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Abstract: Storage technologies are an emerging element in the further expansion of renewable energy
generation. A decentralized micro-pumped storage power plant can reduce the load on the grid
and contribute to the expansion of renewable energies. This paper establishes favorable boundary
conditions for the economic operation of a micro-pump storage (MPS) system. The evaluation is
performed by means of a custom-built simulation model based on pump and turbine maps which are
either given by the manufacturer, calculated according to rules established in studies, or extended
using similarity laws. Among other criteria, the technical and economic characteristics regarding
micro-pump storage using 11 pumps as turbines controlled by a frequency converter for various
generation and load scenarios are evaluated. The economical concept is based on a small company
(e.g., a dairy farmer) reducing its electricity consumption from the grid by storing the electricity
generated by a photovoltaic system in an MPS using a pump as a turbine. The results show that due
to the high specific costs incurred, systems with a nominal output in excess of around 22 kW and with
heads beyond approximately 70 m are the most profitable. In the most economical case, a levelized
cost of electricity (LCOE) of 29.2 €cents/kWh and total storage efficiency of 42.0% is achieved by
optimizing the system for the highest profitability.

Keywords: pump as turbine; micro-hydro pump storage; small-scale hydropower; simulation model;
turbine maps

1. Introduction

Renewable energy generation is often volatile and location-dependent by nature. Its
integration into power networks usually requires great flexibility and puts a strain on
the grid. To reduce the load on the grid, it must either be expanded, become smarter or
storage technologies must be implemented [1]. The requirements for storage technologies
are manifold, and no single storage technology fulfills them all. Each energy storage
technology has unique characteristics, and the optimal choice depends on the task to be
fulfilled [2]. Micro-pump storage systems are one of the storage technologies used for
decentralized energy storage and can therefore reduce the load on the network. The pump
as turbine (PAT) technology is well-established in a number of water distribution networks
for energy recovery [3,4], with a possible payback period of six years [5], by pressure
reduction and reducing water loss [6] or for improving network effectiveness [7,8]. It can
also be beneficial to enhance the sustainability of such networks [9]. Additionally, studies on
PATs have already developed integration strategies for water distribution networks [10,11]
or methodologies to select pumps from catalogues [12]. Simulation models were also
developed to determine the number and optimal locations of operations as well as the
optimal PATs to minimize costs [13]. For instance, a recent publication has shown that
the specific decentralized installation of PATs in a water distribution network can be used
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to charge e-bikes or scooters by reducing the pressure in the network [14]. Something
comparable could be achieved by using a PAT in a micro-pump storage (MPS) system, thus
reducing the load on the power grid. A publication [15] preceding the present contribution
investigated various operating strategies for an MPS system with a pump as a turbine.
Therein, speed control using a frequency transformer (FUM) was identified as the best
strategy in terms of economy. It has also been proven that the efficiency of pumped hydro
storage can be significantly increased by varying the speed with an FUM [16]. The result
of a publication on electricity costs in India shows that MPS systems can be economically
viable [17]. In contrast, other publications concerned with modelling small hydropower
plants [18-23] in combination with photovoltaic (PV) systems [24], wind turbines [25], or
both [26], leave open the question of how such a system can be operated economically.

A pilot MPS plant using a PAT was recently implemented in Froyennes, Belgium [27],
where the energy produced by a variety of PV systems and a few small wind turbines is
stored in the MPS in the event of a local energy surplus and is then withdrawn at a later
point in time. Attaining profitability with an MPS system is a challenge. For example,
the levelized cost of electricity (LCOE) for storing and retrieving energy in Froyennes is
€1.06/kWh [27], which is far above current energy prices. Throughout this paper, this
pilot plant is used as an example to illustrate the general boundary conditions that are
required for economical operation. For instance, the ratio of length to head (L/H) at the
MPS in Froyennes is about 8. Since this ratio is usually much lower at other pumped
storage power plants, there is great potential for cost reduction [27]. Depending on the
filling level of the reservoir, there is only a maximum head of 11 m, which also brings the
potential for improvement. The efficiency of the PAT is 72.7%, but there are now PATs with
better efficiency (see Section 2.2.2), which should also lead to a better result for the LCOE.
Furthermore, in Froyennes, a 30 kW motor/generator (M/G) was used for a maximum
pump power of 17 kW; a better adapted M/G could reduce the investment costs. This
publication is intended to identify potential for improvement and therefore focuses on
how a MPS can be operated economically and what boundary conditions are necessary for
achieving this goal.

In order to be able to evaluate the economic efficiency of such a system, pump and
turbine maps are required as input for a simulation model. Since turbine maps, in contrast
to pump maps, are usually not publicly available, turbine maps usually have to be measured
or calculated. Over the years, quite a few calculation methods have been developed, e.g., by
Gdilich [28], Alatorre-Frenk [29], Derakhshan [30], Yang [31], and T. Lin [32], and have been
compared with experimental measurements [33,34] or with other prediction methods [35].
Prediction models have also been developed, especially for multi-stage PATs [36]. The
accuracy of the turbine characteristics obtained depends on the pump mode data available
as a basis, and a certain degree of inaccuracy must always be taken into account. Due to
the fact that a test bench is very expensive, especially when covering the full performance
range considered for this paper, the calculation methods are still necessary. Based upon
the given calculated turbine characteristics, a numerical model of the MPS system can be
used to simulate its operation and evaluate it according to economic and technical criteria.
In particular, a roadmap can be established for illustrating how an MPS system could be
profitably operated, which is the major goal pursued by the present paper.

This paper is structured as follows: Section 2 describes the system calculation methods
and affinity laws and is followed by a short description of the simulation model employed.
In Section 3, the results of the technical and economic efficiency simulations for various
generation and load profiles are presented, discussed, and used to sketch the roadmap to
profitability for MPS. To cover a larger scope of load and generation scenarios, Section 4
introduces various scaling factors for the load and generation profile which are examined
using the most promising pump of Section 3, the KSB 8065200.
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2. Materials and Methods

The present section describes the procedure for evaluating the economic viability
of an MPS. To this end, the functionality of the MPS, the basic data, the methodology
of the simulation model, as well as the calculation and extension of the turbine maps
are described.

2.1. Concept and Initial Data

Figure 1 presents a schematic diagram of a speed-controlled micro-pump storage
plant that might be used by a small company (e.g., a dairy farmer). A centrifugal pump,
which operates both as a pump and a turbine, is located between the lower and the upper
reservoirs. The speed-controlled plant is connected to the power grid, to a PV system
(specific yield = 1.15%) and to the consumer via an electric motor or generator (M/G)

and a frequency converter.
PV system Upper basin

Pump / PAT

——— El. Connection
_—— Penstock

Dairy farmer Lower basin

Figure 1. Schema of the speed-controlled MPS including dairy farmer, grid, and PV system, energy
demand Wi, grid energy W,,;, total energy input Wj,,, total energy output W,,¢, PV-energy Wpy [15].

The functionality of the MPS can be understood as follows. In pump mode, active
during periods of low energy consumption and high solar power production, water is
pumped into an upper basin, storing potential energy for later use. During times of
high power consumption and low PV output, turbine mode is active, with water flowing
back into the lower basin and powering the centrifugal pump, which now acts in turbine
operation. Thus, the energy demand from the grid can be reduced, and more of the energy
generated by the PV system can be used on site.

In the previous publication [15], the optimal location (i.e., optimal head and storage
volume) for a given pump was identified for fixed energy production from the PV system
and given energy consumption. To investigate the effects of various consumption and
generation scenarios, a scaling factor for PV power Spy and energy consumption Sy has
now been introduced. The scaling factors of 1.0 are based on the values of the previous
publication, i.e., a PV power of 60 kWp, an annual energy production of Wpy = 69.1 MWh,
and an annual energy demand W} of 43.0 MWh. The ratio of Wpy /W] is therefore around
1.6. For convenience, the relation between the scaling factors and the energy production or
demand is shown in Table 1.
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Table 1. Energy (per year) produced by the PV system Wpy, energy demand Wi, scaling factor Sy
(corresponding to Wy, ) and Spy (corresponding to Wpy).

Scaling Factor Sy, ,,Spy 0.5 0.8 1.0 1.2 1.5 2.0 3.0 4.0
Wi [MWh] 22 34 43 52 65 86 129 172
Wpy [MWAh] 35 55 69 83 103 138 207 276

The penstock was assumed to have a nominal diameter of DN150, with costs of
50 €/m pipe. The slope was assumed to be 15%. One of the two basins was supposed to
have already existed. The second, a snow-making style of water reservoir design, was
assumed to incur construction costs of 40 €/m?3 [37,38]. In this publication, due to the
many different sizes of centrifugal pumps, no individual costs for the electrical installation
were taken into account. Because of that, results for the KSB Etanorm 50160D174 deviate
slightly from the results from the last study [15]. The investment costs of the PV system
were not included in the economic efficiency calculation because this study was based on
the assumption that a PV system was already available, e.g., after expiration of the subsidy
by the Germany renewable energy act (EEG).

2.2. Map Calculation

The characteristic maps of various centrifugal pumps for turbine and pump operation
were required in order to be able to run simulations and compare several centrifugal pumps
with each other. While pump maps are provided in full for each specific pump by the
respective manufacturer, turbine maps are usually not provided. For this paper, turbine
maps that were not provided (or only provided in partial areas) by the manufacturer were
either calculated and/or extended via similarity relationships.

2.2.1. Calculation of Turbine Characteristics at Nominal Speed

The calculation of the characteristic curves was based on empirical correlations accord-
ing to J.F. Giilich [28]. The exact calculation method is explained in detail in Appendix A
and briefly explained here: All values (head, flow, speed, power, and efficiency) for the
BEP in pump mode are needed for determining the turbine best efficiency point (BEP).
The turbine BEP values were calculated from the pump BEP. All required values for the
nominal speed characteristic curve were determined from the BEP in turbine operation thus
computed. The formulas were based on calculations from eight different correlations using
35 measured pumps, with a specific speed n, in the range between 12 and 190. Due to the
small number of pumps upon which the correlations were based, considerable deviation
should be expected when using these calculations, which is why Q and H may be up to
20% different than the calculation predictions [28].

2.2.2. Extension of Turbine Maps

In order to be able to analyze speed control and to determine the optimum head, it is
necessary that a certain range of the characteristic map be known. The law of similarity
provides the possibility of calculating further characteristic curves for other speeds from a
single measured or given speed characteristic curve. The values calculated in Section 2.2.1
(Q, H, P) for nominal speed are extended to create a wider range of the turbine map
according to Giilich using similarity relationships [28]. Likewise, maps obtained from the
manufacturer covering only a subrange of the full turbine operation map are extended in
the same way. In order to calculate an extended turbine map, the head #, the flow Q, and
the power for various speeds 1 are calculated. The similarity laws given in formulas (1)—(3)
are based on the respective rated quantities, i.e., speed 7,, and the corresponding flow Q;,
head H,, and power P, from which the turbine behavior for other speeds and operating
conditions can be calculated:

Q(n) =Qr- ; 1)



Sustainability 2022, 14, 653 5o0f 22

H(n) = H, (”)2 )

Preci (1) = Pr - (”)3 3)

ny

One prerequisite for the affinity laws is that the flows in the channels, such as in
the impellers, behave similarly kinematically and dynamically. As a consequence, the
corresponding inertial and frictional forces behave similarly [28]. In addition, it is assumed
that the fluid is incompressible, and no cavitation occurs. When calculating the efficiency
with formula (3), there is a deviation, which results from the fact that there are losses that
do not increase with the cube of the speed. Among these are the mechanical losses in the
bearing and shaft sealing, as well as the disc friction loss [39].

The hydraulic power Py, is determined for the respective speed n for various points
on the speed characteristic curve (formula (3) [40].

Puyar(n) = Qr(n)-p-g-H 4)
The mechanical efficiency #7 .0, can now be obtained with [40]:

PT mech (n)
n = -
Ui ( ) T,mech Phydr (1’1)

®)

The extended maps are now created by means of interpolation from the associated
data of the extended speed curves. There is a set of two maps for the turbine mode. The
first map Hy(Qr, 1) represents the dependency of head Hr on flow and rotational speed,
while the second map, Pr(Qr, 1) describes the power Pr ¢

In order to exemplarily check the accuracy of the calculation and expansion of the
turbine maps, the map of the KSB50160174 (see Table 2) was calculated from BEP pump
data alone using the method described above. Comparing the calculated turbine maps
with measured maps provided by the manufacturer, an efficiency deviation of only one
percentage point was seen in the high rpm range. For lower speeds, the difference increased
to up to four percentage points. As the pump/turbine often operates close to its nominal
speed, the high-speed range is most relevant for us and, therefore, a fairly good overall
accuracy can be expected.

Table 2. The centrifugal pumps investigated, sorted by their nominal power P, at their best efficiency
given by the manufacturer 17p o, average electrical pump efficiency 7p 1, average electrical turbine
efficiency 71 ,;, average electrical turbine efficiency #tr, pump investment Ip and investment for
motor and frequency inverter I,; . All results here are given for a scaling factor Spy = Sp = 1.0.

Pump p, 1P, opt ﬁP,el ﬁT,el Htot Ip I,
F065-200A-1102H ! 11.0 kW 71.1% 64.2% 58.5% 37.5% 3347 € 9323 €
EST 65-160 2 15.0 kW 80.9% 67.6% 58.9% 38.7% 4246 € 7343 €
F080-255A-1502H ! 15.0 kW 75.4% 63.6% 56.0% 35.3% 3419 € 10475 €
KSB 50160174 2 15.0 kW 76.0% 67.7% 62.3% 42.1% 3808 € 11,575 €
F080-255A-1852H 1 18.5 kW 75.9% 64.7% 57.5% 37.1% 4420 € 12,372 €
F080-255A-2202H ! 22.0 kW 78.4% 65.9% 60.9% 40.1% 4699 € 14,348 €
F080-240A-2202H 1 22.0 kW 82.3% 69.3% 53.8% 37.2% 4377 € 13,864 €
F080-330A-2204H ! 22.0 kW 78.1% 63.2% 56.1% 35.4% 4893 € 15,585 €
KSB 8065200 3 30.0 kW 80.9% 65.2% 58.6% 38.2% 2579 € 12,022 €
F080-255A-3002H ! 30.0 kW 79.2% 63.1% 59.1% 37.2% 4999 € 17,465 €
F080-255A-3702H 1 37.0 kW 79.3% 62.4% 61.1% 38.1% 4871 € 18,334 €

1 turbine map calculated, 2 turbine map given by the manufacturer, 3 turbine map partially given by manufacturer
and extended via similarity relationships.
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2.3. Simulation Model

The simulation model has also been described in detail in [15] and is reproduced for
easier access in Appendix B of this work. A short description of the program sequence is
provided as follows. After initiating the simulation, all of the necessary data are collected.
The main task of the program is to determine the water volume in the storage reservoir.
This is performed by calculating the flow rates in pump and turbine operation. To solve
this numerically, the flow has to be obtained from characteristic maps which describe,
respectively, the head, the efficiency, and the power as a function of the speed and the
flow rate. The difference between PV power and power from the load profile results in
the possible pump or turbine power depending on flow and speed, taking into account
the efficiency of the electrical components. Taking pipe losses into account, the system’s
characteristic curve is defined to determine the resulting head. The operating point is then
determined. The flow rate and speed at the intersection point can then be read directly
from the characteristic maps while also taking into account the operating limits for pump
or turbine operation.

The simulation model then returns results for every point in the time of the year for
all system variables. The annual electricity balance can then be obtained from these results,
and a profitability calculation can be performed.

2.4. Finding the Optimal Site for Each PAT and Scaling Factor

The plant simulation model was run within a MATLAB optimizer [15] used to deter-
mine an optimal site (as defined by the geodetic head Hg,, and the volume of the storage
V) for each of the PATs as listed in Table 2 as well as the scaling factors provided in Table 1.
By using the MATLAB 2019a simulated annealing algorithm [41,42], the economic outcome
can be maximized by varying Hg,, and V. The results for the optimal site (Hyptim, Voptim)
for each scaling factor Spy and Sy, are obviously specific to the PAT type chosen.

3. Results and Discussion

In this section, the investigated pumps are listed, and the results of the simulation
model for the head, total efficiency, average turbine and pump efficiency, and levelized
cost of energy (LCOE) are presented and discussed. At first (Section 3), the scaling factors
Spy and S; are set to the same value (i.e., Spy = S;), while in Section 4, Spy and S;,
are varied independently. As will be shown later, the specific component costs play an
important role, which is why they are discussed in more detail after describing the different
pumps investigated.

3.1. Pumps Investigated

The following Table 2 lists 11 suitable pumps, examined with increasing nominal
power Py,. The scope of the pumps evaluated is chosen to cover the range from 5 to 50 kW,
which defines micro-hydropower stations based on the classification of the Latin American
Energy Organization (OKADE) [43].

In addition to the pump efficiency #7p opt given by the manufacturer for the BED, the
table also shows the average efficiency for turbine (777 ;) and pump (77p /) as well as the
total efficiency 77o; for a scaling factor of 1.0. The values of (777 ;) and (77p ;) are calculated
from simulation results for the optimal size and scaling factor using trapezoidal numerical
integration [44] with a step size of 0.1 min using the following formulae:

_ Qpdt-p-¢-H
T = L2008 Hon o

ﬁ _ Wout
Tl ™ [Qrdt-p-g- Hgeo

@)
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The total efficiency 7740 is defined as the quotient of the total electrical energy output
Wout = [ Ppdt and the total electrical energy input Wy, = [ Prdt

-100% (8)

As Table 2 shows, the highest pump efficiency at the BEP in pump mode does not indi-
cate the highest total efficiency. Comparing the EST 65-160 pump, with high manufacturer-
specified efficiency of 80.9% in pump mode, with the F080-255A-2202 H, which has only
a manufacturer-specified pump efficiency of 78.4%, the total efficiency of the FO80-255A-
2202H exceeded that of the EST 65-160 by about 1.4 percentage points. The better effi-
ciency is mainly based on a better average electrical efficiency in turbine operation of
the F080-255A-2202H and may also be related to better efficiency in the part-load range.
Comparing the efficiency of the pumps listed in Table 2 with the pump in Froyennes
(Mp,opt = 72.7%) [27], it becomes clear that, with the exception of the F065-200A-1102H,
each of the pumps listed in Table 2 has better efficiency. It should therefore be possible to
use a PAT with higher efficiency for an MPS.

3.2. Specific Costs

Figure 2 shows the specific prices (€/kW rated power) of the pump including a motor
(e.g., FO80-255A) [45], asynchronous motor (e.g., VEM PSIR/PS2R) [46], and a frequency
converter (e.g., ABB ASC 580) [47]. As expected, the specific prices decreased with the
rising power. The drop is especially steep for frequency converters and pumps including
motors with an output of less than 22 kW.

1200 - =—8ynchronous Motor VEM PS1R/PS2R
——Frequency Converter ABB ASC 580
§- 1000 - ——Herborner F080-255A (incl. Motor/Generator) |
=
v,
P 800 -
8
o 600
2
=
3 400
o
n
200~
0 1 1 1 | 1 1 1 1

10 20 30 40 50 60 70 80 90 100 110
Nominal Power [kW]

Figure 2. Specific costs on the example of the VEM PS1R/PS2R synchronous motor, the ABB ASC
580 FUM, and the Herborner F080-255A (including motor/generator).

From a nominal output greater than approximately 22 kW, the curve flattens, and
the prices per kW nominal power begin to flatten. This indicates that smaller pumped
storages with outputs of below 22 kW are difficult to realize economically due to a high
specific cost. To illustrate these findings, the results for centrifugal pumps with a nominal
output of less than 22 kW are marked with solid lines in a subsequent part of this paper,
whereas centrifugal pumps with a nominal output of greater than 22 kW are marked with
dash—dot lines.

3.3. Total Efficiency

Plotting the simulated values of the total efficiencies for the various scaling factors
(see Figure 3), it becomes clear that for small-scaling factors, the KSB Etanorm 50160D174
pump has the best total efficiency for an output smaller than 22 kW, and it also shows the
best total efficiency for scaling factors of less than two. The excellent total efficiency of
the KSB 50160D174, especially for smaller scaling factors, is also reflected in the electrical
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pump and turbine efficiency (see Figures 4 and 5). Furthermore, a clear increase in the
efficiency for factors increasing from 0.5 to 1 can be noticed and is related to the increase
in the head (see Figure 6). The highest total efficiencies in all of the pumps investigated
(efficiency of about 42%) were achieved by the KSB 8065200 and 50160D174, depending on
the scaling factors. The KSB8065200's pump and turbine efficiencies (see Figures 4 and 5)
were correspondingly rather high.

===Herborner F065-200A-1102H-W2B == =Herborner F080-240A-2202H-W2B
Andritz EST 65-160 === =Herborner F080-330A-2204H-W2B
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Figure 3. Total efficiency for equal scaling factors Spy = Sy, for various centrifugal pumps.
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Figure 4. Electrical pump efficiency for equal scaling factors Spy and Sy, various centrifugal pumps.
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Figure 5. Electrical turbine efficiency for equal scaling factors Spy = Sy, for various centrifugal pumps.
100 -
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Figure 6. Optimized head for equal scaling factors Spy = Sy, for various centrifugal pumps.

3.4. Average Electrical Pump Efficiency

Out of the 11 investigated pumps from Table 2, the F080-240A-2202H-W2B and Andritz
EST 65-160 centrifugal pumps showed the best BEP pump efficiency, with more than 80%.
The results of the simulation showed a comparably good average electrical pump efficiency
(see Equation (6)) of slightly below 70%. This deviation can be explained by the fact that
the simulations were based on variable speed operations. As a result, the pump is not
always operating at its best point and is also in the partial-load range, where the efficiency
is lower than the best point efficiency. In addition, the efficiency losses due to the motor and
FUM were also taken into account in calculating the averaged value. The KSB 50160D174
pump had a very good pump efficiency for pumps smaller than 22 kW. For pumps with a
power greater than or equal to 22 kW, the pump efficiency showed a trend similar to that of
the total efficiency (see Figure 3). The KSB 8065200 and the Herborner F080-240A-2202H
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showed the best efficiency in this diagram, and the optimum efficiency specified by the
manufacturer was also in the upper range at over 80%.

3.5. Average Electrical Turbine Efficiency

The average electrical turbine efficiency of the pumps (see Figure 5) increased between
scaling factors 0.5 and 1, which was similar to the behavior observed previously regarding
pump efficiency. The pump with the best turbine efficiency varied depending on the scaling
factor. Around a scaling factor of one, the KSB 50160D174 pump had an electrical turbine
efficiency of 62%, but this dropped to below 60% as the factor increased. In correlation
with a (high) pump efficiency, this appliance nevertheless had the best total efficiency. The
second-best electrical turbine efficiency for an output smaller than 22 kW was provided by
the F080-255A-2202H-W2B.

The turbine efficiencies of pumps of 22 kW and above showed significant variations.
Most of the pumps exhibited high electrical turbine efficiencies, with an increasing scaling
factor with a peak between 62-64%, thus higher than the turbine efficiencies for the pumps
at below 22 kW. For high-scaling factors, the KSB 8065200 clearly stood out compared to
the other pumps.

3.6. Head

The optimization process for the simulation model determines the optimal head for
each centrifugal pump and for each scaling factor. These are shown in Figure 6. In Figure 6,
an increase in the optimal head in the range of factors between 0.5 and 1 can be seen for
all heads, which is due to the fact that the best possible head with optimal efficiency can
often not be achieved for consumers with low energy demand and production, i.e., for
small-scaling factor values. This results in the pump and/or turbine running at reduced
efficiency or not at all since the available power was not enough to enter the operation
range. Figure 6 thus directly shows which head would be required at the site in order to use
the system optimally. For most centrifugal pumps, it can be seen that the head stagnated
above a certain scaling factor. The stagnating curves can be related to the limitation of the
maximum possible head of the pumps used. Each pump had a maximum head that limits
its operating range.

3.7. Levelized Cost of Electricity

The LCOE for the micro-pump storage under consideration herein was calculated
using the following formula [48]:

LCOE =————=— ©)

In year zero t = 0, in which the plant is established, all investment costs are considered
to be Iy and no energy W; ,; is drawn from the pumped storage. For any given year
t between one and the final year n, the sum of costs A; consists of the operating and
maintenance costs O&M;, the possible sale of electricity on the electricity exchange ES;
and reinvestment for replacement purchases RI;. Since the concept considered is in this
case primarily concerned with climate-friendly energy storage, reduction in the grid load
and increasing the self-consumption of the produced energy from the PV system, rather
than an economically profitable investment, the interest factor i was set to 2%. The Federal
Ministry of Finance of Germany publishes the interest rates for economic efficiency studies
under document GZ II A 3-H 1012-10/07/0001. The approximate average of the interest
factor from the years 2005-2020 in this document also gives a value of 2.0% [49]. The sum
of costs A; is determined for every year and, in the final year, the residual values of the
components RW; are also taken into account and deducted from the costs:

Ar = O&M; + ES¢ + RI; — RW; (10)
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Figure 7 shows the LCOE for all pumps as a function of the scaling factor for the
optimal site. Comparing the LCOE of the EST65-160 with that of the F065-200A, which has
similarly high total investment costs, the influence of the previously identified significant
improvements are clearly evident. For example, the EST65-160 has slightly lower specific
costs for the electrical components due to the larger nominal power of 15 kW instead of
11 kW. In addition, the overall efficiency of the EST65-160 is slightly higher (Cf. Figure 5).
Altogether, this leads to an LCOE reduction of up to approximately 7 €cent/kWh.

m== Herborner F065-200A-1102H-W2B == ==Herborner F080-240A-2202H-W2B
Andritz EST 65-160 Herborner F080-330A-2204H-W2B
Herborner F080-255A-1502H-W2B KSB Etanorm 8065200

=== KSB Etanorm 50160D174 ====Herborner F080-255A-3002H-W2B
Herborner F080-255A-1852H-W2B ====Herborner F080-255A-3702H-W2B

=== = Herborner F080-255A-2202H-W2B

0.5

Scaling Factor [-]
Figure 7. LCOE for equal scaling factors Spy and Sy, for various centrifugal pumps.

Within the scope of pumps and boundary conditions investigated, the lowest possible
LCOE of slightly less than 29.2 €cents/kWh can be achieved with rising scaling factors by
using the KSB 8065200. This value, though at first glance seemingly high, is very promising
when compared to the LCOE of around 1.06 €/kWh for a recently built PAT storage
in Froyennes, where the high values result from a small head and a long pipeline [27].
Compared to a value of 1.66 €/kWh [50] for a system with a storage tank in buildings with
an open water tank on the roof, it is even more encouraging. On the other hand, for a
small-scale PV system (>30 kWp) with a lithium-ion battery [51], the LCOE ranges between
approximately 5.4 and 17.2 €cents/kWh. The exact value in this rather wide range depends
on the irradiation and the assumed PV-battery ratio at an assumed interest rate of i = 3%.
For instance, the upper value of 17.2 €cents/kWh was reached for a large battery storage
size (capacity in kWh = 80% of PV system power in kW), while the 5.4 €Cent/kWh applied
to a small battery storage size (capacity of 20% of the PV system power). As of 1 April
2020, commercial customers in Germany paid 23.03 €cents/kWh of electricity based on a
volume-weighted average annual consumption of 50 megawatt-hours [52]. On the same
date, household customers in Germany were paying an average of 33.8 €cents/kWh on the
basic supply tariff with an annual electricity purchase of between 2500 and 5000 kWh [52].
Given the electricity price for household customers, the system could therefore be profitable.
There still remains a gap of around 6.5 cents/kWh in order to reach the electricity prices
for commercial customers, which may be closed in the future by further rising electricity
prices. So far, and especially in the months of September and October, 2021 shows a sharp
increase in the price of electricity on the exchange [53]. It remains to be seen how this will
affect end-customer prices. Since the profitability of the pumped storage always depends
on the difference between the costs of the energy obtained from the grid and the potential
sales revenue on the electricity exchange, strong fluctuations in the exchange and end
prices can have a significant impact—both positive and negative—on the profitability of
the pumped storage.
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A large contribution to the LCOE is made by (specific) investment costs for the FUM,
motor, and pump (see Figure 2). As a result, the LCOE results in Figure 7 showed a
behavior similar to that observed in Figure 2. As the scaling factors increased, the costs
were spread over larger amounts of stored energy, and the specific costs decreased. As
shown in Figure 7 of the LCOE, the three pumps (KSB 8065200, F080-255A-3002H-W2B, and
F080-255A-3704H-W2B) became the most economical pumps with an increasing scaling
factor. Looking at Table 1, it becomes clear that the KSB 8065200 is rather inexpensive for a
30 kW pump. In this case, the motor and pump were procured separately, which offers a
cost advantage compared to the purchase of a complete system of the pump, including the
motor. Figure 7 also clearly illustrates that, in most cases, pumps with a larger rated power
achieve a lower LCOE. Only in areas with a scaling factor of less than one do pumps with a
lower nominal power perform better. However, this sector is already rather uneconomical
(see Figure 7). Combining these results for the LCOE with the corresponding results for the
optimal heads, it becomes clear that these are located in the range of 70-80 m. Compared
with the maximum head in Froyennes, which is about 11 m [27], the optimum head found
in this study would be up to seven times higher. This is one of the main reasons for the
high LCOE in Froyennes.

Finally, it should be noted that for all of the pumps investigated, a choice of geodetic
heads suitable for the pump is crucial for the economic efficiency of the system.

4. Simulation Results for Various Scaling Factors Using the Example of the
KSB 8065200

In order to cover a larger scope of load and PV generation scenarios, this section will
now analyze the impact of various scaling factors for the load and generation profiles using
the example of the KSB 8065200. This pump was selected for the extended analysis because
it had the best LCOE of all simulated pumps and offered a very good total efficiency. In
addition, a large part of the turbine map was provided by the manufacturer, so only a small
portion had to be extended using similarity relationships. Therefore, improved accuracy of
the results can be expected. The plots (as, e.g., in Figure 8) were created with the MATLARB fit
function [54] using cubic interpolation between data points. In Section 3, the scaling factors
for PV (Spy) and annual energy demand (S;) varied but remained equal (i.e., Spy = S1).
In order to cover various load scenarios, Spy and Sy, are then varied independently.

» Data Point
* Min. LCOE|| |

e © o o o
w (=] -~ (=] w
LCOE [€/kWh]

o
'S

o

12
=)
w

Figure 8. LCOE for various scaling factors Spy and Sy, for the KSB 8065200.

As can be seen clearly in Figure 8, the LCOE of the pump decreased if any of the two
scaling factors rose. The lowest LCOE can be achieved if both scaling factors are large,
as was already demonstrated in Figure 7 for the special case of S; = Spy. Even with a
relatively low PV output and high energy consumption, an acceptable LCOE of around
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29.2 €cents/kWh can be achieved. Considering the LCOE and the ratio of Wpy /Wi, the
slightly better results were obtained at a ratio slightly above one. This can be understood
easily given that, if the PV power is too small, the storage tank cannot be filled sufficiently.
So, there is, of course, no storage content that can be discharged afterwards.

The maximum total efficiency (Figure 9) of 42.6% was reached for Spy = 4.0 and
S, = 4.0. In addition to the LCOE, Figures 10 and 11 show the electrical pump and turbine
efficiencies. Both figures show a low efficiency for scaling factors smaller than one and an
increase with rising scaling factors.
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Figure 9. Total efficiency for various scaling factors Spy and Sy, for the KSB 8065200.
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Figure 10. Average electrical pump efficiency for various scaling factors Spy and S;, for the
KSB 8065200.
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Figure 11. Average electrical turbine efficiency for various scaling factors Spy and S for the
KSB 8065200.

For Spy =2.0and Sy, = 3.0, a local minimum of the electrical pump efficiency (Figure 10)
is reached, whereas the electrical turbine efficiency (Figure 11) is at a local maximum.
However, it should be noted that the total variation of efficiencies is only around three
percentage points. For the factors Spy = 2.0 and St = 1.5, the conditions were reversed, and
the turbine reached a minimum and the electrical pump efficiency a maximum.

In summary, it can be concluded that a suitable combination of high pump and turbine
efficiencies is of significant importance in obtaining a high level of total efficiency. However,
the trade-off is that improving the turbine efficiency often leads to a reduction in pump
efficiency or vice versa.

5. Conclusions

Summarizing on the basis of the previous graphical representations of the efficiencies,
it can be said that the correlation between pump and turbine efficiency plays a major role
in the use of the pumps in PAT operation. Generally, it can be said that the efficiencies
for small power plants (i.e., scaling factors of <1) are too low for an economical operation.
Moreover, an increase in the efficiency at the scaling factors from 0.5 to 1 can also be seen.
A subsequent leveling off, on the other hand, does not follow for every pump, which may
be related to increasing or stagnating heads. Based on the total efficiencies (Figure 3), it can
be seen that, with increasing factors, the efficiencies of the pumps below 22 kW are more
dispersed, showing poorer total efficiencies. In contrast, four of the pumps with a power
greater than or equal to 22 kW had a similar curve and a total efficiency of around 40% for
high generation and load scenarios. It should also be noted that the PAT with the best total
efficiency is not always the most economical pump. High efficiency is a basic prerequisite
for profitability, but many other factors such as the head, specific costs, generation, and
load scenarios, as well as the efficiency in the partial load range, play a major role. As an
operating strategy, speed control using a frequency converter was shown to be the most
sensible method of economical operation [15]. Basically, due to the high specific costs, no
PAT with an output of less than 22 kW should be selected. As was to be expected, larger
pumps were shown to lead to lower specific costs. For pumps with a nominal power of
greater than 40 kW, however, the specific costs are barely reduced. Therefore, only minor
savings can be expected by increasing the nominal power beyond this amount. The ratio
of Wpy /Wy, as provided in Table 1, at around 1.6, has turned out to be quite an optimal
ratio, depending on the scaling factor. Qualitatively, it can be easily understood that the
optimal ratio of Wpy /W] needs to be larger than one since smaller values indicate that the
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generated energy Wpy is not sufficiently larger than the energy demand W;, which in turn
leads to the fact that the storage can often not be filled sufficiently.

Even as it is important to keep in mind that the results are subject to calculation inac-
curacies of the turbine maps (see Section 2.2.1), this quantitative examination nevertheless
shows that pumped storage with a pump as a turbine can achieve a passable LCOE of
around 29.2 €cents/kWh if the nominal power of the pump is sufficiently high and the
specific costs can thus be strongly reduced. While the use of PATs in water networks may
lead to short payback periods, for example, of six years, the use of a PAT in an MPS faces the
challenge of achieving economic operation at all. Nevertheless, if the results obtained in this
study are compared to the LCOE of the MPS from Froyennes of around 1.06 €/kWh [27], or
a storage tank in buildings with a value of 1.66 € /kWh [50], an LCOE of 29.2 €cents/kWh
seems very promising.

In the future, it is planned to further increase the accuracy and reliability of the results
reported here by using measured instead of calculated turbine maps for the simulations. In
this context, a test bench is currently being set up to measure characteristic maps and create
a database that will allow new simulations to be performed. Furthermore, more accurate
calculation methods recently published [55] could be used to further increase the reliability
of the results.

In summary;, it can be said that an MPS system with a pump as a turbine can achieve
profitability in the future. However, this will require further cost savings or further increases
in electricity prices. Moreover, only a few locations are suitable for the profitable use
of micro-pump storage because so many conditions have to be fulfilled. A sufficiently
sized PV system, a pre-existing storage basin, sufficient head (around 70 m or more), and
appropriate energy consumption are all required. Taken together, this considerably limits
the availability of possible locations. The PAT itself should preferably have a nominal
power of 22 kW or higher, high efficiency in turbine and pump mode, which preferably
extends well into the partial load range. Of course, the PAT must also be adapted to the
head, the flow rates, as well as the power of the load and of the PV system. If all these
conditions are fulfilled, economic viability may well be possible, but each case has to be
examined individually. Based on the results presented in this article, a pre-selection of
suitable PATs can be performed for a given prospective MPS site. In a second step, the
simulation model can be used to evaluate the economic feasibility for these pumps at the
given site in more detail.

The envisioned transition to a more sustainable future with a carbon-free and electricity-
based energy system will require storage systems of all sizes and many types. For small
and decentralized energy storage, concepts such as those presented in this publication
could contribute to the overall solution.
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Nomenclature

Symbol/Abbreviation
Ay

an

ES;

fp

8
H

ngo
Hp
Hu
Hy
Hoptim

LCOE
pipe
M

n

ny
g
O&M;
Phydr
P

Py
Py
Pmux
Pp
PP,el
Ppy
P,

Pr
PT, el
PT,mech
Py
Ppy
Q
QL
Om
Qmax
Qmin
On
Qopt
Qr
Qr
RI;
RW;

Interpretation

sum of costs

nominal pipeline diameter
possible energy sales proceeds
Darcy friction factor
gravitational acceleration

head

geodetic head

head of the idle point
arithmetic average value of the head
head at nominal speed
optimized head

head at the best efficiency point

head corresponding to the respective speed

turbine head
discount rate
investment costs

investment for motor and frequency inverter

pump investment

nominal power (PV)

levelized cost of energy

pipeline length

torque

rpm

nominal speed

specific speed

operating and maintenance costs
hydraulic power

power demand (consumer)
nominal output

power at nominal speed
maximum power in pump mode
pump power

electrical pump power

PV power

power corresponding to the respective speed

turbine power

electrical turbine power
mechanical turbine power

power loss

PV power

flow rate

flow rate of the idle point
arithmetic average value of the flow rate
maximum flow rate

minimum flow rate

flow rate at nominal speed

flow rate at the best efficiency point

flow rate corresponding to the respective speed

turbine flow rate
reinvestment costs
residual values



Sustainability 2022, 14, 653

17 of 22

Symbol/ Abbreviation

St
Spv

t

1%

1%

Vo ptim
Wérid
W;
WL
Wout
Wpy
Greek letters
gtot

Ui

el
ﬁP,el
ﬁT,el
Hopt
77P,opt
Mg

nr
Mtot
1T, mech
Y

Appendix A

Interpretation

scaling factor for the annual energy demand
scaling factor for PV power

period of time

volume flow

storage capacity

optimized volume of the storage

grid energy

total energy input

annual energy demand

total energy output

annual energy production of the PV system
Interpretation

total dynamic loss coefficient of fittings
efficiency

electrical efficiency

average electrical pump efficiency

average electrical turbine efficiency

best efficiency point

best pump efficiency given by the manufacturer
specific speed

turbine efficiency

total efficiency

mechanical turbine efficiency

density

This appendix describes a possible procedure for calculating the speed characteristic
according to Giilich [28]. The values given by the manufacturer for the flow rate Qp oy, the
head Hp opt, the nominal speed ny, and the efficiency 7o+ at the best efficiency point of
pumping operation of the centrifugal pump used serve as the basic data. From this, the
necessary parameters in turbine operation are calculated in the next steps, where the index
T stands for turbine mode and P for pump mode, respectively.

The first step is the determination of Q7 opt, Hr0pt and the specific speed n, at the
turbine BEP of operation. There are two variants for the calculation, from which an average

value is then formed.

e  For the first variant, the BEP in turbine operation is determined from the BEP data of
the pump using the following empirical formulas:

1
QTl,opt = QP,opt T 08 (A1)
(ﬂP,opt)
1
HTl,opt = HP,opt T 12 (AZ)
(77P,opt>

e  For the second variant, the BEP in turbine operation is also calculated from the BEP of
the pump using another set of empirical formulas:

2.5
Qr2,0pt = QPopt - ( —14) (A3)
1P,opt
2.4
HTZ,opt = HP,opt . (72 - 1'5) (A4)
WP,opt)

e  Giilich states that both methods (Equations (A1)-(A4)) can also be used and an arith-
metic mean can be formed from them. When comparing the calculations with the
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characteristic diagrams given by the manufacturer, the arithmetic mean of the values
has proven to be the best method, which is why this is used in our calculations. The
the arithmetic average value Q,, and H,, is calculated from both variants as well as
the determination of the specific speed of the turbine via the formulas:

. QTl,opt + QTZ,opt

Qu 5 (A5)
H +H

Hm _ T1,0pt . T2,0pt (A6)

Mgr = 1gp - (1.3 17popt — 0.3) (A7)

e  To determine the turbine characteristic curve at the nominal speed ny, the no-load
characteristic curve, which at the same time represents the lower limit of the character-
istic diagram. The no-load point Q; n, Hy n are calculated according to Equation (AS).
For this, the specific speed of the pump #p ; is required.

Determination of the specific speed of the pump:

(A8)
e  Calculation of the idle point Q n, Hy N for the nominal speed ny:
Quy = Qu- (03 + 124 (A9)
’ 400
Hy,n = Hy - (0.55 —0.002 - 774, (A10)

e  For the approximation of the turbine characteristic Hr = f(Qr) the characteristic
curve runs as a parabola through the BEP of the turbine. The head Hr depends on the
flow Q7 and is calculated using the following formula:

Hy,, — Hp N
Qm? — QL N?

e  Calculation of the idle speed characteristic curve (LLK):

Hr = Hy - - (@ -0r?) (A11)

The characteristic curve is determined using formula (A12), where Q; . is an individual
volume flow on the no-load characteristic curve. At the no-load point, the torque M is
0 Nm. The idling characteristic connects all points H(Q), which are located at different
speeds for M equal to 0 Nm and thus forms a parabola through the coordinate origin.

o QL,x 2
Hp =Hpn- OLn (A12)

e  Calculation of the turbine efficiency 77,0+ for the nominal speed:

The efficiency is calculated from the quotient of the optimum efficiency and the specific
speed of the pump by means of the formula:

NT,opt = P,opt (1'16 o %) (A13)

The efficiency curve is then determined from a graph in which #7 opt/77p opt is plotted

as a function of the ratio of QfgL
Qopt—0QL
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e  The turbine power can then be calculated using the following formula:

Pr=wnr-p-g-Hr-Qr (A14)

Appendix B

A detailed description of the simulation program sequence is provided as follows.
Initially, all required data are gathered by the program. The relationship between the water
volume V in the storage reservoir to the pump and the turbine flow through the PAT (Qp
and Qr, respectively) is given by the following ordinary differential equation:

V =Qp—Qr (A15)

It should be noted that no external water inflow or evaporation is considered. To
solve this numerically, Qp and Q1 have to be obtained from characteristic maps. There
is a set of two maps each for the turbine and pump operation, respectively. The map
Hr7(Qr, n) represents the dependency of head Ht on flow and speed, while the second map
Pr (Qr, n) shows the power (from which the efficiency can also be obtained). Accordingly,
pump operation is described by Hp(Qp, n) and Pp(Qp, 1).

The difference between PV power and power from the load profile Ppy_| = Pp, — P,
results in the possible pump Pp(Qp, 1) or turbine Pr(Qr, n) power depending on the flow
and speed and taking into account the efficiency of the electrical components in the drive
unit #,:

pP,mech: Ppy_1 - 7 (A16)
—Ppy_
PT,mech: — VoL (A17)
Tel

To determine the resulting head, taking pipe losses /¢ into account, the system’s
characteristic curves H (V)P and H (V)T have to be defined. The curves depend on

the flow V, the Darcy friction factor fp, the dynamic loss coefficient {;, gravitational
acceleration g, pipe length L;;,, and diameter dy [56,57]:

: ‘N Lyipe (3600s/‘1}yﬂ-d 2)2

HP <V) = ngo + |: D(V) : dpl\z; +€tot] > g - (A18)
: ‘N Lypipe (36005/4}-1?7?11 2)2

Hr (V) = Hgeo — [fD(V)- e +§mt] o (A19)

The operating point (Qjn) is now determined by numerically solving the
following equations:

Pi(Qi/n) = L% mech (AZO)
Hi(Qim) = Hy(V) (A21)

where i = T for turbine mode and i = P for pump mode, respectively.

Graphically, this corresponds to the intersection of the system’s characteristic curve
H;(Q;) with the turbine or pump power isoline corresponding to the power P; ,,,,c,- The flow
rate and speed at the intersection point can then be read directly from the characteristic maps.

The limit values of pump or turbine operation are the lines for maximum #,,,, and
minimum speed 1,,;,,, as well as the line for minimum Q,;, and maximum flow Qmax. It is
also important to provide hysteresis to prevent the turbine from shutting down immediately
after starting due to a small drop in load request.

In total, the water volume of the storage tank is determined by numerical integration,
and the states “storage tank full” and “empty” are defined. The simulation model provides
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results for every point in the time of year for all system variables, such as storage level,
turbine and pump flow, power, and so on. The annual electricity balance can then be
obtained from these results and a profitability calculation can be performed.
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