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Abstract: Storage technologies are an increasingly crucial element in the continued expansion of
renewable energy production. Micro-hydro storage using a pump as a turbine is a potentially
promising solution in certain cases, for example, for extending existing photovoltaic systems (PV)
and thus reducing grid load and enabling economically beneficial self-consumption of the energy
produced. This paper gives an overview of various operating strategies and their technical and
economic efficiencies. The evaluation was based on a simulation model of a system that uses
measured characteristic maps of both the pump and turbine operations. An optimizer was employed
to vary the essential system parameters, which made it possible to determine the optimal economical
operation of the pump as a turbine in combination with a PV system. This in turn enabled us to
determine the conditions under which the system can be operated most profitably. It was then
possible to make precise calculations of the stored energy quantities, total efficiency (ηtot = 42% with
speed control), and many other values critical to each operating strategy. Based on the technical
findings, the economic analysis resulted in a levelized cost of energy of 0.63 €/kWh for the micro-
hydro storage when using speed control.

Keywords: pump as turbine; micro-hydro pump storage; annual annuity; simulation model; operat-
ing strategies

1. Introduction

The market for photovoltaics and renewable energies is expanding rapidly. As more
and more systems are being installed every year (the global compound annual growth
in photovoltaic (PV) installations between the years 2010 and 2018 was 37% [1]), storage
technologies are becoming increasingly important. Also, the first PV systems to be installed
in Germany will lose their entitlement to remuneration under the Renewable Energies
Act (EEG) in 2021 as the maximum subsidy period of 20 years comes to an end [2]. Al-
ternative concepts must therefore be developed to ensure the future operation of these
PV systems. If the operator of a PV system participated in the electricity market, the
average price for feeding into the power grid between May and October 2019 was around
3.7 cents per kWh [3]. This is in stark contrast to the trend in electricity prices for private
customers in Germany, which reached a record high with an average volume-weighted
price of 31.9 cents in April 2019 [4]. Along with Denmark, Ireland, Belgium, and Spain,
Germany is one of the countries in which the price of electricity was above or close to
30 cents per kWh in 2019 [5]. This significant difference between the purchase price and
the sales price would benefit customers with their own PV system seeking to maximize
their direct consumption of the PV power generated. For example, industrial companies or
farmers who have installed large PV systems on their roofs could reduce the amount of
energy they purchase from the grid by increasing the consumption of their own renewable
energy. Not only would this lower costs at a company level but it would also decrease
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grid load and increase decentralized energy consumption. There is currently a general lack
of economically feasible storage technologies, which places the focus on new alternative
forms of energy storage. Micro-pumped storage power systems represent a potentially
promising option, for example, for a small company in a location with a sufficient amount
of space and slope, such as in the Bavarian Forest or the Alpine region. However, as the
specific costs per installed kW of such power plants are very high, especially with small
installations, ways must be found to reduce the necessary investment. A centrifugal pump
can also be used as a turbine (PAT), which avoids the need to purchase an expensive turbine
and saves the cost of one component. However, this may vary from case to case and needs
to be investigated individually for every prospective project.

PAT technology is already widely used in water supply networks to recover en-
ergy [6,7] or to fine-tune system effectiveness [8,9]. It can also be helpful to improve the
sustainability of such networks [10]. In addition, PAT strategies for their integration in
water supply networks have already been developed [11,12]. Although many studies have
been conducted over the years on the subject of centrifugal pumps (e.g., Stepanoff [13]),
considerable research is still needed on using a PAT in a pumped storage plant. For exam-
ple, while pump maps are often readily available from manufacturers, turbine maps usually
have to be measured by the user or determined using a variety of calculation methods.
Several such methods have been developed over the years, for example by Gülich [14],
Alatorre-Frenk [15], and most recently, Derakhshan [16] and Yang [17], or compared with
experimental measurements [18,19]. A number of procedures for selecting a suitable tur-
bine based on efficiency have also been developed [20]. The result of a publication on the
reduction of electricity cost in India shows that such systems can be economical [21]. A
pilot micro-pumped storage power plant based on a PAT was recently built in Froyennes in
Belgium [22], in which the energy generated by PV modules and four small wind turbines
is fed into the pump storage in the event of a local power surplus, to be retrieved again at
some later time. The pump is controlled by a frequency converter. The storage power plant
operates with a very high pipe length to head ratio L/H of 8. Since this ratio is usually
less than 3 in other pumped storage power plants, there is great further potential for cost
reduction [23]. The cost-effectiveness of pumped hydro storage is also a problematic issue.
The levelized cost of energy (LCOE) for storage in Froyennes is around 1.06 €/kWh. An eco-
nomic assessment of a storage tank in buildings with an open water tank on the roof leads
to an even higher value of 1.66 €/kWh [24]. While other publications have modeled small
standalone hydropower plants [25–30], combinations with PV systems [31], wind power
systems [32], or both [33], or which show that technically, the efficiency of pumped hydro
storage can be significantly increased by varying speed [34], the question as to whether
this also improves the economic situation remains open. Of the many possible operating
modes available to a pumped-storage power plant, three promising candidates have been
selected in this paper for review and comparison based on technical and economic factors.

This paper is structured as follows. Section 2 describes the system and the different
operating strategies, along with their advantages and disadvantages. This is followed by
an introduction to the simulation model and its possibilities, the results of the technical
and economic efficiency calculations and a comparison of the different operating modes.

2. Micro-Hydro Storage System and Operating Strategies

Figure 1 presents a 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 basins. The
plant is connected to the grid, a PV system (specific yield = 1.15 kWh

kWp ), and the consumer
via an electric motor or generator (M/G) and a frequency converter. In contrast to pump
maps, turbine maps are rarely provided by manufacturers. Therefore, as a first scenario,
we aimed to find the best possible location for a given pump (where turbine maps are
available) under certain framework conditions. The component selected was a KSB50160
centrifugal pump (made by KSB AG (Frankenthal, Germany)). Furthermore, the penstock
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was assumed to have a nominal diameter of DN150 and a slope of 15%. The summed value
of the pressure loss coefficients ζ f it of all the fittings is ζtot = 0.50 whereby the individual
loss coefficients ζ f it are defined by [35] as

ζ f it =
∆p

ρ
2 · v2

, (1)

where ∆p is the pressure loss in the fitting and v the water velocity.
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Figure 1. Concept of a micro-pump storage power plant using the example of a dairy farmer.

A snow-making style of water reservoir design was assumed, similar to the water
storage facility that was recently built in the Unterstmatt ski resort [36,37]. There, the
installation effort on site was minimized by using prefabricated geomembranes to realize a
cost-effective in-ground basin.

To familiarize the reader with the functionality of the system, Figure 2 presents the
simulated power balance of a day in February 2014. It shows the operating mode of a
speed-controlled micro pump storage plant with the measured load profile of a dairy
farmer. In pump operation (PPump > 0), at low energy consumption (PL1) and high solar
energy production (PPV), water is pumped into an upper reservoir, with the current water
volume (V) in the upper basin corresponding to energy stored for later use. During times
of high-power consumption and low PV output, the turbine operation (PTurb > 0) mode
is active, and is characterized by water flowing back to the lower basin and driving the
centrifugal pump, which now acts as a turbine.
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2.1. Operating Strategies

There are various operating modes (OP mode) available for a pumped-storage power
plant. This paper briefly presents and evaluates three of them, focusing on the technical
and economic aspects. The operating strategies include the fixed operating point, speed
control, and throttle control.

2.1.1. Fixed Operating Point

The first option is to run the centrifugal pump at a fixed operating point, as defined by
the fixed flow rate and rotational speed, with the latter being given by the grid frequency
and the number of pole pairs in the electric motor. For example, to operate the generator
at 50 Hz grid frequency, it is necessary to run the centrifugal pump at a given speed of,
for instance, 1500 rpm (with two-pole pairs) [38]. For this purpose, an asynchronous
motor is used to connect the system directly to the power grid. This is less expensive
than a synchronous motor but has the disadvantage of having lower efficiency, especially
with partial load. As the pump and turbine maps differ, a compromise in the selection of
components must be found that enables a good combination of the individual efficiencies
of the pump and the turbine modes and results in the best possible combined efficiency.

2.1.2. Throttle Control

Another frequently used option is throttle control. Figure 3 shows a turbine map
including the speed curves (n = 1400–3900 rpm) and the concept of throttle control, based
on the example of a PAT in turbine operation. By adjusting a valve in the pressure line, the
system’s characteristic curve (red) can be changed from AP1 to AP2 to achieve the required
flow rate and pressure head. Due to its low investment costs, this method is favored for
small to medium-sized machines. Turbine power loss (Pv) caused by the throttle as a loss
of head (∆HDRV) is defined by:

Pv = ρgQ∆HLoss · η (2)
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A major disadvantage of throttle control is that pumps may operate well below their
ultimate efficiency point, which increases the risk of excess wear, cavitation damage, noise,
and vibration [39].

2.1.3. Speed Control with a Frequency Converter

The disadvantages of throttle control, particularly the significant throttling losses
involved, can be overcome by using speed control (Figure 4). By controlling the speed
with a frequency converter, the working point can be moved anywhere along the system’s
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characteristic curve (e.g., from AP1 to AP2 and vice versa). A significant improvement
in efficiency can be achieved, particularly in the case of a steep system’s characteristic
curves. Vibration-inducing forces and the risk of cavitation are reduced by running speed-
controlled pumps at reduced speed and partial load. Speed control, therefore, protects the
pump and any valves and tends to be more economical than throttle control in terms of
maintenance costs. However, it should be noted that investment and frequency converter
maintenance costs also need to be taken into account. Therefore, only the additional
investment and maintenance costs of the frequency transformer stand in the way of the
broad application of speed control.
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2.2. The Simulation Model

To investigate and compare the technical and economic properties of the different
pump and turbine control regimes, a detailed simulation model for the whole system was
drawn up. This subsection presents the structure and functionality of the model.

2.2.1. Inputs and Basic Data

Figure 5 shows the inputs and outputs for the simulation model. An additional
continuously variable motor is provided on the control valve for throttle control. Due
to its high efficiency in the partial load range, we assumed that a synchronous motor
would be used for speed control. An asynchronous motor was chosen for throttle control
and the fixed operating point mode. Measured performance data from a PV system in
southern Germany were used for modeling the PV power output [40]. A dairy farm was
chosen as an exemplary test case, whose electrical load requirement was represented by a
measured load profile provided by the Bavarian State Institute for Agriculture [41]. The
pump and turbine maps, including the performance data required for the simulation, were
delivered in graphic form by KSB Aktiengesellschaft [42] and were subsequently digitized.
Similarly, the efficiency maps of the synchronous [43] and asynchronous motor [44] were
also converted.
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2.2.2. Program Sequence

A detailed description of the program sequence (Figure 6) is provided as follows.
After initiating the simulation, all the required data, as shown on the left side of Figure 5,
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 (Qpump and Qturb, respectively)
is given by the following ordinary differential equation:

.
V = Qpump − Qturb (3)

It should be noted that no external water inflow or evaporation is considered. To solve
this numerically, Qpump and Qturb have to be obtained from characteristic maps. There
is a set of two maps each for the turbine and pump operation, respectively. The map
Hturb(Qturb, n) represents the dependency of head Hturb on flow and speed, while the sec-
ond map Pturb (Qturb, n) shows the power (from which the efficiency can also be obtained).
Accordingly, pump operation is described by Hpump(Qpump, n) and Ppump(Qpump, n).

The difference between PV power and power from the load profile PPv/L1 = PPv − PL1
results in the possible pump Ppump(Qpump, n) or turbine Pturb(Qturb, n) power depending
on the flow and speed and taking into account the efficiency of the electrical components
in the drive unit ηel :

Pmech
pump= PPv/L1 · ηel (4)

Pmech
turb =

−PPv/L1

ηel
(5)

To determine the resulting head, taking pipe losses h f into account, the system’s

characteristic curves H(
.

V)pump and H(
.

V)turb have to be defined. The curves depend on
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the flow
.

V, the Darcy friction factor fD, the dynamic loss coefficient ζtot, gravitational
acceleration g, pipe length Lpipe and diameter dN [44,45]:

Hpump(
.

V) = Hgeo +

[
fD(

.
V) ·

Lpipe

dN
+ ζtot

] ( 4·
.

V
3600s/h· π·dN2

)
2

2 · g
(6)

Hturb(
.

V) = Hgeo −
[

fD(
.

V) ·
Lpipe

dN
+ ζtot

] ( 4·
.

V
3600s/h· π·dN2

)
2

2 · g
(7)

The operating point (Qi,n) is now determined by numerically solving the
following equations:

Pi(Qi, n) = Pmech
i (8)

Hi(Qi, n) = Hi(
.

V) (9)

where i = turb for turbine mode and i = pump for pump mode, respectively.
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Graphically, this corresponds to the intersection of the system’s characteristic curve
Hi(Qi) (see for example, the red line in Figure 4) with the turbine or pump power isoline
(violet lines) corresponding to the power Pmech

i . The flow rate and speed at the intersection
point can then be read directly from the characteristic maps.
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The limit values of pump or turbine operation are the lines for maximum nmax and
minimum speed nmin, as well as the line for minimum Qmin and maximum flow Qmax
(Figure 4). 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
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.

2.2.3. Finding the Optimal Site

The simulation model was employed to determine an optimal site (as defined by the
available head H and storage tank volume V) for a given PAT. By using the integrated MAT-
LAB 2019a simulated annealing algorithm [46,47], the economical outcome represented by
the annuity (see Section 3) can be maximized by varying Hgeo and V. This optimization
can take more than two days, depending on the computational power of the PC (e.g., 6 h
with an Intel i7-8700K using a single core). The results for the optimal site (Hopt, Vopt) are
obviously specific to the PAT type chosen for the simulation model (here 50160D174) and
are shown in Table 1.

Table 1. Technical results for pump storage, including optimized storage volume (Vopt), optimized head (Hopt), total effi-
ciency (ηtot), average pump efficiency (ηp_m), average turbine efficiency (ηt_m), number of pump activations (Pumpon), num-
ber of turbine activations (Turbon), maximum power in pump mode (Pmax), storage capacity, and degree of self-sufficiency.

OP Mode Vopt Hopt ηtot ηp_m ηt_m Pumpon Turbon Pmax
Storage

Capacity
Degree of Self-

Sufficiency

Speed control 460 m3 39 m 42% 68% 62% 860 1000 13 kW 48 kWh 50%
Throttle control 280 m3 42 m 30% 63% 47% 850 990 12 kW 32 kWh 43%

Fixed OP 300 m3 44 m 35% 62% 57% 920 760 10 kW 36 kWh 44%

3. Results and Discussion

This section presents and discusses the technical and economic results of the simula-
tion. The aim of the optimization was to maximize the economic efficiency for each of the
three control strategies and compare the results.

3.1. Technical Results and Discussion

Table 1 shows the technical results for the pump storage. Many of these results were
not unexpected.

For speed control, an ideal site would have an optimal head Hopt of 39 m and an
optimal storage volume Vopt of 460 m3. Speed control obtains both the highest efficiency
and the best degree of self-sufficiency, which is defined based on the energy obtained from
the grid Wgrid and the total energy requirement WLoad:

degree of self-sufficiency = 1 −
Wgrid

Wload
· 100% (10)

On average, speed control also has the best pump and turbine efficiency. The throttle
control strategy shows the lowest total efficiency ηtot, which is defined as the quotient of
the total electrical energy output Wout and the total electrical energy input Win [48]:

ηtot =
Wout

Win
· 100% (11)

Throttle control displays a similar degree of self-sufficiency to that of the fixed OP. The
increased number of activations (Table 1) of the turbine Turbon reveals that this operating
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mode has higher flexibility compared to fixed OP. Throttle control achieves its optimum
at a storage volume Vopt of 280 m3 and a head Hopt of 42 m. The third operating mode,
fixed OP, has a combined efficiency of the pump and turbine mode ηtot of 35%, placing
it between the other two alternatives. In this mode, it is essential to select a centrifugal
pump that achieves the best possible combination of pump and turbine efficiencies at the
given motor speed. The resulting self-sufficiency is the lowest value of all the alternatives
considered. Compared to a self-sufficiency of 34% for the PV-system alone, the application
of the micro pump storage results in an increase of 10 to 16 percentage points, depending
on the chosen operating mode.

3.2. Economic Results and Discussion

The annuity method according to VDI 2067 [49] was employed to assess economic
efficiency. It is one of several widely used procedures for assessing the performance
of investments. It allows the annuity of a one-time investment to be determined at the
beginning of a project, as well as the ongoing costs during the evaluation period. Data
for lifetimes and maintenance were taken from VDI 2067 (except for the maintenance and
support costs of the frequency inverter over its service life). Our analysis was based on a
period of 30 years, and reinvestment and residual value were also taken into account over
this time according to the formulae given in Appendix A.

Since the present analysis focuses on the continued use of an existing PV system after
the expiry of EEG remuneration, the investment in the PV system itself is not relevant and
therefore it was set as a baseline. Furthermore, it was assumed that out of the two required
reservoirs, one already exists and the other needs to be built at a specific cost of 40 €/m3.
The annual discount rate and price increase were set to 2.0% each.

Table 2 shows the investment costs I0 for the individual components of the pumped-
storage power plant, including the German value-added tax (VAT) rate of 19%. List prices
of various manufacturers were used to determine the investment. Total investment costs
I0_tot are the sum of the individual investment costs. As can be seen, fixed OP and throttle
control incur lower investment costs then speed control. The additional charges incurred
with speed control are due to the frequency converter and synchronous motor. The cost
of a frequency converter is normally in the same range as the cost of the generator. For
throttle control, an additional continuously variable motor is provided on the control valve.

Table 2. Investment costs per unit for storage (I0_stor), penstock (I0_pen), pump (I0_pump), drive unit
(I0_el), control valve (I0_thrott), other costs (I0_oth) and total investment for the system (I0_tot).

OP Mode I0_stor I0_pen I0_el I0_Pump I0_thrott I0_oth I0_tot

Speed control 40 €/m3 50 €/m 16,000 € 3800 € 1000 € 5000 € 56,000 €
Throttle control 40 €/m3 50 €/m 7200 € 3800 € 2500 € 5000 € 44,000 €

Fixed OP 40 €/m3 50 €/m 7200 € 3800 € 1000 € 5000 € 44,000 €

3.2.1. Annuity Calculation Results for Speed Control

Figure 7 shows the dependency of annuity on the variable parameters of head H and
reservoir volume V for an electricity purchase price of 31.9 cents. Annual annuity reaches
its maximum value of −2600 € at a head of about 39 m and a reservoir volume of about
460 m3. It is interesting to note that a slight change in the head of around 37–40 m only has
a small impact (<100 €) on the annual annuity. Similarly, a change in the size of the storage
volume in the range of around 400 to 500 m3 has the same small effect on the annuity.
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3.2.2. Annuity Calculation Results for the Fixed OP

In the corresponding plot for fixed OP (Figure 8), changes in the amount of H- and
V-variation only have a slight impact on the annual annuity, which is similar to the results
for speed control. The optimum storage tank size for the fixed OP is 300 m3, which
is considerably smaller than for speed control, while the optimum head increases to
approximately 44 m with an annual annuity of −2200 €.
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3.2.3. Annuity Calculation Results for Throttle Control

Throttle control (Figure 9), which displayed the poorest technical results, actually
outperforms speed control when it comes to economic considerations. The additional
investment costs (mainly for the frequency transformer) do not pay off at the current
electricity price. Again, annuity changes only slightly when the head is varied. The
optimum level is reached for a head of around 42 m and a storage volume of about 280 m3,
resulting in an annual annuity of −2500 €/kWh. The optimization results for an electricity
price of 31.9 cents /kWh show that pumped storage as presented is not profitable for any
operation mode at that price. Particularly for speed control, the additional investment costs
are currently not cost-effective, but this would change with increasing energy procurement
costs, as will now be shown.
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3.2.4. Sensitivity Analysis and Comparison of the Different Operating Modes with
Increasing Energy Procurement Costs

Figure 10 shows annual annuity as a function of electricity price, with H and V set
to their respective optimized values, as given in Table 1. Unsurprisingly, the economic
situation changes significantly with increasing electricity prices. It is interesting to note
that throttle control is never the preferred solution while using the fixed OP strategy is the
best option when the electricity price is low, under these circumstances, it basically only
serves to limit financial loss. For higher prices (starting from about 0.45 €/kWh), speed
control becomes the best operating mode and is the first to reach a profitability threshold
at 0.59 €/kWh.
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To assess the impact of various parameters on the outcome of our analysis, we per-
formed a sensitivity analysis, in which variations in the cost of storage, PAT, pipeline and
drive unit were investigated. The results are presented in Figure 11 and show that the drive
unit (i.e., the motor/generator together with the VFT and feed-in unit) has the greatest
impact on the annual annuity. Changing reservoir and piping prices has a similar but
smaller impact, while the cost of the PAT has the smallest effect on the annual annuity.
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3.2.5. LCOE Calculation and Comparison with Other Scientific Research Findings

The storage in Froyennes has an LCOE around 1.06 €/kWh [23] and the result for
storage tanks in buildings was 1.66 €/kWh [24]. To enable comparison with these findings,
the LCOE for the micro-pump storage under consideration here was calculated using the
following formula [50]:

LCOE =
I0 + ∑n

t=1
At

(1+i)t

∑n
t=1

Wt, el

(1+i)t

(12)

In year zero t, in which the plant is established, all investment costs are considered as
I0, and no energy Wt, el is drawn from the pumped storage. For any given year t between
one and the final year, the sum of costs At consists of the operating and maintenance costs
O&Mt, the possible sale of electricity on the electricity exchange ESt, and reinvestment for
replacement purchases RIt. In the final year, the residual values of the components RWt
are also taken into account and deducted from the costs:

At = O&Mt + ESt + RIt − RWt (13)

As with the annuity method, the discount rate i is set to 2 %. This results in an LCOE
of around 0.63 €/kWh for speed control, 0.74 €/kWh for the fixed OP, and 0.85 €/kWh
for throttle control. This confirms the results in Figure 10, and shows that speed control is
the best choice for ensuring economical operation. Since the choice of the interest factor is
usually based on the user’s expectations, the results of the LCOE calculation for different
interest factors are shown in Table 3.

Table 3. The levelized cost of energy (LCOE) for different interest rates.

Interest Rate 2% 4% 6% 8%

Speed control 0.63 €/kWh 0.74 €/kWh 0.86 €/kWh 0.98 €/kWh
Throttle control 0.85 €/kWh 0.99 €/kWh 1.16 €/kWh 1.33 €/kWh

Fixed OP 0.74 €/kWh 0.87 €/kWh 1.01 €/kWh 1.17 €/kWh

4. Conclusions and Outlook

This paper employed a detailed techno-economic simulation model of a micro-hydro
storage, and demonstrated that good economic results can be achieved with sufficient head
and a short distance between the reservoirs. Compared to the LCOE for the storage in
Froyennes, which was around 1.06 €/kWh (see Section 1) and a storage tank in buildings
with an LCOE of 1.66 €/kWh (see Section 1), the results obtained here, e.g., 0.63 €/kWh
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obtained for speed control, are very promising. Considering the technical results, it is clear
that speed control with a frequency transformer is the best operating mode. However, once
the economic results are also taken into account, it is no longer that simple. Even if speed
control with an LCOE of 0.63 €/kWh seems to be the most economically efficient operating
mode, taking the electricity purchase costs in the annuity analysis into consideration, it is
clear that this is not the case at the current energy prices. However, if energy prices increase,
speed control quickly becomes the most economical operating mode. The additional
investment cost payoff and speed control outperforms throttle control at an electrical power
purchase price of around 0.35 €/kWh; for the fixed OP, this happens around 0.45 €/kWh
(Figure 10).

This paper identified the optimal location for a specific centrifugal pump. In reality,
the aim is usually to identify the best possible centrifugal pump for a particular location.
For this reason, a test bench for measuring turbine characteristic maps of various centrifugal
pumps is currently being set up in cooperation with Herborner Pumpen GmbH (Herborn,
Germany) and the engineering company, Pfeffer (Regen, Germany). This test bench will
enable the creation of a database for pump and turbine characteristics. Furthermore, the
simulation model will be modified to determine the most suitable pump for enabling
economical operation at a certain location. Moreover, other pump turbines, such as the
promising Deriaz-PAT [51] could be included in the database.
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Nomenclature

Symbol/Abbreviation Interpretation
a annuity factor
AN total annual payments or income
AIN annuity of the maintenance costs
AN,B annuity of the operation-related costs
AN,E annuity of the proceeds
AN,K annuity of the capital-related costs
AN,S annuity of the other costs
AN,K annuity of the demand-related costs
At sum of costs
b cash value factor
dN nominal pipeline diameter
ESt possible energy sales proceeds
fD Darcy friction factor
f Inst repair expenditure
fW+Insp service factor
g gravitational acceleration
H head
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Symbol/Abbreviation Interpretation
h f head loss
Hgeo geodetic head
Hopt optimized head
i discount rate
I0_stor investment costs storage
I0_pipe investment costs pipeline
I0_el investment costs electrical components
I0_pump investment costs pump
I0_thrott investment costs throttle element
I0_oth remaining investment costs
LCOE levelized cost of energy
Lpipe pipeline length
M torque
n rpm
nr number of replacements
O&Mt operating and maintenance costs
∆p pressure loss
PL1 load profile
Pmax maximum power in pump mode
Ppump pump power
Pturb turbine power
Pv power loss
PPv PV power
Pumpon number of pump start-ups
q interest factor
Q flow rate
Qmax maximum flow rate
Qmin minimum flow rate
r price change factor
RIt reinvestment costs
RWt residual values
t year
T observation period
TN service life
Turbon number of turbine start-ups
v water velocity
.

V volume flow
V storage capacity
Vopt optimized storage capacity
Wgrid energy obtained from the grid
Win total energy input
Wload total energy requirement
Wout total energy output
Wt, el energy drawn from the pumped storage
Greek letters Interpretation
ζ f it individual dynamic loss coefficient of fittings
ζtot total dynamic loss coefficient of fittings
η efficiency
ηel efficiency of the electrical components in the drive unit
ηpm average pump efficiency
ηpump_el electrical pump efficiency
ηt_m average turbine efficiency
ηtot total efficiency
ηturb_el electrical turbine efficiency
λ coefficient of friction
π pi
ρ density
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Appendix A

The following calculation is taken from the VDI2067 guideline, which is the joint
work of the Association of German Engineers and is based on long-term knowledge and
experience. These equations were used in the simulation model to calculate the annuity
results and are explained in the following. More detailed information can be found in the
official VDI2067 document [49].

Appendix A.1. Annuity and Price Change Factor

It is first of all necessary to define a specific observation period (T), an interest factor
(q), and a price change factor (r). Then, it is possible to calculate the annuity factor (a) and
the cash value factor (b) with the following equations:

a =
q − 1

1 − q−T (A1)

b =
1 − ( r

q )
T

q − r
(A2)

Appendix A.2. Cost Calculation

In the second step, all costs are calculated. These comprise capital-related costs (AN,K),
demand-related costs (AN,V), operation-related costs (AN,B), and all other costs (AN,S).

Appendix A.2.1. Capital-Related Costs

Capital-related costs are fixed on-time expenses. However, if the lifespan of the
component has passed, replacements must be realized. If the lifespan is longer than the
observation period, a residual value is considered. The annuity of the capital-related costs
is calculated with the following equation:

AN,K = (A0 + A1 + A2 . . . An − RWt) · a (A3)

The cash replacement value of (An) is calculated with equation:

An = A0
rn·TN

qn·TN
(A4)

The residual value of (RWt) is calculated with consideration for their service life
(TN) and the number of their replacements (nr) within the subsequent period, using
the equation:

RWt = A0 · rnr ·TN · (nr + 1) · TN − T
TN

· 1
qT (A5)

Appendix A.2.2. Demand-Related Costs

Demand-related costs are the costs incurred for running the pumped storage facility
(e.g., costs of energy or fuels). The annuity of demand-related costs is derived from the
costs in the first year (AV1) using the following equation:

AN,V = AV1 · a · b (A6)

Appendix A.2.3. Operation-Related Costs

Operation-related costs are primarily those of maintenance and personal. The annuity
of these costs is calculated including operation-related costs of actual operation (AB1) and
maintenance (AIN) in the first year, as follows:

AN,B = AB1 · a · bB + AIN · a · b (A7)
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The maintenance costs are the product of the costs of the first initial investment in
component (A0) and their factors for service ( fW+Insp) and repair expenditure ( f Inst) :

AIN = A0 · ( f Inst + fW+Insp) (A8)

Appendix A.2.4. Other Costs

The annuity of the remaining costs can be calculated from the remaining costs of the
first year (AS1):

AN,S = AS1 · a · b (A9)

Appendix A.3. Proceeds

Annuity of the proceeds (AN,E) is determined in the same way as the costs. If the
proceeds are not divided into individual values, they can be obtained from the proceeds in
the first year (E1) using the equation:

AN,E = E1 · a · b (A10)

Appendix A.4. Annuity of Total Annual Payments

In the final step, the total annual payments or income (AN) can be calculated by
subtracting the annuity of the costs from the annuity of the proceeds using the equation:

AN = AN,E − (AN,K + AN,V + AN,B + AN,S) (A11)
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