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Abstract: Within the XFLEX HYDRO project, the possibility of increasing the flexibility of hydro
power plants to support the Electric Power System (EPS) is investigated. The flexibility of the pumped-
storage power plant Frades 2, as the target, should increase by extending the operating range for
each unit and by using the hydraulic short circuit (HSC) operation mode. Transient investigations
of the additional plant conditions are performed to ensure the safety of the plant. With a 1D model
of the entire hydro power plant including both pump-turbines, valves, surge tanks, and the water-
bearing components, extensive calculations are carried out to verify the safety of the existing plant for
extended operation conditions. In particular, the study focuses on the synchronous and asynchronous
emergency shutdowns of the plant in the new operating conditions as well as other operation-
related power plant transients regarding the HSC mode. With the results presented in this paper,
the flexibility of the plant Frades 2 can be increased. Delayed emergency shutdowns are identified
as particularly critical during the study and should always be given additional consideration in
transient investigations.

Keywords: power plant transients; hydraulic short circuit mode; synchronous emergency shutdown;
asynchronous emergency shutdown

1. Introduction

Currently, there is a trend towards more renewable energies and less energy supply
with conventional power plants. This leads to increasing requirements for hydro power
plants [1], for example, the support of the Electric Power System (EPS) with more flexibility
services [2,3]. Flexible provision of energy ensures an important contribution to grid
stability. The resulting off-design operating points and the transient control processes must
be extensively investigated prior to commissioning to ensure the safety of the power plant.

Various studies include transient water hammer simulations for the entire hydro
power plant with all water-bearing elements such as the piping system, valves, bifurcations,
surge tanks, and hydraulic units for all operating points [4], control processes [5–7], and
emergency scenarios.

In addition to water hammer analysis, detailed flow simulation of the piping system
including bifurcations are important to assess the dynamics of the pressure on the piping
wall as well as the resulting inflow conditions to the hydraulic machines to prevent damage
in hydraulic short circuit operation [8,9].

Other investigations directly focused on the hydraulic units. Particular attention
was paid to the investigation of flow effects applying numerical flow field simulation
methods and finite element methods to assess the structural dynamic behaviour of machine
components and their related lifetime. Studies include the assessment of the influence of
flow resolution and cavitation effects [10] on prediction accuracy. Recent interest is also
related to the prediction of dynamic loading within hydraulic units under operational
transients treated with simultaneously coupled approaches between 1D plant dynamic
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approaches and flow field simulation [11–13]. The effect of different numerical approaches
for flow simulation on the stress and strain distribution within the structure and the
influence on the service life of the runner was analysed too [14,15].

The increase in flexibility of hydro power plants and the possible influence on grid
stability is investigated within the XFLEX HYDRO [16] project funded by the European
Union. In that context, the existing pumped-storage power plant Frades 2, is analysed.
That plant is located in the northwest of Portugal. The rated gross head is 420 m, varying
between 414 m and 432 m. Both 390 MW reversible pump-turbines are equipped with
double fed induction machines (DFIM) enabling the rotational speed to be adjusted within
a certain range [17,18].

The objective is to increase the flexibility of the plant by extending the operating
range for each unit and introducing hydraulic short circuit (HSC) operation, an extended
operating mode of the plant. In addition to the currently permitted one or two machine
operations in pure turbine or pump mode, in HSC mode, one machine operates as a pump
and one as a turbine at the same time. By operating the plant in HSC mode, the range
of the total power output of the plant can be increased and thus better adapted to the
requirements of the Electric Power System.

To make a statement regarding the possibility and safety of the plant operating in the
new operation modes, several studies have been performed. These include flow field simu-
lations and structural analysis of the pump-turbines and of the headwater bifurcation [8] as
well as a test campaign of the Frades 2 model unit in the laboratory. Furthermore, transient
simulations are performed for extended operating points being presented within this paper.

2. Simulation Model of the Hydro Power Plant

All simulations are carried out with a 1D simulation program [19] for plant transient
simulations using the Method of Characteristics. The simulation model of the hydro power
plant Frades 2 includes the headwater (HW) and tailwater (TW) reservoir, one headwater
and one tailwater surge tank (HW ST and TW ST), pump-turbine unit 1 and unit 2, a
spherical valve (main inlet valve, MIV) in front of each unit, and the pipe system, as shown
in Figure 1.

Energies 2023, 16, x FOR PEER REVIEW 2 of 12 
 

 

to the prediction of dynamic loading within hydraulic units under operational transients 
treated with simultaneously coupled approaches between 1D plant dynamic approaches 
and flow field simulation [11–13]. The effect of different numerical approaches for flow 
simulation on the stress and strain distribution within the structure and the influence on 
the service life of the runner was analysed too [14,15].  

The increase in flexibility of hydro power plants and the possible influence on grid 
stability is investigated within the XFLEX HYDRO [16] project funded by the European 
Union. In that context, the existing pumped-storage power plant Frades 2, is analysed. 
That plant is located in the northwest of Portugal. The rated gross head is 420 m, varying 
between 414 m and 432 m. Both 390 MW reversible pump-turbines are equipped with 
double fed induction machines (DFIM) enabling the rotational speed to be adjusted within 
a certain range [17,18]. 

The objective is to increase the flexibility of the plant by extending the operating 
range for each unit and introducing hydraulic short circuit (HSC) operation, an extended 
operating mode of the plant. In addition to the currently permitted one or two machine 
operations in pure turbine or pump mode, in HSC mode, one machine operates as a pump 
and one as a turbine at the same time. By operating the plant in HSC mode, the range of 
the total power output of the plant can be increased and thus better adapted to the re-
quirements of the Electric Power System.  

To make a statement regarding the possibility and safety of the plant operating in the 
new operation modes, several studies have been performed. These include flow field sim-
ulations and structural analysis of the pump-turbines and of the headwater bifurcation [8] 
as well as a test campaign of the Frades 2 model unit in the laboratory. Furthermore, tran-
sient simulations are performed for extended operating points being presented within this 
paper. 

2. Simulation Model of the Hydro Power Plant 
All simulations are carried out with a 1D simulation program [19] for plant transient 

simulations using the Method of Characteristics. The simulation model of the hydro 
power plant Frades 2 includes the headwater (HW) and tailwater (TW) reservoir, one 
headwater and one tailwater surge tank (HW ST and TW ST), pump-turbine unit 1 and 
unit 2, a spherical valve (main inlet valve, MIV) in front of each unit, and the pipe system, 
as shown in Figure 1. 

 
Figure 1. Simulation model of pumped-storage plant Frades 2. 

The dimensions and the friction coefficient of the pipe system as well as the model-
ling of both surge tanks are adopted from an existing transient simulation report provided 
by Voith Hydro, the OEM (Original Equipment Manufacturer) of the hydro power plant. 
The pump-turbine governor parameters of the guide vanes are not available in the pure 
hydraulic model of the hydro power plant. Therefore, predefined linear opening and clos-
ing laws are used for the MIV and the guide vanes. In the case of emergency shutdown, 
the closing process is mechanical.  

Figure 1. Simulation model of pumped-storage plant Frades 2.

The dimensions and the friction coefficient of the pipe system as well as the modelling
of both surge tanks are adopted from an existing transient simulation report provided
by Voith Hydro, the OEM (Original Equipment Manufacturer) of the hydro power plant.
The pump-turbine governor parameters of the guide vanes are not available in the pure
hydraulic model of the hydro power plant. Therefore, predefined linear opening and
closing laws are used for the MIV and the guide vanes. In the case of emergency shutdown,
the closing process is mechanical.

The pump-turbines are modelled using four-quadrant characteristics measured on a
model turbine at Voith Hydro’s laboratory test facility under quasi-steady state conditions.
Experience shows that the prototype characteristics deviate from the model tests in the real
transient case. This observation is verified with a complex and time-consuming coupled
simulation approach for a transient of another pumped-storage power plant [12]. As such
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data are not available for this study, the laboratory measured four-quadrant characteristics
are utilized in the transient case [20]. The inertia of the fluid inside the machines is modelled
by additional frictionless pipe sections connected to the machines.

The spherical valve is described in terms of its known discharge characteristic. Tran-
sient simulations are performed and compared with existing results for several load cases.
The deviations in the transient results are insignificant, and the model is thus assessed
as verified.

3. Investigation of the Hydro Power Plant and Results

The simulations regarding the hydro power plant Frades 2 are divided into two parts.
The first part focuses on the identification of all possible operation combinations of both
units within the continuous operation regime.

The second part focuses on the transient operation modes of the power plant for
identified machine operation combinations. The start-up process of the hydro power
plant and the change between operating points is analysed. Furthermore, the emergency
shutdown from all possible operating points is investigated. This includes emergency
shutdown with and without closing the MIV and the guide vanes. This results in many
possible investigations, e.g., emergency shutdown in just one unit, synchronous emergency
shutdowns in both units, and time-shifted emergency shutdown.

3.1. Existing and Extended Operation Combinations within the Continuous Operation Regime

An input parameter matrix which includes all possible plant operating points of the
existing and the extended power plant operating range is presented in Table 1.

Table 1. Input parameter matrix of existing and extended plant operation.

HWL TWL n1 n2 Y1 Y2

(m.a.s.l.) * (m.a.s.l.) * (min−1) (min−1) (-)/(◦) (-)/(◦)

690.80 270.36
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* elevation: meters above sea level; ** number of covered values between minimum and maximum values.

The input matrix includes the elevation of the headwater reservoir (headwater level,
HWL) and the elevation of the tailwater reservoir (tailwater level, TWL). In each case, the
highest and lowest levels as well as the rated water levels are investigated. The rotational
speed (n1 and n2) and the opening angle of the guide vanes (Y1 and Y2) of each unit are
modified within the given limits. The limits depend on the operating mode (turbine or
pump mode, one or two units in use). The values in the brackets show how many values
are covered between minimum and maximum values. The opening angle is tabulated both
normalized to the opening angle of 24.4◦ as well as in degrees.

In the simulation, all possible combinations of both units resulting from the input
matrix are considered. The possible combinations are: both units in turbine mode, both
units in pumping mode, using HSC mode, and only one unit operating in pump or turbine
mode. The overall number of simulations is reduced due to the symmetry of the system pipe
layout. Nevertheless, those mentioned operating point combinations lead to approximately
7500 different simulations for each hydraulic head. The variation of head and rotational
speed in association with operation range expansion beyond original admissible range



Energies 2023, 16, 4492 4 of 12

requires the analysis of all combinations to maintain the structural integrity of the existing
equipment for the future.

The current operating range of Frades 2 at rated head is shown in Figure 2a. The
data show the normalized averaged machine efficiency versus the total mechanical power
P, the sum of the mechanical power of each unit. The power in turbine mode is defined
positive, in pump mode negative. The averaged machine efficiency, calculated from
the individual efficiencies of both machines η = (ηunit1 + ηunit2)/2, is normalized to the
maximal occurring averaged machine efficiency ηmax.
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Each current possible combination of the units is represented in the diagram with one
dot indicating the operation mode by colour code. Operating mode abbreviation denotes:
TT, both units in turbine mode; T, just one unit in turbine mode; PP, both units in pump
mode; or P, just one unit in pump mode. With the current combination, a total power
output between about −150 MW and 200 MW is not possible, shown with the orange box
in Figure 2a.

The extended operating range of each unit and the use of HSC significantly expands
the operating range of Frades 2 (Figure 2b). A total power output in the range of −800 MW
to 800 MW is achieved with a high normalized average machine efficiency for nearly every
required power value. For example, if a total power output of 200 MW is required, the
operating modes HSC, T, and TT are possible. To get the highest normalized averaged
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machine efficiency, the operation of just one turbine is recommended. Operating the
machines at operating points with high machine efficiencies results in low mechanical loads
on the runners.

The choice of the individual machine operation point, especially for HSC, affects
the flow rate towards the reservoirs (Figure 2c,d). Higher normalized average machine
efficiency is beneficial to reservoir water levels. In this case, less water is consumed
in generator operation and more water is pumped to the upper reservoir in pumping
operation. However, under certain circumstances, the operator may decide differently.

A significant expansion of the operating range is also observed for the maximum and
minimum head.

3.2. Simulation of Operational Power Plant Transients
3.2.1. Synchronous Emergency Shutdown

All power plant conditions defined via Table 1 are used as starting operating conditions
for the synchronous emergency shutdown of both units. All simulations start with a steady
state condition followed by a synchronous load rejection of both units from the electrical
grid. Depending on the simulation case, the wicket gates (WGs) of both units or the
spherical valves in front of the corresponding unit start to close synchronously as quick as
possible according to the respective closing law.

The temporary permissible extreme values under transient conditions for maximum
rotational speed |n|max, maximum spiral case pressure pspiral case max, minimum draft
tube pressure pdraft tube min, and maximum and minimum water levels in both surge tanks
(zHW ST max/min and zTW ST max/min) are defined during the original plant layout and thus
are evaluated. Regarding the maximum shaft torque of each unit |T|max, only the rated
torque is available. An individual evaluation of the extreme shaft torque values is required
by the OEM. The maximum pressure in the spiral case pspiral case max is referred to elevation
207.0 m.a.s.l. and a pipe diameter of 2.90 m and the minimum pressure in the draft tube
inlet pdraft tube min to elevation 205.92 m.a.s.l. and a pipe diameter of 2.61 m.

The aim is to display all 7500 simulation results in one diagram as presented in
Figure 3a. Each simulation is represented by one dot and defined by the steady state
starting operating point (rotational speed n and opening angle of the wicket gates Y) of
both units, as seen in Figure 3a. The colour of the dot is an indicator of the analysed
extreme value.

The possible unit combinations of the plant in HSC mode are displayed inside a green
frame on the base area. The base area itself is divided into several grey boxes using a grid.
Within each grey box, the rotational speed combination of the two units is constant. The
rotational speed n increases from the minimum to the maximum rotational speed in defined
steps according to Table 1, displayed at the edges of the diagram. In each box, the opening
angle of the wicket gates increases from minimum to maximum opening angle in defined
steps with values presented in Table 1. The direction of the increase, which also applies to
the other boxes, is shown by red arrows on the edges.

In addition, all other possible combinations of the two units are displayed in the
diagram: both units in turbine mode TT (red frame), both units in pumping mode PP (blue
frame), and only one unit operating in turbine T (light red) or pumping mode P (light
blue). Due to the symmetry of the water-bearing system and the synchronous emergency
shutdown, the number of simulations in pump and turbine mode could be reduced.

A statement about the extreme values is only possible for the simulations marked with
a dot in the diagrams. Due to the large operating range selected, unfavourable combinations
of rotational speed and opening angle of the wicket gates may occur, especially in pumping
or HSC mode, causing the simulation not to start. As a consequence, no result is presented.
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A selection of the simulated extreme values is presented in Figures 3 and 4 and an
overview of all calculated extreme values is tabulated in Table 2. The maximum tempo-
rary rotational speed of both units remains below the permissible extreme value in all
simulation cases.
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Table 2. Simulated temporary extreme values in case of synchronous emergency shutdown with
closing wicket gates and synchronous emergency shutdown with closing spherical valves for
different heads.

Synchronous Emergency Shutdown
with Closing Wicket Gates

Synchronous Emergency Shutdown
with Closing Spherical Valves

Extreme Values * Hrated Hmax Hmin Hrated Hmax Hmin

|n1|max (-) 0.94 0.95 0.93 0.96 0.97 0.95

|n2|max (-) 0.94 0.95 0.93 0.96 0.97 0.95

|T1|max ** (-) 1.26 1.30 1.24 1.26 1.30 1.24

|T2|max ** (-) 1.14 1.18 1.12 1.16 1.20 1.13

p1 spiral case max (-) 0.95 0.96 0.94 0.88 0.89 0.88

p2 spiral case max (-) 0.95 0.96 0.95 0.88 0.89 0.88

p1 draft tube min (-) 3.51 3.00 3.30 2.14 0.41 4.29

p2 draft tube min (-) 3.21 2.31 3.83 3.92 2.44 4.34

zHW ST max (-) 0.99 0.99 0.98 0.99 1.00 0.99

zHW ST min (-) 1.03 1.04 1.03 1.02 1.03 1.02

zTW ST max (-) 0.98 0.96 0.99 0.99 0.98 1.00

zTW ST min (-) 1.19 1.16 1.21 1.16 1.13 1.19

* Normalised with the temp. permitted extreme values in transient conditions; ** normalised with the rated
shaft torque.
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The maximum observed temporary shaft torque occurs during synchronous emer-
gency shutdown with closing spherical valves at maximum head and is approximately
130% of the rated shaft torque, as seen in Table 2 (dashed frame) and Figure 3b. Besides the
pumping operation of both units, the highest shaft torque values appear in HSC mode.

The maximum temporary pressure at the spiral case of both units remains below the
maximum permitted one in all simulated cases. The minimum temporary pressure in the
draft tube is above the permitted value in almost all simulations. The exception is shown
in Figure 3a and Table 2 (dashed frame). For the extended plant operation conditions, the
maximum water level in both surge tanks is within the permissible limits. However, there
are conditions for pump operation mode with maximum rotational speed and maximum
opening angle of the wicket gates where the upper limit of the water level in the tail water
surge tank is exceeded (see Table 2 (dashed frame) and Figure 4). These combinations of
machine conditions must be excluded during operation.

3.2.2. Asynchronous Emergency Shutdown

Besides the synchronous emergency shutdown, the asynchronous emergency shut-
down is investigated. Experience at other hydro power plants [21] shows that certain
unfortunate delays can result in a high dynamic load for the hydro power plant. Results of
a measurement campaign of the Frades 2 model machine that is carried out in the meantime
restricts the theoretically possible operation range. Thus, those operation transients are
analysed for a subset of the extended operation range defined in Table 1. This leads to
81 start conditions for each hydraulic head.

All simulations start with a steady state condition followed by an asynchronous load
rejection of both units from the electrical grid. Depending on the simulation case, the wicket
gates or the spherical valves in front of the unit start to close at the time of load rejection of
the corresponding unit as quick as possible according to the respective closing law. The
emergency shutdown of unit 2 is delayed, the delay is adjustable and varied between 0 s
and 30 s with a time step of 0.1 s.

The structure of the result diagrams is similar to those already described for the
synchronous emergency shutdown. Unit 1 is located on the y-axis, delayed unit 2 on the
x-axis (Figure 5a). The diagram includes all possible start operating conditions of the hydro
power plant (TT, PP, and HSC).

The results of all time-delayed simulations of the same start condition are reduced
to one dot in the diagram presenting the largest extreme value of all simulations with the
same start condition. A selection of the calculated extreme values is presented in Figure 5,
and an overview of all calculated extreme values is tabulated in Table 3. The maximum
temporary rotational speed |n|max of both units in the transient case remains below the
permitted extreme value in all simulation cases.

The maximum observed temporary shaft torque |T|max occurs at asynchronous emer-
gency shutdown with closing spherical valves at maximum head and is approximately
135% of the rated shaft torque, as shown in Figure 5c and Table 3 (dashed frame). This
temporary occurring maximum extreme value is permitted for a short time according to an
assessment by the OEM. Regarding the temporary observed pressure loads, the maximum
temporary pressure at the spiral case pspiral case max of both units and the minimum tempo-
rary pressure in the draft tube pdraft tube min are located in the permitted range for all but
two simulations (Figure 5a,b and Table 3 (dashed frame)). The temporary extreme pressure
values of those simulations are outside the permitted range for the first time at a time delay
of 19.6 s. In reality, such a time delay can be prevented by the plant control system. If one
unit fails, the other one can be dropped within a few seconds and therefore this procedure
avoids exceeding this limit.
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Figure 5. Extreme values for asynchronous emergency shutdown with closing spherical valves:
(a) maximum pressure spiral case unit 1 (H = Hrated); (b) minimum pressure draft tube unit 2
(H = Hrated); (c) maximum torque unit 2 (H = Hmax); (d) maximum water level tail water surge tank
(H = Hmin).

For the current plant operation conditions, the maximum water level in both surge
tanks (zHW ST max, zTW ST max) is within the permissible limits. However, there is one condi-
tion for pump operation mode with maximum rotational speed and maximum opening
angle of the wicket gates where the upper limit of the water level in the tail water surge
tank is minimally exceeded. This occurs at the tail water surge tank for the asynchronous
emergency shutdown with closing spherical valves at minimum head (see Figure 5d and
Table 3 (dashed frame)).
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Table 3. Simulated temporary extreme values in case of asynchronous emergency shutdown with
closing wicket gates and asynchronous emergency shutdown with closing spherical valves for
different heads.

Asynchronous Emergency Shutdown
with Closing Wicket Gates

Asynchronous Emergency Shutdown
with Closing Spherical Valves

Extreme Values * Hrated Hmax Hmin Hrated Hmax Hmin

|n1|max (-) 0.96 0.96 0.94 0.97 0.97 0.96

|n2|max (-) 0.97 0.97 0.96 0.98 0.98 0.97

|T1|max ** (-) 1.20 1.24 1.18 1.31 1.34 1.28

|T2|max ** (-) 1.27 1.26 1.22 1.31 1.35 1.28

p1 spiral case max (-) 0.95 0.96 0.95 0.89 0.91 0.88

p2 spiral case max (-) 0.95 0.96 0.95 1.03 0.90 0.97

p1 draft tube min (-) 2.64 2.85 4.20 2.63 3.21 4.40

p2 draft tube min (-) 2.62 2.22 3.62 0.44 2.85 2.67

zHW ST max (-) 0.99 0.99 0.98 0.99 1.00 0.99

zHW ST min (-) 1.03 1.04 1.03 1.02 1.03 1.02

zTW ST max (-) 0.97 0.95 0.99 0.99 0.98 1.00

zTW ST min (-) 1.20 1.17 1.22 1.17 1.13 1.19

* Normalised with the temp. permitted extreme values in transient conditions; ** normalised with the rated
shaft torque.

3.2.3. Additional Investigations concerning the HSC Mode

Operating the system in HSC mode results in new operation-related transient pro-
cesses. This includes the start-up process of the hydro power plant to HSC mode and the
loading of the units as well as the change between operating points from and to HSC mode.
For each investigated head (Hrated, Hmax, Hmin) simulations are carried out for the largest
permitted opening angle of the wicket gates Ymax and the maximum permitted rotational
speed nmax. The analysis of the temporary occurring extreme values is similar to that of
the previous simulations. The observed values remain within the permitted range. The
temporary calculated shaft torques are below the simulation results of the synchronous and
asynchronous emergency shutdowns. Regarding the results of the additional investigations
concerning the HSC mode, no operational restrictions of the plant are observed.

4. Conclusions and Outlook

By using an extended operating range of both units and operating in HSC mode, a
flexible power supply of the power plant Frades 2 is possible over a very wide power range.
Due to the extensive investigation, some simulated extreme values emerged outside the
permissible range for the extended operating range. These cases are assessed separately
and the possible operating range of Frades 2 is adapted.

With the results of a laboratory measurement campaign of the Frades 2 model machine,
the operating range of the hydro power plant Frades 2 is adjusted. The continuous and
temporary permitted operating range identified by the measurement campaign includes
the HSC mode and is examined in more detail.

The operating range where HSC operation is possible reveals large differences in the
averaged efficiency of the machines. Higher normalized average machine efficiency is
beneficial to reservoir water levels. Higher efficiency values are often associated with lower
dynamic loads in the machines, meaning that less relative machine damage can be expected
in return. The volumetric flow rate discharged from or to the headwater serves as a further
measure for the specific choice of individual machine operation and can be compared with
the expected relative damage of lower efficiency operation.
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With the investigation results presented above, a significant increase in performance
and flexibility of the hydro power plant Frades 2 is possible with this operating range. The
safety of the existing plant for extended operation conditions is verified. Finally, the HSC
mode will be investigated within a test campaign at the power plant.

Increasing the flexibility of hydro power plants are objectives that are also relevant
for other existing hydro power plants and those in the planning stage. Since each hydro
power plant is constructed differently due to the respective local conditions, with different
types and numbers of units as well as a unique water-bearing system, the resultss obtained
in this study cannot be transferred directly to other power plants. Furthermore, due to
the uniqueness of the plants, it is not possible to make a general statement about HSC
operation for the same operating range of each unit being more or less critical in case of
plant transients compared to pure pump or turbine operation.

Therefore, in order to ensure safe operation of the plant with extended flexible oper-
ation modes, extensive investigation must be performed. This includes transient water
hammer simulations of the entire plant including the waterways and all hydraulic com-
ponents for all operational parameter combinations. In view of the results presented
above, attention should definitely be paid to delayed emergency shutdowns. With flow
field simulation, structural analysis, and model test campaigns, the flow effects and the
structural load on the machines and the water-bearing components (e.g., pipes, valves,
bifurcation . . . ) have to be examined in more detail. The results obtained are used to
draw conclusions about the power plant safety, the service life of the components, and
the optimization of maintenance intervals. Finally, limitations in flexibility extension may
result from these studies.
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