the difference between the
temperature at the top and at the bottom of the water column for each time step. Two
recirculations periods are easily identifiable in spring and fall when the temperature dif-
ference is zero. In contrast, during winter, it is possible to recognize a stable stratification
only in the segment 13, further away from the Rosskrepp power plant inlet. Moreover, in
summer the stratification is not stable for all the cases analysed. Finally, the difference
between the two traditional and pumped-storage scenarios is not appreciable. However,
the amount of discharge pumped is negligible respect to that turbined.
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Figure 5.3.4: Evolution of the temperature vertical profile in segment 30 for price-year
1998

Figure 5.3.5: Evolution of the temperature vertical profile in segment 13 for price-year
1998
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(a)

(b)

Figure 5.3.6: Evolution of the temperature difference between the top and the bottom of
the water column in segment 30 (a) and 13 (b) for price-year 1998

Regaring ice cover, it is evident from Figure 5.3.7 that in the middle of the lake the
ice thickness and duration in the two configurations is the same.

Figure 5.3.7: Ice thickness in Rosskreppfjorden for price-year 1998

Instead, in segment 30 are visible a few differences, the most evident occurs in winter
2017. In particular, in that year ice duration is longer and ice thickness higher for the
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scenario with the pump. As discussed previously, during ice cover period the pumping
operation is negligible, therefore the impact is due to the turbined discharge. In fact,
according to Figure 5.3.2 in that winter for the pumped-storage scenario the amount of
water volume turbined is less. Consequently, the ice cover is less affected.

Moreover, comparing the two segments, ice formation closer to the intake is postponed
due to the effect of the withdrawal.

5.3.2 Øyarvatn

In contrast with what observed in Rosskreppfjorden, in Øyarvatn there is a visible
difference between the segment closer to the outlet, Figure 5.3.8, respect to that in the
middle of the lake, Figure 5.3.9. In fact, the latter shows a clear stratification in both
summer and winter period while in segment 37 the profile is almost always mixed.

This is more evident comparing the trend of the differences in top-bottom water tem-
peratures in the two segments, Figure 5.3.10. Specifically, in summer this difference is
about three times greater in segment 56 respect to segment 37, hence the stratification is
much more stable in the middle of the lake.

As for Rosskreppfjorden, it is significant to point out that traditional and pumped-
storage show similar trend.

Figure 5.3.8: Evolution of the temperature vertical profile in segment 37 for price-year
1998
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Figure 5.3.9: Evolution of the temperature vertical profile in segment 56 for price-year
1998

(a)

(b)

Figure 5.3.10: Evolution of the temperature difference between the top and the bottom of
the water column in segment 37 (a) and 56 (b) for price-year 1998

Although the ice cover is not affected in the middle of the lake, as for Rosskreppfjor-
den, at the outlet in segment 37 the impact is severe: not all the years record ice formation.

67



Chapter 5. Results

Figure 5.3.11: Ice thickness in Øyarvatn for price-year 1998

5.4 Price-year: 2000

In 2000 the prices report higher variability respect to year 1998, from less than 5
C/MWh in summer to 40 C/MWh during winter (Figure 5.1.3). As a consequence, in
this case the amount of pumped discharge is higher than in the previews one. In addition,
it is interesting to report that in 2018 the volumes pumped and turbined are comparable.

(a)
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(b)

Figure 5.4.1: Annual cumulative water volume obtained by the scheduling model for
price-year 2000 with (a) and without (b) the pump

Regarding the amount of water volumes exchanged during ice cover period, Figure 5.4.2

shows that pumping operations are negligible if not absent during the years analysed, as
for the previous case.

(a)

(b)

Figure 5.4.2: Cumulative water volume during ice cover period 01/11 - 01/06 with (a)
and without (b) the pump for price-year 2000

In contrast with what obtained with price-year 1998, Rosskreppfjorden reaches the
highest regulated water volume in most of the years during fall considering the simula-
tion with the pump (Figure 5.4.3). Instead, Øyarvatn has a water level with frequent
fluctuations. In particular, the highest water level refers to the conventional power plant.
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(a) (b)

Figure 5.4.3: Comparison between water levels with and without the pump in
Rosskreppfjorden (a) and Øyarvatn (b) for price-year 2000

5.4.1 Rosskreppfjorden

Figure 5.4.4 and Figure 5.4.5 show the evolution of the water temperature vertical
profile over time in the two segments analysed in Rosskreppfjorden. Although the pattern
is similar, in segment 30 it is possible to identify short mixing periods which interrupt
stratification especially during summer. In particular, this segment appears much more
affected when pumped-storage is considered. It is very visible in 2018 especially com-
paring the difference in water temperature between top and bottom, Figure 5.4.6. In fact,
the latter in that year shows frequent oscillations during summer.
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Figure 5.4.4: Evolution of the temperature vertical profile in segment 30 for price-year
2000

Figure 5.4.5: Evolution of the temperature vertical profile in segment 13 for price-year
2000
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(a)

(b)

Figure 5.4.6: Evolution of the temperature difference between the top and the bottom of
the water column in segment 30 (a) and 13 (b) for price-year 2000

The ice cover in Rosskreppfjorden is not highly affected in both the scenarios. Fur-
thermore, the two segments do not show great differences.

Figure 5.4.7: Ice thickness in Rosskreppfjorden for price-year 2000
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5.4.2 Øyarvatn

Figure 5.4.8: Evolution of the temperature vertical profile in segment 37 for price-year
2000

Figure 5.4.9: Evolution of the temperature vertical profile in segment 56 for price-year
2000

In Øyarvatn the segment 37 (Figure 5.4.8), closer to the inlet/outlet, reports a light
unstable stratification during winter and summer. In particular, the vertical profile is much
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more mixed than in segment 56 (Figure 5.4.9). The water temperature difference be-
tween top and bottom shows a very similar trend comparing the conventional and the
pumped-storage system, Figure 5.4.10.

(a)

(b)

Figure 5.4.10: Evolution of the temperature difference between the top and the bottom of
the water column in segment 37 (a) and 56 (b) for price-year 2000

In Figure 5.4.11 is illustrated the evolution of ice thickness over time. Only segment
37 is particularly affected in both scenarios. It is interesting to note that ice thickness is
much more influenced than ice duration, especially in winter 2015.

In addition, comparing the two segments, the ice formation closer to the outlet of
Rosskrepp power plant is postponed.
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Figure 5.4.11: Ice thickness in Øyarvatn for price-year 2000
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6 CONCLUSIONS

6.1 The impact of the energy price on pumping and its
hydro-thermodynamic effects

The price of energy is the main factor determining the amount of discharges ex-
changed between the two lakes. Specifically, when prices are consistently high, the
pump is minimally utilized. On the other hand, a decreasing in energy price promotes
its operation. However, according to what obtained, the amount of water pumped is not
comparable to the amount of water turbined, the latter being much greater.

Consequently, with high prices, as in year 1998, the impacts of a conventional or
pumped-storage hydropower plant are similar. Although the two operational modes show
the same trend, it is significant to point out that the area closest to the inlet/outlet is the
most affected. There, the temperature vertical profile is mostly mixed throughout the year
and only unstable and discontinuous stratification occurs.

On the other hand, when prices are more variable, as in year 2000, the pumping plays
a major role. In this case, the impacts in the segment close to the inlet/outlet are different
if the pump is present or not, especially for the upper reservoir. In fact, the results obtained
show that in Rosskreppfjorden the stratification in much more unstable with a pumped-
storage system than considering the conventional hydropower plant.

Another factor to take into account are the water level fluctuations. The latter, are
more frequent in the lower reservoir, Øyarvatn. Moreover, the implementation of the
pumped-storage system further increases their frequency.

In addition, due to the high energy price during the winter period, pumping is not cost-
effective. Consequently, the hydroelectric power plant operates mainly as a conventional
power plant, even though the pump is implemented in the system. Therefore, the impacts
observed on ice cover refer to a conventional power plant. Specifically, the area closer
to the outlet of the lower reservoir shows higher changes on the temperature stratification
profile. In some years, ice formation does not occur because of the turbined discharge.
However, when ice formation occurs, it is postponed in both reservoirs.
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Chapter 6. Conclusions

In the end, according to the results obtained, both reservoirs are more affected if a
pumped-storage system is implemented. In particular, the area nearest to the inlet/outlet
is the most impacted. In the upper reservoir, Rosskreppfjorden, stratification becomes
less stable with short mixing periods due to the discharges pumped. In contrast, the lower
reservoir, Øyarvatn, experiences greater water level fluctuations.

6.2 Future perspective

The results of this work will provide a first evaluation of the impact of a pumped-
storage system on the two connected reservoirs, with a particular focus on the temperature
and its repercussion on ice. In order to obtain a more realistic analysis of the effects of
the pump in the system, further investigation is required.

The availability of more data from the ongoing fieldwork is needed in order to improve
the model and obtain a better calibration.

Furthermore, it will be relevant to investigate how the pumping during winter period
may impact the ice cover, both in terms of duration and extension.

In addition, the study case refers to only a first small part of a bigger system of con-
nected lakes, called Sira-Kvina, used for hydropower production. It will be interesting to
detect if more connections will noticeably affect all the reservoirs chain.
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