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ABSTRACT In an effort to make pumped hydropower storage (PHS) technology feasible for regions with a
flat topography, recent research shows promising results using a contra-rotating reversible pump-turbine at
low-head. In this study, the impact of dual variable speed and inlet valve control is analyzed to evaluate the
effect of these three degrees of freedom (DOFs) on the system efficiency and operating range. To this end,
analytical models are described to assess pump-turbine performance, conduit losses and electromechanical
losses. Methodologically, optimal efficiency maps are computed for every combination of the three DOFs to
evaluate individual and combined effects on the overall efficiency. Furthermore, three energy storage cycles
are analyzed to further study the performance in realistic use-cases. Key conclusions include an increase in
round-trip efficiency by combining variable speed ratio and inlet valve control of 5.6% and 2.0% compared
with only variable speed ratio control and variable inlet valve control, respectively. Furthermore, it is shown
that using only 1 DOF significantly limits the operating range, with the addition of a variable inlet valve
granting a higher impact than a variable speed ratio. Combining inlet valve and speed ratio control leads not
only to the highest efficiency, but also the largest operating range, with a maximum round-trip efficiency of
67.5% and an energy storage capacity of 58.6 Wh/m?. The results confirm that exploiting both dual variable
speed operation and inlet valve control yields the maximum efficiency and operating range, and is thus the
preferred topology for contra-rotating reversible pump-turbines in low-head operation.

INDEX TERMS Hydropower storage, energy efficiency, MIMO system, dual rotor pump-turbine, cycle
efficiency.

I. INTRODUCTION

Throughout the last decade, the global implementation
of renewable energy sources has increased rapidly, with
their share of global power generation having increased

The associate editor coordinating the review of this manuscript and

approving it for publication was Alfeu J. Sguarezi Filho

from below 20% in 2010 to 30% in 2022 [1]. Wind
energy and photovoltaic (PV) technologies have seen the
steepest rise, going from an installed capacity share of
respectively 3.5% and 0.8% in 2010 to respectively 10.8%
and 12.8% in 2022. By 2027, the share of wind energy
is predicted to reach 14.4%, with the share of solar PV
expected to increase to 22.2%, becoming the largest installed

© 2024 The Authors. This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.

86854

For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/

VOLUME 12, 2024


https://orcid.org/0000-0003-0424-8591
https://orcid.org/0000-0003-3320-8994
https://orcid.org/0000-0003-0970-7574
https://orcid.org/0000-0002-9190-3373
https://orcid.org/0000-0002-8070-8783
https://orcid.org/0000-0003-0858-8032
https://orcid.org/0000-0002-0358-4350
https://orcid.org/0000-0001-9981-436X

D. P. K. Truijen et al.: Impact of Dual Variable Speed and Inlet Valve Control

IEEE Access

electricity capacity worldwide over hydropower, natural
gas and coal [2]. As the penetration of these intermittent
and non-dispatchable energy sources increases and partially
replaces traditional high-inertia and dispatchable energy
sources, energy storage systems are indispensable to preserve
the reliability and stability of the power system. Among
the different energy storage systems installed today, pumped
hydropower storage (PHS) has the lowest cost [3] and
accounts for more than 90% of global installed energy
storage capacity [4]. High-head PHS systems exhibit a
considerable lifetime and round-trip efficiencies between
70% and 85% [5]. Next to compensating for seasonal and
hourly fluctuations, dynamic storage systems are necessary
to support the grid frequency on a timescale of minutes
to seconds through frequency restoration reserve (FRR) or
frequency containment reserve (FCR). For this purpose,
recent investments in hydrogen storage and electrochemical
battery storage (including lead-acid, sodium-sulfur, and
lithium-ion) have seen a significant increase. However,
they both have significantly lower lifetimes (respectively
10-20 years and 5-15 years) compared with PHS, with their
efficiencies ranging from 20% to 66% for hydrogen storage
and 70% to 90% for batteries [5]. Although PHS is mostly
seen as a bulk-type energy storage for hourly to seasonal
storage and as frequency restoration reserve due to its high
capacity, over 90% of all FCR was performed by hydropower
systems during the frequency containment project in the
Nordic regional group [6]. Although FCR requirements have
evolved in terms of response time and stability, new variable
speed PHS systems can be employed for FCR [7].
Traditionally, PHS has been limited to mountainous
regions, due to the typical radial and mixed-flow pump-
turbines (most commonly Francis turbines) reaching a high
efficiency at a high fallhead and a low flow rate. Employing
these machines at low-head would either significantly
reduce the power if the flow rate is decreased accordingly,
or reduce the efficiency if a higher flow rate is used [8].
Furthermore, as the conduit losses scale quadratically with
flow velocity, short conduit lengths and high diameters are
necessary to retain a high system efficiency, limiting the
maximum distance between the two reservoirs. Therefore,
the possibility of integrating low-head PHS in a ring dam
in the North Sea has been discussed in [9] and [10]. The
main drawback is the large investment cost associated with
the ring dam. However, the added benefit that is provided
by integrating this energy storage installation with existing
offshore wind farms or undersea grid interconnections is
promising, as has been extensively described in literature
for onshore PHS integration with wind and PV farms [11],
[12]. Another undismissable constraint on PHS installations
is the ecological and environmental impact. Previously,
it was shown that hydropower installations using suitable
fish screens and fish passages are fish-friendly regarding
mortality and physical injury [13]. Specifically for fish
species in the North Sea, the hormonal stress levels for
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fish in various flow velocities was analyzed by measuring
cortisol concentrations, showing that flow velocities greater
than 0.2 m/s should be avoided [14].

Recently, a novel axial contra-rotating (CR) reversible
pump-turbine (RPT) was presented in [15]. This RPT
comprises two runners with opposite rotational motion,
which reduces swirl development and increases efficiency
in a low-head-high-flow system [16]. Although this dual
rotor CR RPT concept is promising, the question arises as
to which degrees of freedom (DOF) should be used in the
control architecture to maximize the round-trip efficiency
and operating range under variable operating conditions.
As this CR RPT is applied in a low-head PHS system
supporting the grid, both the fallhead and power setpoints
are variable in time. In recent literatures [17] and [18]
investigated how variable speed and variable guide vane
operation of a Francis RPT increases the efficiency at off-
design operation. However, the analysis only includes turbine
mode and is limited to the high-efficiency region. No conduit
losses or electromechanical losses are considered. In [19],
it is described how variable speed operation of a low-head
single rotor pump-as-turbine (PAT) allows to reach an optimal
efficiency for varying fallhead in both pump and turbine
mode, with a reported round-trip efficiency of 42%. Although
the RPT and electric machine efficiencies were included in
the efficiency analysis, the hydraulic conduit losses were
not. Furthermore, the inlet valve was not considered during
continuous operation. In [20], it was shown how using the
blade angle and guide vane direction of a single rotor Deriaz
type pump-turbine as variable DOFs can extend the operating
range and increase efficiency. However, variable rotational
speed was not analyzed and the conduit losses and electric
machine losses were excluded from the analysis. Next, the
application of dual rotor contra-rotating turbomachinery for
energy generation has been described in [21] and [22],
where the impact of the two rotors’ speeds at different
speed ratios on the efficiency is described. However, the
contra-rotating machine is only described in turbine mode at
a constant fallhead and no inlet valve is considered. Finally,
the operation and revenue of a contra-rotating pump-turbine
at variable head and variable speed has been described in [9].
However, the effect of a variable speed ratio or inlet valve was
not analyzed and electromechanical losses were not included.

Therefore, the aim and originality of this paper are to
analyze the full system efficiency of a PHS system using
the novel CR RPT for varying fallhead and power setpoints.
Furthermore, three control DOFs are considered to maximize
the system efficiency over its full operating range: the
first RPT runner’s speed, the second runner’s speed, and a
controllable inlet valve angle. This inlet valve is an imperative
part of the system in start-stop scenarios [23], but can also be
used in continuous operation. To quantify the benefit in terms
of efficiency by using all three DOFs, the analysis is repeated
for all possible combinations and the results are compared.
The novelty of this paper is twofold:
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« First, the evaluation of the full system efficiency, includ-
ing hydraulic, mechanical, and electrical efficiency, of a
low-head PHS system using a CR RPT has not been
described in literature.

« Furthermore, the quantification of the impact of using all
available DOFs on the system efficiency and operating
range is of general interest for other PHS systems that
aim to extend their current capabilities. This analysis is
performed over the system’s full operating range, i.e.,
for varying fallhead and power.

In this paper, analytical models for the different system
components are described in Section II. Section III describes
the methodology of the paper. Here, it is explained how the
full system model is used to find the optimal combination
of the available DOFs to achieve an optimal efficiency
at a certain fallhead and power setpoint. Furthermore,
three realistic storage cycles are defined, comprising an
optimal efficiency cycle, an FCR cycle, and an FFR cycle.
In Section IV, the research results are outlined. Section IV-A
first shows the optimal efficiency that can be reached using
both variable speed ratio and inlet valve control, and it is
analyzed how the optimal speed ratio and inlet valve angle
vary over the operating range. Next, it is described how the
optimal efficiency and operating range change when variable
speed ratio control and/or variable inlet valve control is
omitted. In Section I'V-B, the different cycle efficiencies and
energy capacities are described, while retaining focus on the
impact of the different DOFs. Finally, the quantitative results
are discussed in Section V.

Il. SYSTEM MODELING

To simulate the different control approaches, all system
components are modeled to accurately reflect the steady-state
losses in the system. In this analysis, the generator reference
system is used, i.e., the flow rate Q, the runner rotational
speeds w1 » and the power P are positive in turbine (generator)
mode. However, when operation in pump mode is described
throughout the text, an increase of a value refers to the
magnitude of that value, i.e., a power of —8 MW is higher
than —7 MW. All simulations in this paper are performed
using MATLAB® & Simulink® R2022b.

A. HYDRAULIC MODEL

The hydraulic model comprises the contra-rotating RPT
model and the conduit model, which includes the inlet valve.
A schematic overview of the full system is shown in Fig. 1.
The CR RPT, described in [15], has a nominal power of
10 MW at a maximum fallhead of 10 m and is designed
to have an efficiency > 90% in both pump and turbine
mode. The design speed ratio is {g = wp/w; = 0.9. The
RPT characterization is based on a range of 180 steady-state
computational fluid dynamics (CFD) simulations. The CFD
simulations are performed using the foam-extend revision
2d9985 (4.1 nextRelease) open source CFD code. Turbulence
is modeled using the k-w SST (shear stress transport)
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FIGURE 1. Schematic overview of the system with indicated conduit
dimensions and minor losses (for flow in pump mode).

two equation eddy-viscosity model. The numerical domain
consists of one blade passage per runner with a total of
1.4 - 10° cells. To emulate the full runners, cyclic boundaries
and a mixing-plane between the runners are used. The runner
rotation is modeled using the MRF approach. To characterize
the runners with the results of the CFD computations, the
pressure heads /1 2 of the runners are adimensionalized by
dividing with the dynamic head (1). The resulting pressure
head coefficients Cj 2 as well as the efficiencies np 2 are a
function of both tip speed ratios (TSR) A; 2. The TSRs are
defined as the tangential velocity of the runner tips R w12
divided by the average flow velocity Q/A (2). Here, R and A
are the runner radius and area, respectively.

ghip

Chip=—"= (nH
"2 Lg/ap

_ Rwi
Ao = /A (2)

Figure 2 shows the characteristic curves for Cy1,2 and 1y 2
in both pump and turbine mode, with each line representing
different speed ratios ¢. As the RPT characteristics are highly
non-linear, 2D-lookup tables with linear interpolation are
used to define Cpj2 and npj2. These are based on the
aforementioned steady-state CFD simulations. The stability
limits for the TSRs are 0.3 < A1 < 3.6and 2.7 < A1 < 81in
turbine and pump mode respectively. The variability of the
speed ratio in this analysis is 0.8 < ¢ < 1.0. Finally, the
hydraulic torque 71 2 is calculated using (3) in turbine mode.
In pump mode, 72 is placed in the denominator instead of
the nominator.

P 8Q M2 mi2
1,2

Th12 = (Turbine) 3)

The conduit in this system is symmetrical and has a total
length of 60 m (see Fig. 1). The RPT is centered in a 10 m long
section with a diameter of 6 m. Towards the two reservoirs,
the diameter is linearly increased to a diameter of 10 m with a
cone length of 25 m. The losses that occur in the conduit can
be divided into the major and minor losses. The major losses
occur due to friction within the conduit and are calculated
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FIGURE 2. RPT's head coefficients Cy; , and efficiency 7y, , versus TSRs
11,2 for different speed ratios ¢.

using (4), better known as the Darcy-Weisbach formula:

1 2
hLM—/ fx )D(x) 2(;) X, 4

VOLUME 12, 2024

TABLE 1. Conduit parameters used for the simulations.

Conduit dimensions
Conduit length L [m] 60

Conduit outer diameter Do [m] 10
Conduit RPT diameter Drpt [m] 6
Relative roughness e [mm)] 3
Minor loss coefficients
Entrance [-] 0.05
Exit [-1 1
Expansion [-] 0.04
Contraction [-] 0.13
Inlet valve kv [-] variable
4.0
where v(x) = ———— )
- D%(x)

Here, x is the horizontal distance from the left reservoir
entrance, L is the total conduit length, D(x) is the diameter of
the conduit and g is the gravity constant. f(x) is the friction
factor and is approximated by the Colebrook-White equation
for turbulent flow, where e is the relative roughness, listed in

Table 1:
L _ o (;) ©)
Jo T %\37 b

The minor losses include all local flow losses (indicated in
Fig. 1) and are calculated as follows:

h —Zk-V'Z—Zk- 8 ¢ (7)
L.m — : lzg_ l7T2D? g

l
In this equation, k; are the minor loss coefficients, listed
in Table 1. Note that the inlet valve has a variable loss
coefficient ky, which is inversely proportional to its opening
state. Varying k, influences the conduit losses and can thus be
used as a DOF. The relation between ky and the valve opening
state can be found in the manufacturer’s datasheets. However,
in this paper, the results are given as a function of & to allow
general conclusions to be drawn, regardless of the inlet valve

type.

B. ELECTROMECHANICAL MODEL

The electromechanical model consists of the -electric
machines, the power electronics, and the mechanical driv-
etrain. For the electric machines, permanent magnet syn-
chronous machines (PMSM) are used and are modeled in the
rotating dq reference frame, where the stator copper losses
and iron losses are represented by resistances Rs and R.. The
value of R; depends on the rotational speed and is given
by (8), where Kr and K}, are constants representing eddy
current losses and hysteresis losses, respectively [24].

1

Re=——— 8
T K+ Kn/Q ®

The PMSM parameters are listed in Table 2. The two
machines are designed to match their respective RPT runners
with the methods described in [25]. Fig. 3a and Fig. 3b
respectively show the efficiency maps for PMSM 1 and
PMSM 2. Here, the machines are controlled using field
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TABLE 2. PMSM parameters in the dq reference frame.

PMSM1 PMSM2

Nominal speed Wnom [rad/s] 4.8 4.8
Nominal torque Tnom [10°-Nm] 9.93 14.7
# pole pairs pl-] 63 63

Flux linkage U [Wb] 9.45 9.45
Stator resistance Rs [m€2] 514 34.7
Inductance Lq, Lq [pH] 456 308
Eddy current factor K¢ [mS] 3 3

Hysteresis factor Ky, [mS/s] 300 300

oriented control (FOC). With FOC, the iy current is regulated
to 0. As a result, the torque is directly proportional to i,
simultaneously allowing the generator efficiency 7y and the
motor efficiency 1y, to be calculated as in (9), where 1y, is the
PMSM torque.

3 .
Vg i wT
2 79°q m
ng:—l_ > TIm = 3 : ©)]
@ Tm 5 Vqlq

Note that the efficiency in motor mode is slightly higher at
the nominal operating point, with a less severe efficiency
decrease towards the high-speed-low-torque and low-speed-
high-torque zones. The peak electromechanical efficiency of
97.2% corresponds to the state-of-the-art Axial Flux PMSMs
described in literatures [26] and [27].

Next, the variable frequency drives (VFDs) are modeled.
In commercially available medium voltage VFDs with an
active front end, three-level neutral point clamped inverters
with high voltage IGBTSs are commonly applied. Among oth-
ers, Danfoss Vacon® 3000 and TMEIC TMdrive®-50 report
nominal efficiencies nvrp of 98.8%, 98.5% respectively [28],
[29]. However, no supplier provides information on how
the efficiency evolves along the operating range. Therefore,
a simplified loss model is constructed with parameters from
a medium voltage IGBT [30]. The main losses of a VFD are
the conduction losses Pgon and the switching losses Pgy, [31],
which can be calculated for each IGBT as follows:

1/fout
Peon = fou /0 [Vego - i) +Re- 20]di - (10)

Eon .. Eofr
Pgy = four | D TZ?’(’”E l.r‘;f i(y) (11)
J y

Here, fou: is the output frequency, Vg o is the collector-emitter
voltage drop, Ry is the forward resistance, E,, and Eqr are the
switching energy losses, specified in the datasheet, and irer is
the reference current at which these energy measurements
were performed by the manufacturer. j and y are vectors that
contain the times at which the switches respectively open
and close in one fundamental period. To determine these,
a variable frequency sinusoidal voltage is generated with
pulse width modulation using two symmetrical level-shifted
triangle carriers with a carrier frequency of fiw = 1 kHz,
which is also used by the aforementioned manufacturers.
The used parameters are listed in Table 3. The full efficiency
map of the VFD is pictured in Fig. 3c. Note that the smaller
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TABLE 3. Variable frequency drive (IGBT) parameters [30] and drivetrain
friction torque coefficients.

DC-bus voltage
Collector-emitter voltage drop

Vpc [VI 3300
Veg,o [VI 3.8

Forward resistance R¢ [nQ2] 85

Switch on energy Eon [J] 1.89
Switch off energy Eqg [J] 1.95
Reference current iref [A] 1200

Fi1 [Nm-s] 4138
F2 [Nm-s] 6125

Friction torque coefficient
Friction torque coefficient

losses, such as the DC-bus losses have been excluded in
this simplified model because they are mostly negligible
compared with the aforementioned losses.

Finally, the electromechanical model is connected to the
hydraulic model through the drivetrain in (12), which relates
the angular velocities wy » to the hydraulic torque 712 and
the machine torque 7,1 2. In this analysis, the bearing friction
is modeled through a simplified constant friction torque
coefficient F 2, found in Table 3, which results in a 2% power
loss at the nominal operating point [32].

Thi2 = Tm12 + F12 @12 (12)

Ill. METHODOLOGY

A. OPTIMAL EFFICIENCY DATASET

Using the system models outlined in Section II, a numerical
dataset D : R* — R3 is calculated. The dataset D relates
four input variables, i.e. the three varying DOFs w1, wa, ky
and the fallhead Ah, to three crucial output parameters, i.e.
the flow rate Q, electrical power P, and total efficiency 7o

D(wi, w2, ky, Ah) = [Q, Pe, ot 13)

The dataset D is populated by numerically varying the inputs
over the following intervals:

wi € [—4.8:0.1:4.8] inrad/s (14)
wy € [—4.8:0.1:4.8] inrad/s (15)
ky € [0:0.5:50] (16)
Ahe[1:0.5:10] inm a7

Here, the standard MATLAB® vector notation is used,
including the data increments for each variable, which
determine the resulting resolution of the dataset D.

For each combination of input variables, the flow rate Q is
calculated by applying the law of conservation of energy for
a steady and incompressible flow (18):

hi(Q) + ha(Q) + sign(Q) - h.(Q) = Ah (18)

In this equation, A > are the RPT runner heads (1) and /A,
is the sum of the major and minor losses (4) and (7). This
equation is numerically solved for the full range of w1, ws, ky
and A#h, using the lookup tables for Cy 2. Next, the machine
torques are calculated by combining (1), (3) and (12), again
using the lookup tables for Cyj 2 and np1,2:

P 8Q M2 M2

—Fipowip (19)
w1,2

Tml,2 =
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FIGURE 4. Overview of the different topologies, i.e., combinations of
DOFs in the control architecture.

Finally, the electrical power is calculated using the efficiency
maps for the PMSMs and VFD, with (20) used in turbine
mode. The total efficiency in turbine mode is found
using (21).

Pe = @1 Tl Mgl Ng,VED + @2 Tm2 Mg2 Ng,VED (20

(Turbine) 21

e
pgQ Ah

The four possible DOF combinations are denoted ‘topolo-
gies’ and are listed in Fig. 4. In a system with a fixed
speed ratio and no inlet valve control (FSR-NIV), only one
DOF is used, being the first runner’s speed. The second
runner’s speed is controlled to always be at the design speed
ratio g = 0.9 to the first runner and the inlet valve is
not used during continuous operation (ky = 0). Therefore,
the FSR-NIV topology corresponds to the reduced dataset
D(w1, &q - w1, 0, Ah). In topology VSR-NIV, the speed ratio
is variable and the second runner’s speed is thus added
as a DOF, corresponding to the dataset D(w1, wa, 0, Ah).
Next, topology FSR-IV adds the inlet valve as a DOF,
while maintaining a fixed speed ratio: D(w1, &4 - w1, ky, Ah).
Finally, in a system with VSR-IV, all three DOFs are used,
and the complete generated dataset D is used to analyze this
topology.

To be able to evaluate the different DOF combinations,
an efficiency map is created for each topology that reflects the
maximum efficiency at each fallhead Ak and power setpoint
P. € [-10 : 0.5 : 10] MW across the operating range.
Using the power maps, all combinations of the DOFs that
satisfy the power setpoint at a certain fallhead, can be found
using 1D, 2D or 3D interpolation depending on the number
of DOFs. With the interpolated parameters, the efficiency is
recalculated. For every DOF combination, the combination
of parameters that reaches the highest efficiency is saved
together with this efficiency in lookup tables.

Ntot =

B. CYCLE EFFICIENCY

Finally, three full energy storage cycles are analyzed. The
cycles are defined to store electrical energy in pump mode
until the maximum possible fallhead is reached and then
switch to turbine mode until the lowest possible fallhead
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FIGURE 5. Measured grid frequency in Germany for the first days of
October 2021, February 2022 and June 2022 [33].

is reached. The change in fallhead is calculated using (22),
where A; is the reservoir area.

d[arm)] ,00)
da A

During both pump and turbine mode, both the hydraulic
energy Ep and electrical energy E. are monitored, which
allows to calculate the cycle pumping efficiency np, =
En/Eep, the cycle turbining efficiency i = E./En and the
full cycle (or round-trip) efficiency n = Ee(/Eep = ¢ - 1p.
Although a reservoir area of A, = 1 - 10® m? is used for all
simulations, the results of Ey, are reported per unit reservoir
area Wh/m? to generalize the conclusions. Note that tidal
head variations are not included in this analysis to keep the
results general.

Cycle I is performed at a variable power at optimal
efficiency to represent the system round-trip efficiency.
Throughout the cycle, the power setpoint is chosen that results
in the highest efficiency at the current fallhead.

Cycle Il represents a cycle in which the system participates
in frequency containment reserve (FCR) with a reserve
capacity of Py = 1 MW on top of a baseline power Py.
Here, the reserve capacity is partially or fully activated based
on the actual grid frequency f(¢). If the frequency deviation
Af = f(t) — 50 Hz is smaller than 10 mHz, no reserve power
is delivered and the system operates at the baseline power.
Outside this deadband, the delivered reserve scales linearly
up to a frequency deviation of |Af| = 200 mHz:

50Hz — f(¢)
0.19Hz

When |Af| > 200 mHz, the full capacity of either Py(t) + P;
or Py(t) — P; is activated. To not be influenced by the
characteristic frequency patterns of one particular day or

(22)

P(1) = Py(1) + Py (23)
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season, the FCR cycle is run for three randomly selected
historic frequency datasets in Germany with a sample time
of 1 s, archived by TransnetBW [33]. Fig. 5 shows the three
datasets used, which are the measured frequencies for the first
day of respectively October 2021, February 2022 and June
2022.

Cycle III represents a frequency restoration reserve (FRR)
scenario where a certain constant power setpoint must be
maintained for a longer time period. In this cycle, the
power in pump mode is kept constant at —10 MW until the
highest possible fallhead and the power in pump mode is
kept constant at 1 MW until the lowest possible fallhead is
achieved.

IV. RESULTS

A. OPTIMAL EFFICIENCY MAPS

In this subsection, topology VSR-IV, which uses all three
DOFs, is used as a baseline, with the efficiency maps of the
other topologies compared with topology VSR-IV.

1) TOPOLOGY VSR-IV

Fig. 6a shows the maximum overall system efficiency for
every power setpoint P and measured fallhead A#. In turbine
mode, a power of 10 MW can be generated down to a
fallhead of 9 m, with a power of 1 MW possible for fallheads
down to 2 m. The maximum efficiency for each fallhead is
reached close to the maximum power that can be generated
from that fallhead, i.e., the operating range limit, with
an overall maximal efficiency of 82.9%. The efficiency
decreases towards the high-head-low-power zones, which is
where the inlet valve coefficient k, is the highest (Fig. 6b).
Note that, except at the operating range limit, k, is always
greater than 0. This means that at all operating points that
have ‘excess’ head to produce the wanted power, it is more
efficient to reduce the conduit efficiency by closing the valve
to increase the overall efficiency. This phenomenon is caused
by the RPT characteristics shown in Fig. 2a and 2c. For each
fallhead, the sum of the turbine heads %1, and the conduit
head loss A, must match this fallhead (18). To generate a
high head, the runners’ TSRs must decrease, simultaneously
significantly reducing their efficiency. Therefore, increasing
hr, with the inlet valve (and thus decreasing the conduit
efficiency) allows the RPT to run at their optimal TSRs and
efficiency, increasing the overall efficiency. Fig. 6¢ pictures
the turbine speed ratio at which the maximum efficiency is
reached. Note that in turbine mode, the maximum efficiency
is reached mostly at 0.8 < ¢ < 0.85, with increasing speed
ratio towards the operating range limits.

In pump mode, a maximum head of 9.5 m can be reached
with a power of —10 MW. The maximum efficiency for
each power setpoint is reached at 0.5 m to 1.5 m below
the operating range limit, with an overall maximal efficiency
of 84.1%. The efficiency decreases towards the low-head-
high-power zones which is where, similar to turbine mode,
the inlet valve is used. Note that, contrary to turbine mode,
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there is a large zone where the valve is fully open (ky = 0).
The characteristics in Fig. 2b and 2d show that for medium
TSRS, Cpi2 (and subsequently the RPT’s head) is low, but
the efficiency is still high, explaining why an increase of
hr, with the inlet valve would only decrease the overall
efficiency. However, for very low TSRs, nn> experiences a
steep decrease, causing the increase of k, towards the low-
head-high-power regions, shown in Fig. 6b. The optimal
speed ratio in pump mode (Fig. 6¢) ranges between 0.9 <
¢ < 1, with the highest speed ratio spanning over the
high-power operating points.

As previously mentioned, topology VSR-IV is used as
the baseline topology. In the remainder of this section,
the maximum efficiency maps of the other topologies are
compared with topology VSR-IV as shown in Fig. 7.

2) TOPOLOGY FSR-IV

Fig. 7a visualizes how the maximum efficiency map changes
for topology FSR-IV, in which the second runner operates
at the design speed ratio of {g = 0.9. In turbine mode, the
main difference with topology VSR-1V lies in the reduction
of efficiency, with an average difference of 0.5% and a
maximum of 1.7% at Ah = 8.5 mand P = 7.5 MW. In pump
mode, the efficiency difference remains between 0.1% and
1.0% close to the operating range limit. However, in the low-
head-high-power zones, this efficiency deficit increases to
a maximum of 17.0% at Ah = 7Tm and P = —10 MW.
Note that this zone is where topology VSR-IV reaches its
optimal efficiency with a speed ratio of { = 1, requiring a
lower inlet valve coefficient and thus increasing efficiency.
Furthermore, the operating range in pump mode is decreased,
as the minimum required power for a certain fallhead is
higher for the design speed ratio than for the speed ratios
used in topology VSR-IV. For the same power setpoints,
topology FSR-IV has a head range reduction of 0.5 m for
power setpoints —1.5 MW, —3.5 to —5 MW, —7 MW and
—8to —10 MW. The maximum head for this topology is 9 m,
compared with 9.5 m for topology VSR-IV.

3) TOPOLOGY VSR-NIV

In Fig. 7b, the difference in efficiency and operating range
compared with topology VSR-IV has increased significantly
by excluding inlet valve control. In turbine mode, the
operating range has decreased significantly for high fallheads
as the inlet valve is no longer used to reduce net head over
the turbine, leading to torque values exceeding the PMSM
limit. The maximum power setpoint is reduced to 7 MW (at
Ah = 7 m), with the maximum fallhead reduced to 9 m. In the
remaining operating range, the efficiency also decreases
compared with topology VSR-IV. For a given fallhead, the
efficiency loss is 0% at the operating range limit (up to
Ah = 7 m), increasing towards the lower power zones and
high head zones, with a maximum efficiency deficit of 4.4%
at Ah = 9m, P = 5.5 MW. In pump mode, for low power
setpoints, no efficiency loss exists compared to topology
VSR-1V, as also in that topology, the maximum efficiency is
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FIGURE 6. (a) Efficiency, (b) inlet valve coefficient and (c) speed ratio versus power and fallhead for topology VSR-IV.
reached with a fully open inlet valve in this region (as seen in powers at low fallheads without exceeding the PMSM torque

Fig. 6b). However, topology VSR-NIV cannot dissipate high limits, significantly reducing the power operating range, i.e.,
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(c) Topology FSR-NIV efficiency difference with topology VSR-IV.

FIGURE 7. Efficiency difference (loss) compared with topology VSR-IV versus power P and fallhead for (a) topology FSR-IV
(b) topology VSR-NIV (c) topology FSR-NIV.

the amount of power setpoints that are available at a certain in turbine mode are further reduced. In this topology, the

fallhead. maximum fallhead and power are respectively 8.5 m and
6.5 MW, with the minimum fallhead being 2 m at 1 MW.
4) TOPOLOGY FSR-NIV Furthermore, the efficiency reduction now ranges from 0.1%

In topology FSR-NIV (Fig. 7c), using the design speed ratio at the operating range limit for low fallheads to 4.7% for
¢4 and holding ky, = 0, the operating limits and efficiency P = 1MW at Ah = 8§ m. In pump mode, the operating
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range has reduced significantly compared with topology
VSR-NIV. The maximum reachable fallhead is 8 m at a power
of —9 MW, with the remaining operating range having an
average reduced efficiency of 2.1%.

B. CYCLE EFFICIENCY

For the four topologies, Table 4a lists the round-trip efficiency
together with the pump and turbine efficiencies separately,
which result from cycle I, where the power is always chosen
to result in the highest efficiency for the current fallhead
Ah. Furthermore, the hydraulic energy storage capacity is
outlined. The hydraulic capacity is maximal for topology
VSR-1V, using three DOFs, with fallhead limits of 2 m and
9.5 m: E, = 58.6 Wh/m”. Next, the upper fallhead limit is
reduced to 9 m for topologies FSR-IV (restricted by pump
mode) and VSR-NIV (restricted by turbine mode). Therefore,
these topologies with two DOFs have an energy capacity
of E, = 52.4 Wh/m?, which is an 11% energy capacity
reduction compared with topology VSR-IV. As the maximum
fallhead in pump mode for topology FSR-NIV is only 8 m, its
hydraulic energy capacity is reduced to E, = 40.8 Wh/m?,
a 30% reduction compared with topology VSR-IV. Using
all three DOFs, topology VSR-IV yields the highest cycle
efficiency of 67.5%, with topology FSR-IV (excluding speed
ratio control) slightly less efficient at 67.1%. Using only one
DOF, topology FSR-NIV yields a reduced cycle efficiency of
64.0%. For topology VSR-NIV, the cycle efficiency of 62.7 is
primarily affected by the reduced turbine efficiency towards
the maximum fallhead of 9 m. From 8 m to 9 m, the maximum
turbine efficiency decreases from 69.3% to 51.8%. For this
topology, an alternative cycle with a lower maximum fallhead
would result in a higher cycle efficiency at the cost of a lower
energy capacity.

In Table 4b, the average efficiency and stored energy
results of the FCR cycles with 1 MW reserves are presented.
Here, the base power for each fallhead is defined as the
power limit (see Fig. 6a and 7) —1 MW in turbine mode and
+1 MW in pump mode. This definition of the base power
allows the system to operate in its high efficiency region
while ensuring that all FCR power setpoints (with a maximum
reserve capacity of £1 MW) lie within the operating range.
Note that, compared with cycle I, the difference in cycle
efficiency between VSR-IV (63.3%) and FSR-IV (61.3%)
becomes significant. As can be seen in Fig. 7a, the efficiency
difference between the two topologies is small towards the
operating range limit, but increases towards the subnominal
operating points. As the fluctuating FCR power setpoint
forces the system to operate in these regions, the cycle
efficiency for topology FSR-IV decreases further compared
with VSR-IV. Furthermore, for Ah > 7.5 m, the power
operating range for topology FSR-IV becomes smaller than
2 - P, = 2 MW, resulting in a hydraulic energy capacity
of 27.4 Wh/m?. The variable speed topologies VSR-NIV
and VSR-IV can operate up to Ah = 8 m, resulting
in an increased energy capacity of E, = 32.6 Wh/m?.
When comparing the two VSR topologies, it can be seen
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TABLE 4. Cycle efficiency and electric energy capacity for three different
cycles across the full possible fallhead range for the four topologies.

(a) Cycle I: Optimal efficiency cycle.
FSR VSR FSR VSR
NIV NIV v v

Cycle efficiency n [%] 64.0 62.7 67.1 67.5
Pump efficiency np [%] 82.4 831 823 828
Turbine efficiency 1y [%] 777 755 81.5 81.5

Energy capacity En [Wh/m?]  40.8 524 524 58.6

(b) Cycle II: Average results of three FCR cycles with a 1 MW reserve
capacity with frequency data from the first day of October 2021, Febru-
ary 2022, and June 2022).

FSR VSR FSR VSR
NIV NIV v v

Cycle efficiency n [%] 59.9 57.7 61.3 63.3
Pump efficiency np [%] 81.9 826 82.0 82.6
Turbine efficiency 1y [%] 73.1 69.8 748 76.6

En [Wh/m?] 224 326 274 326
(c) Cycle IIL, reflecting FRR operation with a constant power of -10 MW
in pump mode and 1 MW in turbine mode.

FSR VSR FSR VSR
NIV NIV v v

Energy capacity

Cycle efficiency n [%] - 15.7 16.3 19.2
Pump efficiency np [%] - 82.3 525 64.1
Turbine efficiency 1t [%] — 19.1  31.0 29.9
Energy capacity Ey [Wh/m2] — 10.2 524 58.6

that the pump efficiency remains identical, as the power
trajectory in this FCR scenario remains within the region
where the use of an inlet valve brings no increase in efficiency
(Fig. 6b). However, due to the decrease in turbine efficiency
for topology VSR-NIV, the cycle efficiency in this FCR
scenario is only 57.7% compared with 63.3% for topology
VSR-IV. Finally, the available head for the 1 DOF topology
FSR-NIV further decreases in this scenario and can vary
between 4 m and 7 m, again resulting in the lowest hydraulic
energy capacity of 22.4 Wh/m?. From the results, it can be
seen that topology VSR-IV, using all three available DOFs,
yields the highest efficiency at the highest energy capacity in
this FCR scenario, with an efficiency improvement of 2.0%
compared with topology FSR-IV and respectively 3.4% and
5.6% compared with topologies FSR-NIV and VSR-NIV.
Furthermore, topology VSR-IV achieves a respective energy
storage capacity increase of 19% and 46% compared with
topologies FSR-IV and FSR-NIV.

In Table 4c, the efficiencies and hydraulic energy storage
capacities are listed for cycle III, which reflects FRR
operation, with constant powers of —10 MW in pump mode
and 1 MW in turbine mode. As this constant power cycle
forces the system to go through its low efficiency zones,
the cycle efficiencies are low, with topology VSR-IV having
a cycle efficiency of 19.2%, which is respectively 2.9%
and 3.5% higher than topology FSR-IV and VSR-NIV.
With a cycle between 2 m and 9.5 m, topology VSR-IV
reaches the highest hydraulic energy storage capacity of
58.6 Wh/m?, with the reduced maximum pump head of 9 m
for topology FSR-IV resulting in a lower energy capacity
Ep = 52.4 Wh/m2. In the topologies without a controllable
inlet valve, the operating range in pump mode at —10 MW
is significantly decreased. Without a variable speed ratio,
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topology FSR-NIV cannot operate at —10 MW in pump
mode, whereas adding variable speed ratio, the power of
—10 MW can only be reached between 7 m and 9.5 m.
As the maximum fallhead at which the turbine in topology
VSR-NIV can operate at 1 MW is 8 m, the hydraulic energy
storage capacity for this topology is only 10.2 Wh/m?, which
is more than 5 times lower than the storage capacities of the
topologies using an inlet valve FSR-IV and VSR-IV.

V. DISCUSSION

In Table 5, the main results from Section IV are listed in a
summarizing table. For each result, the absolute value V is
given for the 3 DOF topology VSR-IV. For the other toplogies
the relative differences §V compared with toplogy VSR-IV
are listed, which are calculated as follows:

Vixx-xxx — VVSR-
SVxxx-xxx _ XXX-XXX VSR-IV (24)

VVsr-1v

To quantify the operating range, it is defined as the surface
area of the contour plots in Section IV-A. To highlight the
results, a color code is used, where green is used to highlight
minor relative losses and yellow and red are used for medium
and major relative differences, respectively.

From the results, it is clear that adding the inlet valve as
a DOF significantly increases the operating ranges towards
higher possible fallheads in turbine mode and higher powers
in pump mode. In addition, the efficiency is also increased.
Next, the impact of using variable speed ratio control on
the operating range depends on whether inlet valve control
is also used. Comparing topology VSR-NIV to topology
FSR-NIV, next to an increase in efficiency in both pump and
turbine mode, the operating range is significantly increased.
However, the increase in operating range and efficiency
is not as high when comparing topologies VSR-IV and
FSR-IV. Furthermore, in the high efficiency zones (towards
the operating range limit), the efficiency difference is only
< 1%, with larger efficiency differences occurring only at
subnominal operating points in pump mode, reflecting in a
relative decrease in average efficiency of 4.9%.

From the cycle scenarios, it can be concluded that
using only the first runner’s rotational speed as a DOF
(topology FSR-NIV), the significantly reduced operating
range (—44.9% and —53.4% for turbine and pump mode,
respectively) results in this topology having the lowest energy
storage capacity for all cycles (—30.4% and 30.0% for the
optimal cycle and FCR cycle, respectively). Next, using a
variable speed ratio and no inlet valve (topology VSR-NIV),
the same energy storage capacity can be reached as topology
VSR-IV in the FCR scenarios, but at a relative cycle
efficiency reduction 8.9%. In the optimal efficiency cycle,
topology VSR-NIV reaches a round-trip efficiency which is
relatively 7.1% lower than in topology VSR-IV, at a storage
capacity reduction of 10.6%. Due to the reduced operating
range at subnominal operating points, the energy storage
capacity in the FRR scenario is reduced by 82.6% compared
with topology VSR-IV. The results indicate that a topology
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TABLE 5. Overview of the main results from Section IV, with the absolute
value given for topology VSR-IV and the relative difference compared with
topology VSR-IV for the other topologies.

FSR VSR FSR VSR
NIV NIV v v
Relative difference 6V Value V

Turbine
Max. efficiency -0.6% 0.0% -0.6% 82.9%
Average efficiency -3.5% -3.1% -0.9% 62.1%
Operating range -449%  -38.1% -1.7% 44 MW -m
Pump
Max. efficiency -1.0% 0.0% -1.0% 84.1%
Average efficiency -0.7% 0.0% -4.9% 70.7%
Operating range -534%  -37.5% -5.3% 52 MW-m
Optimal cycle
Cycle efficiency -5.2% -7.1% -0.6% 67.5%
Energy capacity -304% -10.6% -10.6%  58.6 Wh/m?
FCR cycle
Cycle efficiency -5.4% -8.9% -3.2% 63.3%
Energy capacity -30.0% 0.0% -16.0%  32.6 Wh/m?
FRR cycle
Cycle efficiency - -182%  -15.1% 19.2%
Energy capacity - -82.6% -10.6%  58.6 Wh/m?

without the inlet valve as a DOF is not optimal for the optimal
efficiency and FCR cycles, and unsuitable for FRR services.
Using the topology with all three DOFs (VSR-IV), the
efficiency and energy storage capacity are always maximal.
However, the magnitude of the difference with topology
FSR-IV (fixed speed ratio, variable inlet valve) differs for
the different cycle scenarios. For the optimal efficiency cycle,
the efficiency difference between topologies VSR-IV and
FSR-1V is only 0.6%, with a relative energy storage capacity
deficit of 10.6% for topology FSR-IV. However, for operating
scenarios providing grid services, the added benefit of using
all three degrees of freedom becomes significant. In the FCR
scenario, the cycle efficiency difference increases to 3.2% at
an energy capacity decrease of 16.0%. In the FRR scenario,
the cycle efficiency difference becomes 15.1%, with a 10.6%
decrease in the energy storage capacity.

For a full cycle along the total fallhead range with variable
power, an energy storage capacity of 58.6 Wh/m? with a
round-trip efficiency of 67.5% can be reached by using all
three DOFs. This efficiency is lower than that of electrochem-
ical batteries (70%-90%), but higher than that of hydrogen
storage (20%-66%). Next, this PHS system is slightly less
efficient than high-head PHS systems (70%-85%), which is
due to the higher flow rate-to-power ratio in this low-head
system, resulting in higher conduit losses. However, due to
the higher lifetime and lower cost, it can be concluded that a
PHS system comprising a CR RPT has significant potential
to compete with new battery and hydrogen storage facilities
for countries with a flat topography.

VI. CONCLUSION

In this paper, the impact of dual variable speed and inlet
valve control on the efficiency of a novel contra-rotating
RPT for low-head PHS is investigated. To analyze the full
system efficiency, a hydraulic model is used that utilizes
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CFD simulations and includes the conduit major, minor, and
variable valve losses. For the electric machines, PMSMs
are used and are modeled in the dg reference frame,
where both the copper and iron losses are represented, with
the latter including the eddy current and speed-dependent
hysteresis losses. Next, the conduction and switching
losses of commercially available medium voltage VFDs
are replicated using IGBT data and simulated switching
times. For every combination of the degrees of freedom,
an efficiency map is simulated that reflects the maximum
efficiency and operating range that can be reached using the
available DOFs.

It is found that, using both inlet valve control and variable
speed control, both the operating range and efficiency are
maximal. In a variable power cycle between the fallhead
limits using all three DOFs, a hydraulic energy storage
capacity of 58.6 Wh per unit of reservoir area can be
achieved at a round-trip efficiency of 67.5%, which allows
this technology to compete with other storage technologies
in regions without suitable topography for high-head PHS.
Eliminating the inlet valve as a DOF has the highest influence
on the operating range (with relative decreases of > 37.5%),
while also having a relative > 3.1% average efficiency
reduction in turbine mode. It is concluded that a topology
with a fixed speed ratio and no variable inlet valve is not
viable, bearing a relative > 44.9% reduction in operating
range and a > 3.5% average efficiency reduction compared
with the 3 DOF topology. In a topology with inlet valve
control, the benefits of adding variable speed ratio control as
a third degree of freedom are not as significant in an optimal
efficiency cycle, with a relative cycle efficiency difference of
only 0.6% and a relative energy storage capacity difference of
10.6%. However, in frequency reserve scenarios, the relative
cycle efficiency difference significantly increases to 3.2%
and 15.1% for the FCR and FRR scenarios, respectively, with
energy capacity differences of 16.0% and 10.6%. Therefore,
it can be concluded that using both variable speed ratio and
inlet valve control, a significant increase in performance
is found, which becomes more apparent when providing
frequency services.

The outcomes of this study demonstrate the technical
feasibility of low-head pumped hydropower storage and the
importance of utilizing the available degrees of freedom to
optimize the efficiency and operating range. However, several
key avenues can be explored in future work. The authors
propose to extend the steady-state model to a dynamic model
that captures the transients in the RPT, conduit, electric
machines, and power electronics in order to develop a control
architecture that exploits the available degrees of freedom
to reach power setpoints at optimal efficiency. Furthermore,
the authors highlight the importance of analyzing the impact
of providing frequency reserves on the reliability of the
proposed hydropower storage system. Although these effects
have been described in literature for medium and high head
systems [34], [35], [36], the increased flow rate in this
low-head system affects the dynamic loads on the RPT
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and conduit, e.g., water hammer effect. Additionally, these
insights can be used to identify critical components to
model and monitor for predictive maintenance, as effective
maintenance procedures and minimization of downtime is
imperative for an off-shore storage system [37], [38]. Finally,
an economical analysis on the capital costs and the balance
between the increased revenue with frequency reserves and
increased cost of operation and maintenance, caused by
providing these reserves, can lead to the optimal design and
operation of this low-head PHS system.
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