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Mitigation of environmental
effects of frequent flow ramping
scenarios in a regulated river

Knut Alfredsen®*, Ana Juarez-Goméz?,
Mahmoud Saber Refaei Kenawi', Magnus Simon Graf* and
Sanjoy Kumar Saha?

Department of Civil and Environmental Engineering, Norwegian University of Science and
Technology, Trondheim, Norway, 2LOS Cable Solutions AS, Bremnes, Norway

In the transition to a society based on renewable energy, flexibility is important
in balancing the energy supply as more intermittent sources like wind and solar
are included in the energy mix. The storage-based hydropower systems are a
renewable energy source that provides the needed flexibility since a
hydropower plant can be started and stopped in minutes, and the reservoirs
provide stored energy that can be utilized when the demand arises. Thereby, the
hydropower plants can balance the variability in other energy sources, e.g.,
when there is no wind or when solar input is low. This need for increased
flexibility has led research toward new hydropower turbines to provide larger
ramping rates, more frequent starts and stops, and other system services. A
possible drawback of the ramping operation of hydropower plants (often
termed “hydropeaking”) are the adverse effects on the environment in
receiving water bodies downstream of the power plant outlet, particularly
when the hydropower outlets are in rivers. Rapid changes in flow can lead
to stranding of fish and other biota during the shutdown of turbines and flushing
of biota during the start of turbines. These effects can also be caused by other
sudden episodes of water withdrawal, such as during accidental turbine
shutdowns. The main objective of this study is to describe a method of
designing the necessary volume of water required to mitigate a fast ramping
turbine, and present the effect this has on the downstream river reach. We used
a 2D hydraulic model to find the areas affected by hydropeaking operation and,
furthermore, to define areas with a faster ramping rate than 13 cm/h which is
used as a limit in Norwegian guidelines. Based on this, we developed a ramping
regime that would prevent fast dewatering of critical areas and provide this as a
basis for mitigating the effects of fast dewatering in the downstream river (River
Nidelva in Norway was used as a test case). Furthermore, the effect of increasing
the frequency of start—stop cycles was studied, and the proposed mitigation
was evaluated for the new operational regime.
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Introduction

The transition into a society based on renewable energy
sources has received considerable attention over the past years
as a way of combatting global warming (Edenhofer et al., 2011).
The renewable energy mix contains intermittent energy sources
like the wind and sun, and methods of balancing the energy
supply are important to secure a constant supply. Hydropower
with water storage in reservoirs is a very flexible renewable energy
source which can be started and stopped in minutes and is
thereby ideally suited to balance the intermittent energy sources.
The reservoirs provide stored energy that can be utilized when
the demand arises, which further extends the flexibility and
usefulness of the hydropower systems for load balancing
purposes. However, the flexible operation of hydropower
plants can cause nonnatural, sub-daily fluctuating flows into
receiving water bodies, often referred to as “hydropeaking”
(Harby et al, 2013). This can be a serious environmental
issue, particularly when the hydropower outlet is in a river
(Bruder et al., 2016) as opposed to power plant outlets in
fjords, reservoirs, or lakes (Halleraker et al., 2022). The term
nonnatural is important since the rising and falling limb of the
hydrograph during an hydropeaking operation is steeper than
what is seen in the natural hydrograph in the same flow range,
and the local biodiversity is normally not adapted to this
anthropogenic impact (Hayes et al., 2021).

Hydropeaking in rivers can cause serious consequences for the
physical environment and ecosystems downstream (e.g., Harby
et al, 2013). The key factors in the assessment of peaking are the
vertical ramping rate (the drop in water level pr. time unit), and the
rate of dewatering (drying) of the river bed when the water level is
reduced (the lateral ramping rate). The lateral ramping rate might be
as important as the vertical ramping rate in the impact assessment
study. Literature covers a wide range of ecological impacts from
hydropeaking operations. Auer et al. (2017) reported on the flushing
of biota as a turbine starts, and this can lead to changes in fish
distribution. When the turbine stops, stranding or pool trapping of
juvenile fish in river areas that had dried out was observed (Saltveit
etal, 2001; Schmutz et al,, 2015). Here, stranding refers to fish being
left on dry land when the water subsides. Periods with a dry river bed
can also have impacts on salmon eggs and alevins buried in the
gravel (Casas-Mulet et al., 2014; Casas-Mulet et al., 2016). During
peaking operations, thermal alterations (“thermopeaking”) lead to
rapidly varying water temperatures (Zolezzi et al, 2011).
Furthermore, impacts on invertebrates have been observed in
rivers operating under a hydropeaking regime (Bruno et al,
2013; Kjeerstad et al, 2018), as have morphological alterations
from continuous hydropeaking (Batalla et al, 2021) that could
lead to invertebrate drift and impacts on riverine and riparian
plants (Bejarano et al, 2017). Benthic algae can also be
influenced by hydropeaking through abrasion caused by
increased flow velocity and species shifts (Greimel et al,, 2018).
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Hydropeaking operations can have severe impacts on fish
populations in downstream rivers. Hayes et al. (2021) have
shown large reductions in biomass of graylings between
reference sites and sites with peak flow regime. Schmutz et al.
(2015) have found that typical hydropeaking indices like peak
frequency and ramping rate have explained most of the indices of
biotic integrity developed for rivers in Austria. Saltveit et al.
(2020) have shown that year classes of brown trout older than the
young of the year disappear from heavily peaked river reaches in
Norway. Through a modeling study using an individual-based
model, Hedger et al. (2018) have shown that stranding of smolts
may have a large impact on the population through a direct
impact on returning adult Atlantic salmon, while in the younger
year classes, the interaction between stranding mortality and
density-dependent mortality is less clear. The varying impacts on
different life stages of fish have also been shown by Hayes et al.
(2019), who have proposed environmental flow rules adapted to
specific life stages as a way of providing targeted mitigation
measures.

Impacts from peaking operations have to be handled to
reduce the adverse effects on nature, and mitigation is
necessary in maintaining sustainable energy production,
particularly when a hydropower plant in the energy mix has
an outlet in a river rather than in a fjord or reservoir (Halleraker
et al, 2022). Flow rules or operational ramping restrictions, as
proposed by Hayes et al. (2019), are examples of mitigation
measures related to peaking operations which aim at adapting the
peaking hydrograph, and then particularly the falling limb within
safe ecological limits for different life stages of target species. In
accordance, some flow rules are already formalized in some
countries, Moreira et al. (2019) review available flow
mitigation measures and show that they are mainly developed
from field or laboratory studies of specific species. An example of
this is the gentle down ramping rules that are already quite
widespread in many licenses of Norwegian regulated rivers
(Halleraker et al., 2022). However, designing flow rules is a
complex process since the dewatering of river sections is
dependent on the distance from the outlet of the hydropower
plant and the morphology of the river (Hauer et al., 2017). Since
the lateral ramping rate might be as important as the vertical
ramping rate, this should also be taken into consideration when
deciding on the flow rule. The relationship between the vertical
and lateral ramping rates is dependent on the morphology and
shows large spatial variations (Tekle, 2021), which is best
estimated through hydraulic modeling. Bakken et al. (2021)
proposed an impact assessment protocol that tries to capture
both factors by devising a method classifying a peaking operation
into four classes from “Small” to “Very Large” comprising one
measure for the rate of change (cm/h) and one factor for the
dewatered area (% reduction from Q,x t0 Quin). In combining
these factors, both the vertical and lateral changes in dewatering
are captured. The computation of the spatial variation of the rate
of change would require a dense gauge network or data to do
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hydraulic modeling, and the estimation of the areal reduction
would require fieldwork or modeling.

The challenges related to mitigation are both related to
technical turbine constraints and the extra use of water caused
by gradual stops. For creating a gradual stop of the power plant, it
is necessary to operate the hydropower turbines at the rate of
discharge defined in the mitigation protocol. This might not be
possible without violating the turbine’s technical constraints. For
example, overheating could occur at low turbine flow and turbine
blades can be damaged by cavitation if operated outside the
normal flow range. Another issue related to a gradual stop is the
extra use of water required and how this influences the optimal
operation of the hydropower plant and thereby the economy.
Juarez et al. (2019) proposed a mitigated turbine stop for the
Storane river to reduce stranding, but here, the turbine
constraints made it only possible to run a slow shutdown
until the turbine reached 40% of the full capacity before a full
stop was required. This puts constraints on how mitigation
measures can be implemented and increase the stranding risk
at the end of the shutdown period.

In addition, new operational regimes for turbines are possible
and also substitution of turbines allows for a more adapted
shutdown regime. An alternative to handling the restricted
shutdowns directly through the turbine is to employ a
dampening reservoir just downstream of the turbine outlet
(Meier et al.,, 2016; Tonolla et al, 2017). The purpose of this
is to fill the reservoir during the start of the turbine and thereby
dampen the flushing effect and to gradually release water when
the turbine stops to reduce the dewatering effect. The capacity of
the reservoir has to be adapted to the ramping rate of the power
plant, and space constraints can be an issue particularly when
dampening reservoirs are retrofitted to existing power plants. An
alternative solution using water storage for dampening the effect
of hydropeaking has been proposed by Storli and Lundstrom
(2019) who presented the Air Cushion Underground Cavern
(ACUR), providing underground storage where compressed air
is used to control the storage and release of water. This solution
would be suited to underground power plants and is potentially
easier to retrofit at existing power plants since no structure is
required to be built at the power plant outlet.

Based on the need for a new and more flexible hydropower
turbine as described above, the HydroFlex project was initiated
and funded by the European Union. The project answers the call
to develop turbines adapted to the future European energy
market where intermittent renewable sources require load
balancing to provide a stable energy supply. The objective of
the HydroFlex project is to develop a variable-speed turbine that
can handle high ramping rates and multiple starts and stops per
day (possibly up to 30) without compromising the lifetime and
efficiency of the turbine and to develop equipment like
generators and converters that are required for the new
operation. The also  describes  the

project possible
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environmental impacts of operating the new HydroFlex
turbine and evaluates potential mitigation measures.
The objectives of this study can be summarized as follows:

(1) Investigate the effects of hydropeaking in River Nidelva in
Trondheim, Norway, on stranding areas for juvenile Atlantic
salmon (life stages before ocean migration) using a hydraulic
model under the current operational regime.

(2) Use the results from (1) to evaluate potential mitigation

measures for Nidelva as a basis for an evaluation of the

HydroFlex turbine.

(3) Investigate the effect of a high-frequency start and stop

operation according to the HydroFlex turbine design on

conditions in the river reach downstream of the powerplant
outlet and how mitigation measures can be applied to this

situation.

Materials and methods
Study site

River Nidelva in Norway was used as a study site in the
project (Figure 1). The river is regulated through the Nea-Nidelva
scheme which consists of the regulation of Nea upstream of
Selbusjgen and the regulation of Nidelva downstream of
Selbusjoen (Figure 1), and this project used the lower part of
the river from Nedre Leirfoss to the outlet in the fjord in
Trondheim city center. This reach of the river is regulated
through the Nye Leirfoss power plant and the Bratsberg
power plant. The Nye Leirfoss power plant has an intake in
the river at the @vre Leirfoss dam and the Bratsberg power plant
has an intake in Selbusjeen (Figure 1). Bratsberg has two Francis
turbines with a capacity of 50 m’s™" each, while Nye Leirfoss has

two Francis turbines of 30 m’s™ and 60 m®s™!

, respectively. In
addition, there is a minimum flow release of 10 m>s™ between
@vre and Nedre Leirfoss. Bratsberg is running the hydropeaking
operation, while Nye Leirfoss contributes to a total minimum
flow of 30 m’s™" downstream of the hydropower outlet. In cases
where more than the minimum flow is released into Nidelva from
the power plants upstream of @vre Leirfoss (Figure 1), Nye
Leirfoss can also produce energy on some of this extra water. It is
worth noting that Nidelva is used as a test case for the mitigation
measures and impacts of frequent ramping with the new
HydroFlex turbine, and some adaptations to the natural
hydrograph and power plant installation is done to simulate
There

implementing new turbines in the Nidelva power plants, and

future operational scenarios. are no plans for
installing a high-flexibility turbine at this location might not even
be economically feasible due to the low transmission capacity and
is thereby a difficult access to the market for flexible energy

production (Siemonsmeier et al., 2020).
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I Neao-Nidelva

Power plant |

Tunnel

FIGURE 1

Overview of Nidelva. Left panel: the Nea-Nidelva catchment in Norway; middle panel: the Nidelva hydropower system with Selbusjgen reservoir
and Bratsberg and the power plants at @vre and Nedre Leirfoss marked. Right panel: details of River Nidelva downstream of the power plant outlet in

Nedre Leirfoss.

Data collection

Water discharge data for the river were taken from the Rate
gauge (123.20.0) some hundred meters downstream of the power
plant outlet and from the Bratsberg power plant, both available
from the database of the Norwegian Water Resources and Energy
Directorate.

The frequency of future ramping was built on model
simulations of the future energy market developed for the
HydroFlex by the of Aachen
(Siemonsmeier et al., 2020). By evaluating the export

project University
scenarios between the Nordic countries and Germany with
a time horizon of the 2,040s, the need for flexibility is
estimated to be close to the current capacity. In this
market segment, the need for 30 starts and stops does not
seem to arise for the time period studied. On the other hand,
increased local development of intermittent renewable
resources will require more flexibility in the hydropower
scenarios, and here, the increased flexibility of the new
turbine could be utilized in the future. Developing output
hydrographs for specific power plants based on the market
scenarios was difficult, and to test the effect of scenarios
increasing the flexibility above the current 1-2 daily ramping
events was tested by running simulations with up to 12 starts
and stops.
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The bathymetry from the river used to set up the model was
compiled from different sources; mainly, a measurement
campaign was carried out by the project using a SonTek
M9 HydroSurveyor towed by a kayak. The data were also
collected from the consultant company SWECO that also used
a SonTek M9 HydroSurveyor operated from a remote-controlled
boat. Previously measured data from the city of Trondheim and
data collected for modeling in the upper part of the river were
also added to the bathymetric model of the river (Spiller et al.,
2011). Particular emphasis was made to collect detailed data from
areas known to have dried out during minimal flow and thereby
become a potential stranding area for fish (Hvidsten 1985;
Saltveit et al, 2001). This could ensure accurate computation
of the stranding risk indices. The collected data were interpolated
into a Digital Elevation Model (DEM) using ArcMap 10.8 (www.
esri.com). The resolution of the DEM was 0.5 x 0.5 m. The DEM
of the bathymetry was then integrated into the terrestrial laser
scan of Trondheim to ensure that the model covers the adjacent
flood plains. The terrestrial data were downloaded from the
national elevation database of Norway (www.hoydedata.no).

We collected water level data for model calibration in a
measurement campaign using an RTK-GPS (Leica Viva CS15,
Leica Geosystems Ag). We also evaluated the model simulations
against georeferenced aerial imagery taken on the 27th of August
2017 at a discharge of 98.7 m’s™'. The aerial images were
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downloaded from the repository of the Norwegian mapping

authority (www.norgeibilder.no).

Hydraulic model and mitigation analysis

To properly capture the details of the dewatering areas, a two-
dimensional hydraulic model was used (Vanzo et al,, 2016; Juarez
et al,, 2019). The hydraulic simulations were carried out in HEC-
RAS v.6.0 (Brunner 2021). Different grid sizes were tested, and
finally, a model grid of 1 x 1 m was used. This grid size provided a
good compromise between accuracy in estimating the stranding
areas and computational speed. The upstream boundary condition
was the peaking hydrograph from the power plants. While the
downstream boundary condition was the tide table for the
Trondheim fjord when running the dynamic simulations of
peaking waves, and an average low tide for running the static
simulations to estimate dry areas for a single discharge. The full
momentum equation solver was used in all simulations. The model
was calibrated against the observed water levels by adjusting
Manning’s n-value in river sections, and the model was further
evaluated using the aerial imagery from the Norwegian mapping
authority (www.norgeibilder.no). For evaluation against the aerial
imagery, the date of the flight was retrieved from the metadata of the
images, and a simulation was done for the discharge that day. The
water-covered area of the model was thereafter compared with the
water-covered area in the image and the difference was computed.

For the evaluation of the ramping rates and mitigation scenarios,
a shutdown hydrograph from the Bratsberg power plant was created
based on the observed data from the Rate gauge. From the observed
hydrograph, several fast drops from full production to no
production were identified and a standardized hydrograph was
fitted to these data manually. This hydrograph was then used in
the analysis to find the mitigation measures. For future scenarios
with the HydroFlex turbine, the focus was on the requirement for a
more flexible operation to balance a different mix of renewable
energy sources, but the requirement for upgrades of the power plant
capacity was not evaluated. It was therefore assumed that in the
future, we will have the same turbine capacity in Bratsberg, and for
the analysis in Nidelva, no technical constraints on the duration of
the turbine stop will be considered. A hypothetical case with an
artificial hydrograph with 12 sub-daily stops was made with this as
the basic assumption.

The main fish species in Nidelva are Atlantic salmon (Salmo
salar) and brown trout (Salmo trutta). Atlantic salmon was used
as a target species in this study. Data on hydropeaking severity for
Atlantic salmon and the necessary ramping rate threshold to
avoid fish stranding was based on a limit of 13 cm/h proposed by
Bakken et al. (2021). In the case of Nidelva, this threshold value is
closely linked to the local conditions since it was developed partly
on the data collected in a field experiment in Nidelva at the
Trekanten site (Figure 1) (Saltveit et al., 2001). Dewatering occurs
both in summer and winter, and the impact of peaking on the
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stranding of fish varies between seasons (Saltveit et al., 2001), but
the seasons have little effect on the areas dewatered or the
ramping rate.

The ramping rate was computed for several locations along
the river using the standard hydrograph with particular focus on
areas where total dewatering was observed in the field. For each
location, the depth was recorded every 5min from the model
simulation and the dewatering rate was computed according to
Equation (1).

Di+l -D

DR, = "-60-100[

1)

cm
hour]
where DR is the dewatering rate for location k, and D is the depth
in meters for that location for time interval i. The interval length
is constant and is 5 min. For the area upstream of the Kroppan
bridge (Figure 1), detailed relationships between the time and
depth were recorded for data points in both the dewatered
(shown with square markers in Figure 2) and permanent wet
(shown with round markers in Figure 2) areas as the basis for
assessing the ramping rate and to form the basis for developing a
mitigation strategy for the river. The third and most upstream
section at Stryket (Figure 1) was not used in the actual
computation since it was found that solving the dewatering
issues for the two lower reaches would also solve the issues at
the upstream site. Dewatering was computed for five different
regions, region 1 is in the side channel upstream of Trekanten
(Figure 1) and regions 2-5 are located at various locations in
Trekanten (Figures 1, 2), covering the inlet to the side channel
(R2), side channel (R4), and areas around the island (R3 and R5).

Based on the observed turbine operation, several simulations
were carried out with input hydrographs that gradually extended
the time it takes for the power plant to go from full to zero
production. The results were used to correlate the dewatering rate
with the stoppage time to find a shutdown scenario that reduced
the dewatering rate below the acceptable threshold. Using the
findings from this analysis, an environmentally friendly
shutdown hydrograph was made by extending the time of the
shutdown and creating a recession with a milder slope. Extending
the time of the stop requires more water to be released from the
power plant, and the extra volume of water required was
computed from the mitigated hydrograph (Kenawi 2021). In
addition, to find a flow regime that prevents critical dewatering,
we have also tried to conserve the use of water in the mitigation
procedure to reduce the impact on power production. Flow series
for the power plant according to the mitigation releases were
made by modifying the observed flow series in Python to take the
gradual turbine stop into account.

Analysis tools

All plotting and analysis of the spatial extent of peaking were
carried out in ArcMap 10.8 and ArcGIS Pro (www.esri.com), and
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Sites where dewatering was computed for mitigation analysis. Regions 1-5 are shown on the map as R1-R5 and locations for the extraction of
dewatering curves are marked with a round symbol for permanent wet areas and a square symbol for areas that dried out during down ramping.
Upper left panel: an overview of the sites used for dewatering computations; upper right panel: Trekanten site (regions 2-5); middle right panel: side
channel site (region 1); lower right panel: Stryket site. Adapted from Kenawi (2021).

all other statistical analyses and plotting were done using the R
programming language (R Core Team 2019).

Results
Model calibration

The comparison of the measured and simulated water levels
was done for 42 points measured between Nedre Leirfoss and

Frontiers in Environmental Science 06

Tempe. The Manning numbers of the model were adjusted to
minimize the differences between the observed and simulated
water levels, and this led to a mean error of —0.017 cm (SD =
0.08 cm). The Manning number ranged from 0.045 to 0.090. The
correlation between the observed and simulated water levels gave
an r* of 0.99. The relationship is shown in Figure 3.

An example of the comparison between the area from the
model and the area from the aerial image is shown in Figure 4.
The difference between the simulated and the observed water-
covered area is 3%.
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FIGURE 4

Comparison between simulated water surface extent (right
panel) and aerial imagery for a discharge of 98.7 m®s~%. Image ©
Statkart—Geovekst.

Modeled dewatering

An observed hydrograph measured in the Bratsberg power
plant at the upstream boundary is shown in Figure 5 together
with the standardized hydrograph that was derived from the
measured data and used in the development of the mitigation
measures. For the simulation, we also added the environmental
flow of 30 m’s™" to the turbine flow.

The corresponding water covered areas are shown in Figure 6
for the largest stranding area upstream of the Kroppan bridge.
The wetted area is shown for full production from Bratsberg (two
turbines), one turbine in operation in Bratsberg, and the situation
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with minimum flow. At minimum flow, the blue areas will be wet,
and at full production, all colored areas will be wet.

The ramping simulations with multiple peaks per day show
the translation of peaks downstream after each stop in Leirfossen,
and an example of running a frequent ramping regime with
several start-stop sequences in succession is shown in Figure 9.
The duration between the falling and rising limbs of the
hydrograph is shortened, and eventually, the rise of the next
peak starts before the previous peak has reached its potential
minimum. This then reduces the dewatered areas in the reach.

Mitigation measures

The simulations shown in Figure 6 have identified the
potential dewatered areas and provided an understanding of
the dewatering rates in different locations along the river. New
simulations were carried out by gradually increasing the stoppage
time of the turbine. Changes in depth were extracted from the
two most severe stranding locations in the river (Figure 2) for
points in the areas permanently wetted (marked with circles in
Figure 2) and in shallow areas (marked with squares on Figure 2).

The reduction of depth is shown in Figure 7 A for all points
sorted in the regions shown in Figure 2. Region 1 refers to a small
side channel which is left nearly dry when the turbine stops, with
the exception of some isolated ponds of water left at low flow. The
average depth in region 1 reduces from 0.69 m at the start of the
power plant shutdown event to 0.04 m at the end. Regions
2-4 are defined as areas around an island just upstream of the
Kroppan bridge. In the side channel of the island (region 4), the
average depth is 0.74 m at the start and 0.10 m at the end. Here,
the wetted area at low flow is mainly at the lower end of the side
channel. Region 3 represents a gravel bar on the outside of the
main island and has an average depth of 0.67 m at the start and
0.05 m at the end; the water-covered areas represent the edge of
the shallow part of region 3. Using the depth data for each point
in the different regions, the dewatering rates for each 5-min
interval were computed and the average dewatering rate for each
region was then found for the current shutdown scenario
(referred to as the standard hydrograph hereafter) (Table 1).
The results show that for all regions, the dewatering rate is above
the acceptable threshold of 13 cm/h (Bakken et al., 2021).

To estimate the necessary level of mitigation, simulations
were carried out for different shutdown times for the turbine
(range 0-380 min), and the dewatering rates were computed for
each case similarly as was done for the standard hydrograph. The
relationship between the dewatering rate and shutdown time in
the turbine is shown in Figure 7B. For the longest shutdown time
of 380 min, the rates are acceptable for all regions. The next step
was to try to devise a shutdown scenario that also conserves as
much water as possible for the power plant. To do this, the effect
of reduction on flow on areal reduction was investigated from the
maps shown in Figure 6. From a peak flow of 135 m’s™" to a flow
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Observed production from one or two turbines in the Bratsberg power plant from 01/01/2010 to 01/02/2010. The standard hydrograph used in
the dewatering analysis is shown in red. An environmental flow of 30 m®s™ comes in addition to the release from the power plant.

Eventually, with multiple starts and stops during a single day,
the turbine will restart before the mitigated stop is finished, and
the operation will run for periods where the production flow
never reaches minimum flow at the hydropower outlet (Figure 9).
Using the proposed mitigation method, simulations were done
with the original and mitigated hydrographs to evaluate the
effects (Figure 10, panel A and panel B). A video comparing
the dewatering with and without mitigation is shown in
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Supplementary Figure S1.

Discussion

Minimum flow

One Turbine As a part of the investigations on the feasibility of developing

e a hydropower turbine capable of multiple starts and stops in a

seaz00 seas00 seas00 day to provide increased flexibility in an energy market with an
FIGURE 6 increased level of intermittent sources, the environmental
Map of dewatering in Nidelva for the standard hydrograph

shown in Figure 5: minimum flow, 30 m*s™ (blue); one turbine, . .
80 m3s" (black); and two turbines, 130 m3s (pink). hydraulic model HEC-RAS was used to simulate the effect of

various peaking hydrographs, and an operational strategy that

impacts and potential mitigation were evaluated. The 2D-

satisfied the 13 cm/h dewatering rate from the guidelines
(Bakken et al,, 2021) was created and used to evaluate the

of 105 m’s™", the river run bank is full, the dewatering of areas is potential for mitigation of the adverse effects of the peaking
small, and the power plant can shut down as normal with no operation.
restrictions. From 105 m’ ' down to an environmental flow of A detailed assessment of stranding areas and dewatering rates
35m’s, the period of shutdown should be extended to avoid at a small spatial scale requires fine-scale hydraulic modeling, and
high dewatering rates. Note that for the observed hydrograph it is therefore important to have a detailed digital bathymetric
used in this analysis, the environmental flow was slightly above model of the terrain and a well-calibrated model. In this project, a
the limit set in the regulation permit. By using the relationships special emphasis was made on measuring the potential stranding
between the dewatering rates, duration of turbine stop, and the areas in detail to generate the DEM using sonar and GPS systems.
simulations with the hydraulic model, a time of 270 min was For future applications, bathymetric LIDAR is a technology that
found to be acceptable, providing dewatering times as shown in could provide even more details in critical areas (e.g., Juarez et al.,
Table 1 in the row “Mitigated hydrograph.” The mitigated altered 2019). The evaluation of the model against measurement shows
hydrograph is shown in Figure 8. good accuracy, and this was further controlled by comparison
Based on the hydrographs in Figure 8, the extra water with orthophotos from a drone survey of the stranding site
required to mitigate the high ramping rate was computed by upstream of the Kroppan bridge. Comparing the depth
integrating the two curves from the start to end of the event. This changes at region 2 (Figure 2) with the measured rapid flow
shows that the extra water required to obtain the gradual variations from Saltveit et al. (2001) also shows good
recession amounts to 0.61 mill m”. correspondence between the model and observations.
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TABLE 1 Average dewatering rates for the original hydrograph, a hydrograph with a shutdown time of 380 min, and the mitigated hydrograph

(Figure 8). The acceptable dewatering rate is 13 cm/h.

Region 1 Region 2

(cm/h) (cm/h)
Standard hydrograph 53.72 73.22
Shutdown time of 380 min 12.12 10.48
Mitigated hydrograph 12.86 12.16
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FIGURE 8

Current hydrograph (blue graph) and mitigated recession
(indicated by the dashed black line).

When compared to other studies (e.g., Hauer et al., 2014;
Sauterleute et al., 2016; Juarez et al., 2019), the dried-out areas in
Nidelva are moderate, with around 9% of the total wetted area of
the river at a discharge of 130 m’s ™" dry at the environmental flow
at 30 m’s™". This is explained by long reaches with steep bank
slopes and embankments, and a relatively high environmental
flow which also contributes to reduced stranding areas. But even
with moderate amounts of dry areas, stranding has been observed
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Region 3 Region 4 Region 5
(cm/h) (cm/h) (cm/h)
68.94 70.29 61.02

10.38 9.19 8.50

11.40 10.68 10.32

in Nidelva (Hvidsten 1985), and the river is relevant as a test case
for mitigation measures.

From the analysis of the shutdown procedure, a stop time of
270 min was found, and the results show that we would need to
release an extra 0.61 mill m® to reduce the dewatering rate to a
level less than the limit for stranding for each turbine stop. The
extended stop time is most likely not technically feasible for the
turbines currently in operation in Bratsberg, and probably also
not economically feasible for the power plant due to the extra
water released at each stop of the turbine. The economic cost of
this has not been estimated in this project, but the amount of
water required per peak for mitigation is significantly larger than
the value reported by Juarez et al. (2019) who estimated that
0.014 mill m® of water was required for each stop to mitigate large
dewatering downstream of the Hol 1 power plant in the Storédne
river (four Francis turbines, total capacity of 60 m’s™'). The
mitigation proposed for Hol 1 was in principle similar to the
one presented for Bratsberg with a stop time for the turbine
extended from 5 min to 30 min. In Hol 1, one turbine could stop
in 5min as of today since the drop in discharge from 60 to
45 m’s™" did not cause a large stranding risk, and after that an
extended stop was implemented to prevent stranding using the
same criteria as in the case presented here. The cost will also be
dependent on the number of stops and the estimated price

difference of the energy when water is released for
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Hydrograph propagation. Panel (A) standard hydrograph; Panel (B) mitigated hydrograph; Panel (C) example of frequent start—stop
hydrographs with propagation downstream from Leirfossen. The dashed line in panel C shows the level of minimum flow.

environmental purposes and the best price in the market. It is
worth noting that the extra water released both in this study and
in the study by Juarez et al. (2019) is released through the turbine
and will generate income compared to e.g. environmental flows
released into bypass reaches.

It is not yet clear if the turbine setup from HydroFlex will
have the potential to release water as proposed in the mitigation
hydrograph due to possible operational restrictions on low flow
releases, similar to the restrictions on the current turbines
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installed in the Bratsberg power plant (Saltveit et al.,, 2001). A
potential mitigation strategy could be to configure the power
plant such that the proposed extended stop could be handled by
the turbines, either by using a turbine with the capacity of
handling the discharge range specified or maybe with a more
realistic method that could be to install several turbines with
different capacities. This could solve the technical issues, but the
extra water required could still be an issue for implementing the
mitigation strategy. Retrofitting a dampening reservoir could be a
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solution to the need for extra water, but this is not a possible
solution at the outlet in Nedre Leirfoss due to the terrain and
infrastructure in the vicinity of the outlet. Given the amount of
water required for mitigation, Saberi et al. (2021) show that the
ACUR system could provide the necessary storage and thereby
provide the dampening of the peaking operation. Utilizing a
system like ACUR would also remove any technical issues related
to a gradual shutdown of the turbine. Whether this is an
economically feasible solution has not been evaluated further.
Given the relatively restricted locations where critical dewatering
is observed in Nidelva, the structural solutions could also be an
option as a mitigation measure. This would involve either
blocking or ensuring water-covered areas in the side channels
(regions R1 and R4, Figure 2), e.g., by installing a weir at the side
channel inlet or by constructing a channel that leads water into
the side channels at a minimal flow. The design of this channel
could be taken from the modeled water level at the inlet
(Figure 6). Furthermore, the fast dewatering of the gravel bars
(regions R2, R3, and R4) should be prevented either by
establishing weirs or by dredging.

In the scenario shown in Figure 10, the frequency and
duration of the peaks are such that the river will reach a
minimum flow state between each peak. If the number of sub-
daily peaks is further increased toward the goal of 30 as specified
in the HydroFlex project, we will have periods where the next
peak starts before the previous peak has reached the minimum
flow level. This will thereby reduce the peak amplitude and
reduce the dewatering effect downstream. This is even more
the case if we observe the mitigated hydrographs, as shown in
Figure 9. Similarly, it is observed that frequent sub-daily ramping
dampens the dewatering effect far downstream in the river as the
river starts rising again before the previous stop has reached the
minimum level. A similar effect was seen by Burman et al. (2020)
running similar hydropeaking studies in a bypass reach in the
Ume river in Sweden. The downstream effect of a hydropeaking
operation in a river will be closely related to the ramping rate and
longitudinal dampening in the river due to the morphology
which has a large effect on dewatering rates (Hauer et al,
2014; Hauer et al,, 2017). The dampening effect is dependent
on river morphology and needs to be investigated for each river.
It is also worth noting that even if high peak frequency provides a
dampening effect, it is very likely that this frequency of peaking
will be a rare occurrence due to market constraints
(Siemonsmeier et al., 2020) and the periods with less frequent
hydropeaking could induce critical dewatering conditions.

Conclusion

Through the detailed hydraulic modeling of frequent
hydropeaking, a potential mitigation strategy is devised. The
strategy involves increasing the duration of the stop of the power
plant to ensure that dewatering rates are below the critical level of
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13 cm/h. This involves releasing an extra 0.61 million m® at each
shutdown and requires a turbine that allows the slow shutdown
speed. This can be a challenge both for the water budget and
economy of the hydropower plant and for the operation of the
turbine. A potential solution to this could be to use a dampening
reservoir built in the mountains based on the ACUR technology that
could store the required water during the start of the turbine and then
release this water into the river when the turbine stops, to mimic a
slow turbine shutdown. When the frequency of the start and stops
increases, an overlap of waves is seen in the river downstream which
reduces the dried-out area for each start-stop cycle.
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