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Abstract: Wherever the flow of water in a gravity pipeline is regulated by a pressure control valve,
hydraulic energy in the form of water pressure can instead be converted into useful mechanical
and electrical energy via a turbine. Two classes of potential turbine sites exist—those with (class 1,
“buffered”) and those without (class 2, “non-buffered”) a storage tank that decouples inflow from
outflow, allowing the inflow regime to be modified to better suit turbine operation. A new method
and Excel tool (freely downloadable, at no cost) were developed for determining the optimal hydraulic
parameters of a turbine at class 1 sites that maximize annual energy generation. The method assumes
a single microturbine with a narrow operating range and determines the optimal design flow rate
based on the characteristic site curve and a historical time series of outflow data from the tank,
simulating tank operation with a numerical model as it creates a new inflow regime. While no direct
alternative methods could be found in the scientific literature or on the internet, three hypothetically
applicable methods were gleaned from the German guidelines (published by the German Technical
and Scientific Association for Gas and Water (DVGW)) and used as a basis of comparison. The tool
and alternative methods were tested for nine sites in Germany.

Keywords: water supply; storage tank; drinking water hydropower; turbine; energy generation;
renewable energy

1. Introduction

1.1. Advantages and Characteristics of Potential Drinking Water Hydropower Facilities

Hydropower is among the renewable energy sources with the best life-cycle energy balance—the
ratio between the energy output (e.g., electricity) and the energy input required to manufacture,
install, operate and dispose of the infrastructure and equipment needed for energy generation [1,2].
Drinking water hydropower has further advantages compared to much larger hydropower facilities
at dams, weirs and run-of-river schemes, including high water quality (enabling long lifetime and
low-maintenance operation), minimal to no environmental impact (due to a previously existing,
closed system) and relatively good economic viability [2–4]. Thanks to technological progress,
capitalizing on drinking water hydropower potential is increasingly becoming economically viable
even at the bottom of the capacity spectrum, below 10 kW of available hydraulic power [4–9]. Practical
methods and easy-to-use design tools play an important role in facilitating the implementation of
such projects.
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A gravity pipeline is the central element of most drinking water hydropower schemes, connecting
a higher-elevation water source to lower-elevation water storage tanks and water users. With respect
to hydropower development, there are two relevant types of gravity pipelines: those with and those
without pressure control at points downstream, such as transfer stations or outlets into storage tanks.
Gravity pipelines with pressure control valves can be thought of as possessing “surplus” potential
energy, which can be “harvested” by using a turbine rather than “wasted” by using a pressure control
valve, which “throttles” the flow of water (see Appendix A.1 for more background on gravity pipelines
and the hydraulic explanation for surplus energy).

There are two main classes of eligible turbine sites for drinking water hydropower (as illustrated
by Figure 1), in which the flow rate is either

1. decoupled from uncontrolled downstream water use through a storage tank (“buffered”), or
2. determined by uncontrolled water use in the downstream supply zone(s) (“non-buffered”).
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Figure 1. Key difference between class 1 (“buffered”) and class 2 (“non-buffered”) sites, based on data
from 27 April 2017 from the class 1 site “Voigtsgrün” in Saxony, Germany (the isolated, very high
peaks occurring between 00:00 and 04:00 and at 18:00 are due to a beer brewery). *This illustration only
intends to show the turbine in parallel to the control valve; the turbine does not need to be located
above the control valve and is typically located at nearly the same elevation.
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Table 1 summarizes the most relevant consequences for drinking water hydropower development
that follow from the presence or absence of pressure control and a storage tank. As sites without
pre-existing pressure control are not promising for hydropower development, they will not be further
considered in this paper.

Table 1. Matrix of consequences for drinking water hydropower development, depending on the type
of gravity pipeline and site.

Gravity Pipeline

Water Supply Site with Storage Tank (Class 1,
“Buffered“)

without Storage Tank (Class 2,
“Non-Buffered”)

with pressure control

Hydropower is very practical, as
the storage tank provides

flexibility in re-defining the inflow
regime

Hydropower is possible, but may
require a complex design to

accommodate high variability in flow
rate and pressure due to uncontrolled

downstream water use

without pressure control Hydropower is theoretically possible, but would reduce inflow rate if installed
at outlet of existing pipeline, which may negatively affect supply reliability

1.2. Available Literature and Comparison of Class 1 vs. Class 2 Sites

Common examples of class 2 sites include transfer nodes between pressure zones or a gravity-fed
water treatment plant between a gravity source and destination supply tank (e.g., [2,5,8,10–12]).
They are most often located within the water “distribution” section of the water supply chain [13]. In
contrast to class 1 sites, class 2 sites offer no flexibility in the choice of flow rate, such that a turbine must
be designed to efficiently operate over a broad spectrum of flow rates and corresponding available
pressure heads. As the pressure may fluctuate both downstream and upstream of the turbine installation
site, class 2 sites generally require more information and a more complex, customized design process.
Based on a review of the scientific literature, the authors perceive a dominant focus on class 2 sites,
with many researchers devising design algorithms and control solutions using microturbines and
pumps-as-turbines (PATs) [7–9,13–22].

Class 1 sites are generally intermediate (such as break-pressure tanks (BPTs)) or terminal storage
tanks with pressure control valves [6], typically located within the water “transmission” section of
the water supply chain [13]. In the authors’ experience and estimation, class 1 sites are common and
represent a relatively cost-effective opportunity for renewable energy generation. They offer the water
supplier flexibility (positively correlated with storage volume) in determining the rate, duration and
timing of tank filling (and thus turbine operation), as this must not necessarily occur simultaneously
with the downstream use in the supply zone (see Figure 1). Assuming that the inflow rate is not
restricted (e.g., by the naturally occurring, seasonally varying flow from a mountain spring), the inflow
regime can often be freely adjusted to maximize energy generation through a turbine, regardless of
how it was managed in the past [12].

While comparatively less common, there are also studies that focus on class 1 sites. Several
authors present case studies of sites at the bottom of dams [7], spring-fed pipelines [23] and storage
tanks in general [24,25]. Others focus on BPTs, both isolated [6] and in series along a long-range
pipeline [26,27]. However, many if not all of these authors effectively treat class 1 sites as if they were
class 2 sites, assuming that the inflow regime remains unchanged and attempting to design turbines to
fit this inflow regime, rather than adjusting it to allow the choice of a single, optimized turbine. Thus,
they do not use the fundamental technical advantage that separates class 1 from class 2 sites [12,28].
For more background on class 1 vs. class 2 sites, see Appendix A.3.

1.3. Filling a Gap in Currently Available Design Methods for Class 1 Sites

Several other authors present methods that might be useful for class 1 sites, but the effort
required to successfully adapt the methods and restrictions imposed by technical understanding and
software availability for the authors’ intended user group (practitioners at water supply companies
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and non-research water professionals) speak against pursuing this further. For instance, since the
authors set out to create a tool that is free to use and based on a common tool (i.e., Microsoft Excel,
which in the authors’ experience is standard practice at most water supply companies), and software
such as MATLAB is non-standard and requires specialized knowledge, possible adaptation of such
algorithms was not considered. Furthermore, while some authors provide the basic underlying
equations, the software or code in which the algorithms are implemented is not made accessible to the
reader and therefore cannot be easily tested or used.

The 2016 guidelines published by the German Technical and Scientific Association for Gas and
Water (DVGW) [12] identify the flexibility advantage provided by class 1 “buffered” sites, and imply
that with additional data analysis a turbine can be “ideally tuned” to “balance the demands of storage
management and energy generation”. However, they offer no specific instructions or examples for
how to translate this information into actual design parameters (flow rate and pressure drop). This is
precisely the gap that the authors intend to fill with the method and accompanying Excel tool presented
here. As the authors of this paper have encountered many class 1 sites and experienced an unfulfilled
need for a design solution, they decided to develop their own solution. While designing turbine
systems for class 2 sites represents the greater technical challenge, a practical design method for class 1
sites appears to be low-hanging fruit that has yet to be sufficiently plucked.

Given a recently resurging interest in drinking water hydropower in Germany [29–32] and
elsewhere [6,7,19], the authors intend to facilitate the installation of such facilities by making it
easier for small and medium water suppliers to estimate their hydropower potential and perform
the basic design (determination of turbine parameters) themselves. The tool is implemented in
Microsoft Excel for Windows (Office 2010 or newer), available free of cost for download at the authors’
university website [33] and intended to be easily useable by practicing engineers or water professionals.
If successful, it should both save time and reduce users’ inhibitions about approaching this non-standard
topic. To the authors’ knowledge, it is the only such tool freely available on the internet.

This paper will explain the methodology behind the Excel tool, along with three other methods
covered in DVGW guidelines that serve as a useful basis of comparison. These four methods will be
applied to nine sites in Germany, and the results will be used to show the method in practice as well as
providing a sense of the technical and economic potential that is available at class 1 drinking water
hydropower sites.

2. Materials and Methods

2.1. Design Premise

The intention of this method and related Excel tool is to facilitate the implementation of
microturbines in water supply systems. This is accomplished by automating the calculations required
to determine the pressure head and flow rate for a hypothetical turbine that will (to the fullest extent
possible with the given data) lead to the maximum electrical energy generation (kWh/annum, or
kWh/a) at a given class 1 site. A basic economic analysis is also performed to provide an estimate of
the project’s viability.

While the Excel tool includes four calculation options to accommodate all anticipated variations
on data availability for a given site (see Appendices B.1 and B.2 for a more detailed explanation),
optimization of the turbine design parameters is only possible using option 1 or 2 (both slight variants
on the same method), which take historical flow data into account. The primary advantage of options 1
and 2 is that there is no need to be biased by the typical inflow regime of past operations. The analysis
of historical data thus allows the determination of turbine parameters from “first principles”, rather
than by analogy from the previous inflow rate, which may have been selected for reasons unknown
to the current responsible engineer or site operator. Critically, this assumes that historic water use
patterns are a reliable proxy for future water use. This paper will present the main design algorithm for
calculation options 1 and 2 in its recommended form. The tool provides some additional options for
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the user to customize the design solution (e.g., regarding the bypass flow rate and multipliers for the
outflow rate (Qout) to reflect anticipated future changes), which are further described in Appendices B.3
and B.4 and the tool itself.

This method was inspired by Haakh [28], who provided a foundational and mathematically
thorough treatment of turbine and pump operation in the context of water supply systems. The authors
expect that the Excel tool and this article will provide a somewhat simplified, more user-friendly
approach to solving a sub-set of the design challenges laid out there, with a focus on class 1 “buffered”
sites. The following sections describe the essential tasks performed by the tool.

2.2. Determining the Characteristic Site Curve

Also known as the “system” curve, this describes the relationship between the exerted pressure
and flow rate in the inflow pipeline as observed from a downstream reference point within the pipeline.
It can also be thought of as the pressure “available” as a function of the chosen flow rate. Typically,
this reference point is taken just upstream of the pressure control valve, to capture the hydraulic
conditions relevant for a potential turbine. The available pressure head is equal to the maximum
pressure head (hmax, at flow rate = 0) minus the head loss up to the point of interest (hloss) and the
pressure head just downstream of the control valve (hdownstream), which is necessary for the water to
reach the storage tank. Since head loss increases proportionally to the square of flow rate, the curve can
be well approximated (Equation (1)) with a downward-facing parabola with its vertex centered on the
positive y-axis (flow rate = 0), crossing the positive x-axis at the maximum possible flow rate (pressure
exerted on reference point upstream of valve = 0), at which the pressure control valve is completely
open and offers no hydraulic resistance (see Figure 8 in Section 3.1 for an example). This is predicated
on a simplifying assumption that assumes a constant coefficient of major pipe friction loss (defined
in the U.S. as “lambda”, λ), which is known to be flow rate-dependent (e.g., as captured in Moody’s
diagram), but is valid for conditions commonly encountered at water supply sites. The resulting
second-order polynomial equation takes the following form:

havailable (m) = hmax − Kloss·Q2
− hdownstream (1)

where Kloss is the head loss coefficient, which integrates the major head loss due to pipe friction
and minor head loss(es) due to sources of local resistance (e.g., pipe bends, partially opened valves
upstream). hloss as defined in Figure A1 (Appendix A.1) is the central term in Equation (1), the product
of Kloss with the square of the flow rate Q. While hmax, Kloss and hdownstream could be determined
analytically, the authors found empirical determination to be both more accurate and less labor-intensive.
To empirically determine this parabolic curve, two points must be defined, which requires measuring
five field data points:

1. Q1_inflow: non-zero inflow rate at control valve, position 1 (e.g., at normal operating flow)
2. h1_upstream: pressure head upstream of control valve, position 1 (e.g., at normal operating flow)
3. hdownstream: pressure head just downstream of the control valve, which is necessary for the water

to reach the (frequently somewhat higher) storage tank (e.g., at normal operating flow)
4. Q2_inflow: inflow rate at control valve, position 2 (ideally zero flow; i.e., closed valve, but can also

be a second, sufficiently different non-zero flow rate than Q1, if closing the valve is not feasible)
5. h2_upstream: pressure head upstream of control valve, position 2 (ideally at zero flow; see above)

These data can usually be easily obtained, for example during a 30-min visit to a site or based
on past data already acquired using a supervisory control and data acquisition (SCADA) system.
If feasible, long-term measurements as well as further points along the site curve provide a more
accurate picture of the real site conditions and reduce uncertainty in the resulting turbine performance.
Since Kloss can effectively be considered a constant, it can be determined indirectly by substituting all
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measured values into Equation (1). Qmax can then be determined simply by setting Equation (1) to zero
and solving for Q (Equation (2)).

Qmax =

√
hmax − hdownstream

Kloss
(2)

The reader should note that the timing of the measurement of h1_upstream and h2_upstream will impact
the value of hmax, since the pressure measured depends to a small degree on the water level in the
upstream tank. Ideally, these measurements should be conducted when the upstream tank is known
to be at its typical lowest level, as this will provide a conservative estimate of the pressure that will
at a minimum be reliably available to a potential turbine. Furthermore, the flow-dependent head
losses between the control valve and storage tank are integrated into the measurement of hdownstream,
if performed using a pressure gauge. The change in these losses (and therefore a change in hdownstream)
due to a deviation in the turbine flow rate from Q1_inflow (normal operating flow) is likely negligible,
but can also be easily measured by changing the flow rate to the potential future turbine flow rate.
The value for hdownstream is usually primarily determined either by the height of the pipe outlet above
the turbine (as portrayed in Figure 2) or the water level in the downstream tank (as portrayed in
Figure A1), in case the pipe outlet is at the bottom of the downstream tank. Figure 2 provides a visual
explanation of some of these terms for the typical case as encountered by the authors in Germany.
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Figure 2. Visual explanation of some key parameters used in the method, as introduced in Sections 2.2
and 2.5. * Note that hmax depends on the current water level in the upstream tank, which is why the
measurement of h1_upstream and h2_upstream should be conducted when the upstream tank is known to be
at its typical lowest level.

2.3. Calculating the Hydraulic Power Available to the Turbine

The hydraulic power carried by the flowing, pressurized water and ultimately available to a
turbine can be calculated using Equation (3):

Phydraulic (kW) = ρ·g·Q·havailable·1000 (3)

where ρ is the density of water (kg/m3), g is gravitational acceleration (m/s2), Q is the flow rate (m3/s)
and havailable is the available pressure head (m). Since ρ and g can be assumed constant (1000 kg/m3 and
9.81 m/s2, respectively), the equation can be simplified (Equations (4a) and (4b)) to allow the input of
flow rate in more commonly used units of m3/h or L/min:

Phydraulic (kW) =
Q·havailable

367
, with Q in m3/h (4a)

Phydraulic (kW) =
Q·havailable

6116
, with Q in L/min (4b)

Given that havailable is approximated as a second-order polynomial function of Q (Equation (3)),
and this function is multiplied with Q and a constant to compute available hydraulic power,
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the characteristic curve of hydraulic power available to a turbine can therefore be approximated as
a third-order polynomial function of Q (Equation (5)), adjusted by the appropriate constant as per
Equation (4):

Pavailable (kW) =
(
hmax·Q− Kloss·Q3

− hdownstream·Q
)

/ 367, with Q in m3/h (5)

The flow rate at which the maximum possible hydraulic power Pmax occurs can be determined by
first taking the derivative of Equation (5) with respect to flow rate Q, resulting in Equation (6):

P′available (kW) =
(
hmax − 3·Kloss·Q2

− hdownstream
)

/ 367, with Q in m3/h (6)

Since Equation (5) defines a polynomial with a single maximum, setting its derivative P’available to
zero leads to Equation (7) for the flow rate corresponding to Pmax:

QP_max
(
m3/h

)
=

√
hmax − hdownstream

3·Kloss
(7)

Substituting QP_max into Equation (5) yields the maximum possible hydraulic power for the given
class 1 site. This information becomes relevant upon comparing the results of this method with the
method from the 1994 DVGW guidelines [34] (see Section 2.10).

2.4. Consideration of a Bypass Pipeline Parallel to the Turbine

The tool assumes that the turbine is installed in the inflow pipeline to the storage tank and in
parallel with a bypass. This ensures at a minimum that the turbine can be easily removed without
interrupting supply and can also be used for the compensation of short periods of high water demand
via rapid filling of the storage tank. In the event that the bypass flow rate Qbypass is substantially above
the turbine design flow rate Qturbine, this can maximize total annual energy generation, by enabling
Qturbine to be as low possible, which reduces unnecessary friction losses that would otherwise occur
with a higher Qturbine. This relationship between Qbypass and Qturbine should become clearer in the
coming sections. The recommended setting is the maximum permissible inflow rate, but this can be
freely adjusted by the user.

2.5. Using a Numerical Model to Ensure Supply Reliability Based on Historical Flow Data

The inflow rate Qin must at any point in time be sufficient to meet the demand placed on the
storage tank by the water users in the supply zone and cannot endanger the reliability of supply by
causing the storage tank to temporarily run below a minimum emergency level (e.g., for fire-fighting
reserves). To determine whether this is likely to happen based on a given Qbypass and Qturbine, a simple
linear, deterministic, dynamic numerical model was incorporated into the tool. The model takes a
historical time series of the outflow rate from the storage tank Qout as input (ideally at a maximum
time interval of 15 min) and simulates Qin through the turbine and bypass as well as the resulting
storage tank water level Ltank. The initial condition for Ltank is 75% if no water level time series data are
provided along with the time series for Qout. The basic governing equation (Equation (8)) for Ltank at a
given timestamp t+1 is as follows:

Ltank @ t+1 (% o f f ull) = Ltank @ t +
(Vin @ T − Vout @ T)

Vtank · 100
(8)

where Ltank @ t+1 reflects the resulting tank water level at timestamp t+1 at the end of the time step T
(between timestamps t and t+1), Vin @ T and Vout @ T are the volume of water entering and leaving the
tank during the time step T (between timestamps t and t + 1), respectively, and Vtank is the volume of
the storage tank at 100% capacity (m3). To clarify, “timestamp” t refers to an instantaneous point in
time (e.g., 12:00:00 (noon) on 20 June 2019), whereas “time step” T refers to the duration of time passing
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between the two timestamps t and t+1 (e.g., the 15 min between 12:00:00 and 12:15:00). Vout and Vin
are obtained by multiplying the duration of the time step T ([t + 1] − t) with Qout and Qin, respectively,
to yield a water volume. Qout is taken from the historical time series provided by the user, whereas Qin
is determined by Equation (9):

Qin @ t+1 =


Qbypass, if

(
Ltank @ t ≤ L2maxshuto f f and Qin @ t = Qbypass

)
elseif Ltank @ t ≤ L3bypasson

Qturbine , if Ltank @ t ≤ L1turbineon
0, if Ltank @ t > L2_max shuto f f

(9)

where Qbypass is the chosen bypass flow rate, Qturbine is the chosen turbine flow rate, L2_max shutoff is the
maximum permissible tank water level (% of full), L1_turbine on is the threshold tank level at which
the turbine is operated, L3_bypass on is the threshold tank level at which the bypass pipe is opened,
and the turbine pipe is closed. A further value, L4_min emergency, signifies the lowest permissible water
level. If Ltank falls short of this, the Qturbine is excluded from the set of feasible solutions. See Figure 2
for a visual representation of these tank levels. For the method to properly function, the following
relationships between values must be true (Equations (10a) and (10b)):

L2_max shutoff > L1_turbine on > L3_bypass on > L4_min emergency (10a)

Qmax inflow ≥ Qbypass ≥ Qturbine (10b)

where Qmax inflow is the maximum permissible inflow rate into the tank, either legally according to a
contract with a long-term water supplier or technically due to pipeline’s natural Qmax (see Appendix A.1
for elaboration) or a limitation on the water source (e.g., a mountain spring). The recommended setting
is for Qturbine to be equal to Qmax inflow.

Expressed in words, the system is operated such that the tank is normally filled via the turbine at
Qturbine. Only in cases of high water withdrawal (Qout) in which the tank level falls very rapidly is the
bypass opened (and the turbine pipe closed) to increase the inflow rate to Qbypass and kept open until
the maximum permissible water level is exceeded (tank is full). Then normal operation with the turbine
resumes. The number of occasions on which the bypass is opened increases as Qturbine decreases.

By defining Qin to exclusively be equal to Qturbine and Qbypass, taking into account the impact
on Ltank, the tool thus re-defines the inflow regime in such a way that both supply reliability can be
guaranteed, and energy generation can be maximized (see Figure 1). This is the step in the tool’s
algorithm at which the key advantage of class 1 “buffered” sites is utilized.

2.6. Calculating Total Annual Hydraulic Energy Capture

The term “capture” refers to the annual average amount of hydraulic energy Ehydraulic that is
applied to the turbine wheel, before being converted to the mechanical energy Emechanical of the spinning
wheel and shaft, and then further converted to electrical energy Eelectrical through a generator. Ehydraulic
is calculated using Equation (11):

Ehydraulic

(
kWh

a

)
=

∑tmax−1
t

Phydraulic(Qturbine)·((t + 1) − t)·24 h/d , if Qin @ t = Qturbine

0, if Qin @ t , Qturbine(
tmax−t

365 d/a

) (11)

where the time step ([t + 1] – t) is measured in units of days (standard for Microsoft Excel). The resulting
Qin at each timestamp t (Equation (9)) depends on the outcome of the numerical model described
above. This model therefore performs two functions: (1) calculating the energy production for each
time step and (2) monitoring whether the water level falls below the minimum permissible level in the
storage tank and flagging such solutions as invalid.
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2.7. Selection of Microturbines, Global Efficiency Curves and Calculating Total Annual Electric Energy
Generation

The tool assumes a single turbine having only a narrow operating range with acceptable efficiency.
The turbine’s characteristic resistance curve is assumed constant, since it is fixed by the frequency of
the electrical power connection (presumed to be grid electricity at 50 or 60 Hz) and the number of pole
pairs in the electrical generator, which pre-determine the rotational speed of the turbine.

To provide the tool user with the calculated electrical energy generation, it is necessary to estimate
the total efficiency, which is a product of the efficiency of the turbine (hydraulic to mechanical energy)
and efficiency of the generator (mechanical to electrical energy). To make the tool as appealing as
possible to practicing engineers, the authors chose to use data from two microturbines that are currently
on the market: the in-line axial “AXENT” turbine from Stellba Hydro [35] and pumps-as-turbines
(PAT) from KSB [36], companies with whom the authors have worked previously. The total efficiency
ηtotal at the hydraulic best efficiency point for turbines of varying capacities was plotted relative to
Phydraulic, leading to Figure 3. For each type, AXENT and PAT (two separate models), natural log curves
were fitted to the data to generate equations that enabled the estimation of ηtotal based on the input of
Phydraulic (Equations (12a) and (12b)). The tool can be updated with new data for other types of turbines
from other companies, although this cannot currently be easily done by a normal user.

ηtotal (%) = 2.05· ln
(
Phydraulic

)
+ 58.1 (AXENT) (12a)

ηtotal (%) = 2.61· ln
(
Phydraulic

)
+ 57.8 (PAT) (12b)
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It is important to note that the curves in Figure 3 represent the global efficiency curve of single,
optimal values of ηtotal for a hypothetical range of different turbines, not the characteristic efficiency
curve of a single turbine over its operating range. Each turbine also has its own flow-dependent
efficiency, such that the operating efficiency will vary from the optimal ηtotal in the event that it is
operated off of its design flow rate, or if a turbine cannot be manufactured to have its peak efficiency
precisely at the chosen Qturbine. For simplicity’s sake, the tool assumes that the turbine is only operated
at its optimal ηtotal, at a single operating point. The flow rate must be high enough to enable the use of
a microturbine with a practical size and sufficiently high efficiency, as the efficiency of turbines and
generators drops rapidly with declining physical dimensions.
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The total annual electrical energy generation Eelectrical for a given Qturbine and choice of turbine
type is then determined by Equation (13):

Eelectrical

(
kWh

a

)
= Ehydraulic·ηtotal (13)

2.8. Iteratively Determining the Optimal Turbine Design Parameters

The optimal turbine parameters are defined in the tool as the combination of Q and h that lead
to the greatest annual electrical energy generation in kWh/a, based on a numerical simulation of
turbine operation with the historical Qout data provided by the user (see above). Generally speaking,
a longer historical time series produces more reliable results by accounting for a wider range of realistic
supply scenarios, but a very long time series runs the risk of using obsolete data that does not reflect
the expected future supply scenarios and therefore producing sub-optimal results. In the authors’
experience, 12 to 24 months is ideal.

To determine the optimal parameters, the possible solution space of values for Qturbine is iteratively
run through the numerical model, calculating Eelectrical for each value of Qturbine. This is first done
at intervals of 5 m3/h to determine the approximate optimal Qturbine, and then again at intervals of
0.5 m3/h to refine this result. The Qturbine leading to the greatest Eelectrical is declared optimal, and the
corresponding hturbine calculated using Equation (1).

2.9. Estimating Economic Viability

Similar to the determination of ηtotal, the estimation of economic viability is based on available
cost data for actual microturbines from the companies Stellba and KSB. These costs are based on past
implemented projects, recent price quotes and the experience of collaborating engineers, and include
the cost of purchase, installation and commissioning. Table 2 shows the cost items and the ranges for
the two different types of turbines incorporated into the tool, as well as the total costs including the 19%
value-added tax (VAT) for Germany. The peripheral costs for the AXENT turbine are generally lower,
because the design elements required to install it are less complex, and it does not require protection
against pressure shocks (water “hammer”), contrary to a typical PAT. Figure 4 shows the specific total
cost Cspecific data for both types of turbines.

Table 2. Summary of cost parameters for AXENT turbines and PATs.

Turbine Type

Cost Parameter Purchase Cost
(Turbine and
Generator)

Installation Pipe
Modi-fications

Electromechanical
Control Systems

Total Incl. 19%
Value-Added Tax

(VAT)
AXENT (Stellba) 27,500–65,000 € 2500–4000 € 1500–3000 € 1000 € 40,500–85,700 €

PAT (KSB):
Multitec and

Etanorm
4400–15,700 € 5000–8000 € 5000 € 10,000 € 29,100–46,100 €

Data source (year)
Past invoice and

recent price quotes
(2016–2018)

Past projects (2011–2016) and engineering estimates
(2016–2018)

Equations (14a) and (14b) show the specific cost function for each turbine type. The shape of these
curves corresponds approximately to data compiled from turbine projects in Switzerland [1]. The total
specific costs Cspecific are calculated by entering Phydraulic into Equations (14a) and (14b), and the total
costs Ctotal for a given site and turbine are obtained by multiplying Phydraulic with Cspecific.

Cspeci f ic
(
€/kWhydraulic

)
= 5730·Phydraulic

−0.345 (AXENT, Stellba) (14a)

Cspeci f ic
(
€/kWhydraulic

)
= 25200·Phydraulic

−0.891 (PAT, KSB) (14b)
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The annual benefits Bannual are based on user input on the applicable feed-in tariff or other
electricity price at which the generated energy could be sold. In Germany, for example, the legally
guaranteed feed-in tariff for turbines below a total capacity of 100 kW commissioned in 2019 is 12.27 ct.
€/kWh, for a contract length of 20 years. A site is only eligible for this tariff if the water flows via
gravity from its natural source to the turbine. Otherwise, the energy must normally be used on site,
replacing electrical energy that would otherwise been purchased from the grid, in Germany at a
price of approximately 20 ct. €/kWh. The tool combines the estimated benefits from both of these
sources (Equation (15)), which can also complement each other (e.g., if there is a pump set that can be
occasionally but not continuously supplied with energy by the turbine, or if the turbine is only able to
cover a portion of the energy demand of the pumps).

Bannual

(€
a

)
=

∑
Eelectrical·Pricegrid electricity if Eelectrical coincides with grid energy use
Eelectrical·Price f eed−in tari f f if Eelectrical coincides with grid energy use

and site eligible f or a f eed− in tari f f
(15)

The payback period for the project is calculated in a simple manner by comparing the initial costs
and annual benefits to each other (Equation (16)), assuming the energy generation remains unchanged
and without taking into account the time-dependent value of money. Depending on the tool user
and decision-maker, the payback period can serve as an indicator of economic viability, if necessary
complemented by consideration of Ctotal, as many projects are hindered by insufficient initial funding.

Payback period (a) =
Ctotal (€)

Bannual (€/a)
(16)
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2.10. DVGW 1994 and 2016 Methods as a Basis of Comparison

In order to provide a frame of reference for the new method, it is compared to three methods
available in the 1994 and 2016 editions of the DVGW guidelines published on the topic of energy
recovery through turbines in the drinking water supply. While these guidelines provide a very useful
overview of the technical and operational aspects of implementing a drinking water hydropower
project, these methods are not known to generate optimal design solutions for class 1 sites, and therefore
only serve as a frame of reference for the new method being introduced here. The methods are compared
based on the parameter Eelectrical in units of kWh/a.

The most recent edition of the DVGW guidelines [12] provides guidance in the case of class
2 “non-buffered” sites. They suggest using a frequency distribution of the occurring flow rates to
determine the design flow rate of the turbine or multiple turbines. The flow rate (or mean of a range of
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flow rates; e.g., 52.5 m3/h representing the range from 50 to 55 m3/h) having the greatest energy density
(result of Equation (17), applied to each range of flow rates) should be the design turbine flow rate.
The resulting Qturbine is then given as input into the Excel tool to calculate Eelectrical assuming the inflow
regime is modified as with the tool’s optimization algorithm. In this way, this method is evaluated
more generously than if it were applied as intended to class 2 sites, since the flow rates occurring above
and below the chosen Qturbine would not contribute to energy generation, being too high or low to be
efficiently processed by the turbine (see Section 3.2 and Table 4 for a concrete example).

Ehydraulic
(

kWh
a

)
=

∑tmax−1
t

 Phydraulic
(
Qrange mean

)
·((t + 1) − t)·24 h

d , if Qrange min < Qturbine ≤ Qrange max

0, if Qturbine ≤ Qrange min or Qturbine > Qrange max

( tmax−t
365 d/a )

(17)

This method is divided into two sub-methods, one based on the Qin into the tank (approximately
representing the “status quo”, if the inflow regime were not modified), and the other based on Qout

from the tank. Historical time series are required for both in order to apply Equation (17).
The original edition of the DVGW guidelines [34] make no distinction between class 1 and 2

sites and suggests using the historically most frequently occurring flow rate to select the turbine.
However, they imply that the theoretical optimal flow rate is given by Equation (18) (obtained by
substituting Equation (2) into Equation (7)), at which the hydraulic power carried by the flowing water
is mathematically at its maximum (see also [28,37]).

QP_max =
1
√

3
·Qmax = 0.577·Qmax (18)

This method is tested on the basis of the flow rate of maximum hydraulic power. Just as for the
2016 DVGW method, the resulting Qturbine is given as input into the Excel tool to calculate Eelectrical
assuming the inflow regime is modified as with the tool’s optimization algorithm. Table 3 offers a
concise summary of all methods that are compared in this paper with their corresponding short names.

Table 3. Summary of turbine design methods from the authors’ perspective.

Method Characteristics

Turbine Design Method

(1) HTWD 1 2018 (2) DVGW 2 1994 (3) DVGW 2016, a 3 (4) DVGW 2016, b 4

Basis for design
Diverse data to determine the flow

rate with the maximum annual
energy generation

Q with max.
hydraulic power

(see Equation (18))

Qout Qin

with historically greatest energy density
(see Equation (17))

Data requirements Medium to high Lowest Medium

Confidence of achieving
max. energy generation Highest (with high data reqs.) Lowest Low to medium

1 HTWD — Hochschule für Technik und Wirtschaft Dresden (University of Applied Sciences), the authors’ home
institute; 2 DVGW — Deutscher Verein des Gas- und Wasserfaches (German Technical and Scientific Association for
Gas and Water), publisher of guidelines on drinking water hydropower; 3 a—variant of the DVGW method based
on tank outflow; 4 b—variant of the DVGW method based on tank inflow

3. Results

3.1. Case Study of Tool Application: Break Pressure Tank (BPT) Rützengrün, Germany

The best way to understand the methodology implemented in the tool is to follow its use
step-by-step for a real-world example and show the data and results as they appear to the user. A blank
version of the tool as well as a version with the data for the example site BPT Rützengrün is included
in the Supplementary Materials. BPT Rützengrün of the water supply utility ZWAV Plauen is located
above the city of Auerbach in the Vogtland region of Saxony and receives its water (via the higher
elevation BPT Vogelsgrün) from the long-range water supplier Südsachsen Wasser out of the drinking
water reservoir Carlsfeld, located about 180 m above. Figure 5 shows a diagram of this supply system.
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The BPT serves primarily as a pressure-reducing installation, but also has a small storage tank with a
capacity of about 100 m3. Thanks to this storage, BPT Rützengrün is a class 1 site, which permits a
degree of flexibility in regulating the inflow and turbine flow rate.

Figure 6 shows the first input mask, in which the user enters the minimum required information
in the form of single values. Depending on the choice of calculation option (in this case option 1 and
2), those cells requiring user input turn orange. To determine the most reliable turbine parameters,
the planner must not only supply the data needed to define the site curve, but also provide information
about the storage tank, including volume and the feasible tank level thresholds for opening and closing
the inflow valve. As per the recommended setting, the bypass flow rate Qbypass is set equal to the
maximum permissible inflow rate, in this case 90 m3/h.

The second input mask (not shown here) is for the time series. For BPT Rützengrün, the input time
series of Qout from the tank (to the downstream supply zones) ranged from 29.05.2017 to 15.02.2018
and was processed from so-called delta-event (event-based recording) raw data to have a 15-min
time interval. These data are necessary to achieve reliable results. While historical time series for
water level and tank inflow rate can be used by the tool to infer the storage tank volume (hence the
input fields), they were neither available nor necessary, since the volume was known to be 100 m3.
With the information about tank volume and the switching thresholds provided in the first input
mask (Figure 6), the tank operation was simulated to determine both acceptable and optimal turbine
parameters. This “simulation” consists of a simple numerical model (see Section 2.5), modifying a
starting value for the tank level according to the net change in storage volume, as calculated by the
difference between the inflow and outflow volumes. The planner must also choose between two types
of turbines. In this case, the in-line AXENT turbine was chosen (see Section 2.7 for more details).

Water 2019, 10, x FOR PEER REVIEW  13 of 39 

 

storage tank with a capacity of about 100 m3. Thanks to this storage, BPT Rützengrün is a class 1 site, 
which permits a degree of flexibility in regulating the inflow and turbine flow rate. 

Figure 6 shows the first input mask, in which the user enters the minimum required information 
in the form of single values. Depending on the choice of calculation option (in this case option 1 and 
2), those cells requiring user input turn orange. To determine the most reliable turbine parameters, 
the planner must not only supply the data needed to define the site curve, but also provide 
information about the storage tank, including volume and the feasible tank level thresholds for 
opening and closing the inflow valve. As per the recommended setting, the bypass flow rate Qbypass is 
set equal to the maximum permissible inflow rate, in this case 90 m3/h. 

The second input mask (not shown here) is for the time series. For BPT Rützengrün, the input 
time series of Qout from the tank (to the downstream supply zones) ranged from 29.05.2017 to 
15.02.2018 and was processed from so-called delta-event (event-based recording) raw data to have a 
15-min time interval. These data are necessary to achieve reliable results. While historical time series 
for water level and tank inflow rate can be used by the tool to infer the storage tank volume (hence 
the input fields), they were neither available nor necessary, since the volume was known to be 100 
m3. With the information about tank volume and the switching thresholds provided in the first input 
mask (Figure 6), the tank operation was simulated to determine both acceptable and optimal turbine 
parameters. This “simulation” consists of a simple numerical model (see Section 2.5), modifying a 
starting value for the tank level according to the net change in storage volume, as calculated by the 
difference between the inflow and outflow volumes. The planner must also choose between two types 
of turbines. In this case, the in-line AXENT turbine was chosen (see Section 2.7 for more details). 

 
Figure 5. Diagram of the Carlsfeld supply system, with break pressure tank (BPT) Vogelsgrün and 
BPT Rützengrün. As illustrated in Figure 1, the potential turbines would be positioned in parallel 
with the existing pressure control valves. 

Figure 5. Diagram of the Carlsfeld supply system, with break pressure tank (BPT) Vogelsgrün and BPT
Rützengrün. As illustrated in Figure 1, the potential turbines would be positioned in parallel with the
existing pressure control valves.

Once all necessary input data has been provided, the Visual Basic (VBA) algorithms are run to
determine the optimal turbine parameters under the given boundary conditions. The algorithms
iteratively progress through all possible design flow rates (see Section 2.5 through Section 2.8),
computing and graphically plotting the corresponding performance parameters annual energy
generation (Ehydraulic as well as Eelectrical), power (Phydraulic and Pelectrical) and total efficiency ηtotal
for the chosen turbine type at the corresponding Phydraulic (for the best possible turbine, not the
characteristic curve of a single turbine—see Section 2.7) (Figure 7). The optimal parameters (head and
flow rate) are also displayed and added to the site curve diagram (Figure 8).
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Feed-in tariff (if relevant) €/kWh can be entered insofar as known; if the site is in Germany, the feed-in tariff according to the German renewable energy 
law is used, regardless of the value entered here

On-site energy use kWh/a if available as an estimate, this can be used instead of a time series of energy use data

Values below these thresholds in the time series (see next tab) are converted to zero; This is useful in the event that 
e.g. the flow measuring device erroneously reports low values even when the actual flow rate is zero.

Figure 7. Calculated performance parameters of hypothetical turbines (at best efficiency point) with
iteratively varied design flow rates (here from 5 to 245 m3/h), with values for BPT Rützengrün.
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After determining the optimal turbine parameters, the annual financial benefits Bannual are
determined based on the information provided. In the same step, the total costs for purchase and
installation of the turbine Ctotal are calculated on the basis of available values from the authors’
experience, to roughly estimate the simple (non-inflation-adjusted) payback period (see Section 2.9
for more information). In the case of BPT Rützengrün for the input data shown here and using the
recommended calculation and bypass options, Eelectrical is estimated at 26,000 kWh/a (Table 4) and the
payback period at 10.0 years. According to the water supply company ZWAV Plauen, if the turbine
lifetime can be assumed at 20 years, the payback period must be ≤ 10 years (less than half of the
device’s lifetime) to be an acceptable investment. A turbine at this site would therefore be borderline
economically viable according to this assessment.

3.2. Assessing the Impact of Quality Control for Input Data

This case study also provides an opportunity to show the importance of critically assessing the
data used. Figure 9 shows the time series of outflow data for BPT Rützengrün. It is clear upon
inspection that the period of available data at sufficient resolution (at 15-min rather than 2-h intervals)
and without gaps (which cause errors in the calculation) was not representative of the typical past
operation and the expected typical future operation of BPT Rützengrün. While these data were
sufficient for determining the optimal turbine parameters using the Excel tool, they estimated a much
lower annual flow volume Vannual (144,000 m3/a) than was normal in the past and is expected for future
operation (252,000 m3/a), based partially on the multi-year 2-h data. This was corroborated by the
ZWAV Plauen staff, who explained that the period captured as 15-min values was unusual due to
some maintenance work that was performed on the supply system. To compensate for this, Eelectrical
and consequently Bannual were linearly increased by multiplication with the ratio between these flow
volumes, a factor of 1.75. This adjustment increases Eelectrical from 26,000 to 45,600 kWh/a and lowers
the payback period from 10.0 to 5.7 years (Table 4), making this project much more economically
attractive than would have been the case without a careful analysis of the data. This highlights the fact
that the acquisition and handling of data is not always straightforward, and ought to be done with a
critical eye.

Experience with this site also demonstrated the importance of sufficiently high temporal resolution
for the input data. Due to the low storage volume of 100 m3, a time interval greater than 15 min
led to an unreliable simulation of the tank levels, since the incremental change in storage volume at
times exceeded the tank capacity. In this case, only 2-h values were available for a longer time period
(Figure 9). As these occasionally exceeded 50 m3/h, more than 100 m3 would potentially leave the tank
in a single time interval. This allows no opportunity for the simulation to react by opening the inflow
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valve in response to the tank level falling below the switching threshold—the tank would simply be
“instantly” emptied. This led the authors to embrace a rule of thumb that 15 min ought to be the
maximum time interval between values for Qout, even if not always strictly necessary, such as for sites
with more than 1000 m3 of storage. In general, a longer input time series is better than a shorter one,
but as mentioned in Section 2.8 and for reasons made clear here, there is a trade-off between having a
sufficiently long dataset for capturing the seasonally varying conditions and accidentally capturing
conditions that are obsolete or unlikely to be representative of the future. A period of 12 to 24 months
should be sufficient in most cases, but should also be checked for anomalies.
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Some other authors have used long-term average values in their turbine design methods [15,25].
It is worth noting that average hourly or average daily flow data can be misleading, since the inflow
rate might be much higher than the hourly average but occurring only periodically for only short
periods of time (e.g., for 5 min at a time, with 15 min in between times of active flow). If this were to
persist for 60 min, the hourly average flow rate would be four times lower than the actual flow rate
when the inflow valve is opened, since the water volume would have flowed over 15 min rather than
60 min. The authors have encountered this situation multiple times. Designing a turbine based on the
average hourly flow rate without planning to adjust the inflow rate can therefore lead to a large error,
since the actual flow rate greatly deviates from the inferred flow rate based on average hourly data.

3.3. Comparison of Results Using the Newly Proposed Method with Other Methods

One purpose of this article is to compare the newly introduced method with existing methods
for determining turbine parameters. Figure 10 illustrates application of method “a” suggested by
the 2016 DVGW guidelines (Table 3), based on selecting the inflow rate (Qout) range with the highest
estimated energy generation. In this case, the Qout range from 10 to 15 m3/h is both the most frequent
and most promising for highest energy generation. Thus, an average flow rate of 12.5 m3/h emerges as
the design flow rate Qturbine. It is worth noting that the frequency of occurrence of a range of flow rates
does not imply that this range will have the greatest estimated energy generation, due to the other
factors that influence energy generation, such as the efficiency of the expected turbine (which declines
rapidly with declining power rating), occasionally high demand that reduces energy generation at
lower design flow rates (due to the necessity of bypassing more water around the turbine) and the
increase in frictional head losses (with increasing flow rate). For example, the flow rate ranges 25 to
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30 m3/h and 30 to 35 m3/h have nearly the same frequency, but the latter range has a substantially
greater expected annual energy generation.Water 2019, 10, x FOR PEER REVIEW  17 of 39 
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Figure 10. Frequency distribution of outflow rates and corresponding estimated annual electrical
energy generation per flow rate class, at 15-min intervals for BPT Rützengrün.

The 1994 DVGW guidelines suggest that the point of maximum hydraulic power Phydraulic is also
the optimal operating point for a turbine (Table 3). This point can be seen on the green curve of Figure 11,
corresponding to a Phydraulic of 28.2 kW and occurring at a flow rate of 142 m3/h. A hypothetical
turbine suitable for operating at this point would have a pressure drop hturbine of 72.7 m, as can be seen
where the fictive characteristic curve (red curve with triangle markers) of such a turbine crosses the
characteristic site curve of the inflow pipeline for BPT Rützengrün.
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Figure 11 also shows the results of the other three methods and their respective hypothetical
turbine curves. The green and lavender curves with open circle markers respectively show the Phydraulic
and Eelectrical corresponding to each of the turbine operating points. For the 2016 DVGW method “b”
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(based on inflow rate Qin), no time series was available, so the single data point used to define the
characteristic site curve of the inflow pipeline was taken as the most frequent inflow rate with the
highest expected annual energy generation. The corresponding numbers are also summarized in
Table 4. The results confirm that the 2018 University of Applied Sciences Dresden (HTWD) method
yields the greatest energy generation.

It is important to reiterate (see Section 2.10) that the 2016 DVGW guidelines are explicitly intended
for class 2 “non-buffered” sites, in which the system operator can “make the best” out of a hydraulic
situation over which they can exercise no control. In this case, the emerging design flow rate of
12.5 m3/h is intentionally “improperly” entered into the HTWD Excel tool, which is built for class
1 “buffered” sites, and modifies the inflow regime to optimize the energy generation. In this way,
the only permitted values for Qin are Qturbine and Qbypass—no other inflow rates occur. When properly
applied to class 2 sites, this method yields a much lower expected energy generation, since water
arriving at all flow rates not falling within a narrow range (e.g., 10 to 15 m3/h) would be bypassed
around the turbine. The energy generation possible within other flow rate ranges (represented by the
orange columns in Figure 10) would be lost. Using the HTWD tool for a class 1 site, these other orange
columns can be almost entirely and efficiently captured by modifying the inflow rate, which is made
possible by the storage tank that decouples the inflow and outflow to and from the site. This is the
fundamental advantage of a class 1 site.

Table 4. Summary of the results for BPT Rützengrün using all four methods described in this article.

Parameter

Method (1) HTWD
2018

(2) DVGW
1994

(3i) DVGW
2016, a 1

(3ii) DVGW
2016, a 2

(4) DVGW
2016, b

Flow rate Qturbine (m3/h) 41.0 142 12.5 63.1
Pressure drop hturbine (m) 106 72.7 109 102

Hydraulic power Phydraulic (kW) 11.8 28.2 3.7 17.5
Annual energy generation
Eelectrical, nominal (kWh/a) 26,000 18,500 13,700 5300 25,600

Annual electrical energy
generation Eelectrical, corrected for

flow volume (kWh/a) 3
45,700 32,500 24,000 9300 44,800

Annual electrical energy
generation Eelectrical, corrected (%

of result via HTWD method)
100% 71.2% 52.7% 20.4% 98.3%

1 Method applied improperly, as if class 1 site (see Section 2.10 for elaboration); 2 method applied properly, as if
class 2 site; 3 increased by a factor of 1.75 to account for expected future flow volumes (see Figure 9 and preceding
discussion).

This difference between the improper and proper application of this method is shown in Table 4
(method 3i vs. 3ii), and highlights the great advantage that class 1 sites have over class 2 sites for
energy generation using microturbines with narrow acceptable operating ranges (see Section 2.10 for
elaboration). BPT Rützengrün as a class 1 site would have an annual electrical energy generation of
about 24,000 kWh/a at the turbine flow rate of 12.5 m3/h, while it would have only 9300 kWh/a if it
lacked the 100 m3 storage tank and was therefore a class 2 site—a factor of 2.6 less energy generation.

Furthermore, the use of the 2016 DVGW method “b” (based on the most frequent inflow rate
with the highest expected annual energy generation) is also an improper application, since the inflow
and outflow at class 2 sites are necessarily equal, as there is no storage tank. However, both of
these “improper” applications of the 2016 DVGW method serve as useful comparisons, since in the
absence of another method, the designer of a turbine system might choose to select a design flow rate
corresponding to a known quantity about the system. As such, this flow rate also generally corresponds
to the current operating state, providing a comparison with a design approach that would choose a
turbine to fit the existing inflow rate. And as is evident from Table 4, using the substantially higher
flow rate of 63.1 m3/h yields a total energy generation that is 98.3% of that yielded by the 2018 HTWD
method—in this case hardly a significant loss. However, it cannot be assumed that this will hold true
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in every case, as the analysis of further sites in the following section shows. In cases where it does hold
true, this method can be used to confirm this truth, which provides the designer and operator with a
greater level of confidence in the ultimate design decision.

3.4. Results for Nine Sites in Germany

The four turbine design methods were applied to a total of nine sites from Saxony, Germany.
The sites had a variety of characteristics and data availability and led to a range of results with varying
degrees of confidence (Table 5). To highlight the hydraulic differences between the sites, Figure 12
shows the characteristic sites curves of each inflow pipeline—a kind of “finger print” for each site.
The current inflow rates range from 24 to 145 m3/h, whereas the newly proposed design flow rates
range from 34 to 84 m3/h, with an outlier of 300 m3/h at the newly planned site Rehbocksberg. With the
exception of two sites having very small (100 m3) tanks and one site having a very large (10,000 m3)
tank, the storage capacity ranged from 1000 to 5000 m3.

Table 5. Summary of the site characteristics, with selected design results obtained using the 2018
HTWD method.

Site Vtank
(m3)

Vannual
(m3/a)

Qin and havailable before
Turbine (Typical
Operating Point)

Qin and
hturbine with

Turbine

Pelectrical
(kW)

Qbypass

(m3/h)
Confidence
in Results

Adorf-Sorge 1000 328,000 145 m3/h
117 m

84 m3/h
139 m

20.7 150 High

Rützengrün 100 252,000 1 63.1 m3/h
102 m

41.0 m3/h
106 m

7.5 90 High

Vogelsgrün 100 158,000 58.3 m3/h
71.3 m

43.5 m3/h
74.9 m

5.6 90 High

Voigtsgrün 4000 255,000 58.8 m3/h
45.3 m

39 m3/h
47.6 m

3.1 100 High

Chursdorf 4000 220,000 24 m3/h
98.3 m

32.5 m3/h
97.6 m

5.4 65 High

Mittweida 1500 260,000 55 m3/h
19.6 m

34 m3/h
21.8 m

2.0 150 Med.

Rochlitz 5000 207,000 61 m3/h
63.2 m

37.5 m3/h
68.9 m

4.4 72 Low

Neundorf 4000 292,000 100 m3/h
39.5 m

50 m3/h
40.4 m

3.4 130 High

Rehbocksberg 10,000 1,800,000 N.A. (new site) 300 m3/h
55.7 m

30.0 360 High

1 Corrected based on long-term data (see Figure 9 and preceding discussion).

For five of the nine sites it was possible to obtain sufficiently detailed data to perform the
highest-quality design. In the case of Mittweida, 15-min data existed, but were saved in such a way in
the (early generation) SCADA system that made them very time-consuming to retrieve. Thus one-day
data were used, which were more easily accessible. For the remaining three sites no time series were
available, due to one site not yet existing (the Rehbocksberg storage tank is being newly constructed)
and having no SCADA data transmission. The calculation options 3 and 4 in the Excel tool are designed
to handle precisely such cases, but the results are to be used with caution.

For Neundorf and Rehbocksberg, the design was based on the operating conditions planned by
the respective water utilities, who were confident that they would able to maintain the design turbine
flow rates. For Rochlitz, the maximum daily flow volume for any given future year was estimated and
used to calculate the corresponding flow rate. This was done by first calculating the average daily flow
volume in the month with the greatest flow volume (these data were available), which was 674 m3/d.
This number was then multiplied with the ratio (taken from the nearby site Chursdorf) between the
maximum daily flow volume in the year and the average daily flow volume in the month with the
greatest flow volume, which was 1.34. The resulting “worst-case day” had a flow volume of 900 m3/d,
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which was assumed to enter the tank over a 24-h period, producing an inflow and turbine design flow
rate of 37.5 m3/h.Water 2019, 10, x FOR PEER REVIEW  20 of 39 
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Tables 6 and 7 show a comparison of the technical and economic results, respectively, for all nine
sites across all four methods. The HTWD method provides the greatest energy generation for every site.
Using the 1994 DVGW method, the energy generation is consistently low, on average only about 71%
of the optimum, ranging from 63% to 74%. The 2016 DVGW method “a” (based on the most frequent
Qout with the highest expected annual energy generation) produced very mixed results, ranging from
53% to 98% of the optimum, with a weighted average of 78%. The 2016 DVGW method “b” (based on
Qin) performed consistently better, ranging from 79% to 100% of the optimum and having a weighted
average of 91%.

Table 6. Comparison of the estimated Eelectrical (in kWh/a) achieved by four different turbine design
methods, in italics as percentages of the value given by method 1.

Site
(1) HTWD 2018 (New Method) (2) DVGW

1994 kWh/a
(3) DVGW

2016,
a kWh/a

(4) DVGW
2016, b
kWh/aData Basis: Start Date

(Nr. of Days)
Calculation and

Bypass Options Used kWh/a

Adorf-Sorge 27 April 2017 (179) Calc. 2
Bypass 2

80,900 59,100 78,200 69,800
100% 73% 97% 86%

Rützengrün 29 May 2018 (256) Calc. 2
Bypass 2

45,700 32,500 24,100 44,800
100% 71% 53% 98%

Vogelsgrün 29 May 2018 (256) Calc. 2
Bypass 2

20,000 14,600 19,500 19,100
100% 73% 98% 96%

Voigtsgrün 27 April 2017 (179) Calc. 2
Bypass 2

20,300 14,400 11,000 19,100
100% 71% 54% 94%

Chursdorf 28 October 2017 (338)
Calc. 2

Bypass 2
36,700 23,300 32,900 29,100
100% 63% 90% 79%

Mittweida 20 July 2013 (1714) Calc. 3
Bypass 2

8980 6610
No data

7450
100% 74% 83%

Rochlitz Single values, estimates 1 Calc. 4
24,100 17,200

No data
22,400

100% 72% 93%

Neundorf Single values, future plans Calc. 4
19,800 14,000

No data 19,800
100%100% 71%

Rehbocksberg Single values, future plans Calc. 4
180,000 126,000 No data—new storage tank
100% 70%

Arithmetic mean — — 48,500
100%

34,000
70%

36,500
86%

28,900
91%

Weighted mean — — 48,500
100%

34,200
71%

33,100
78%

28,800
91%

1 Based on the estimated maximum daily flow volume in any given year (see preceding text for clarification).



Water 2019, 11, 1403 21 of 37

The economic results mirror the technical results. The revenue for all sites was calculated assuming
100% feeding in of the generated electricity, at the 2018 German rate of 12.33 ct. €/kWh, as all sites
are eligible for the feed-in tariff under the German Renewable Energy Law. The estimated specific
project costs follow a power law and ranged from 1700 €/kWhydraulic for the highest-capacity turbine
(30.0 kWelectrical, Rehbocksberg) to 12,000 €/kWhydraulic for the lowest-capacity turbine (2.0 kWelectrical,
Mittweida), based on past project experience from other sites with similar conditions. The estimated
total project costs therefore ranged from approx. 28,000 € to 37,000 €. For the optimal case using
the 2018 HTWD method, the annual revenue ranges from 1110 to 22,200 €/a, with simple payback
periods from 24.2 to 1.7 years. Of the nine sites, four have payback periods less than 10 years, making
them economically viable according to the standards used by the water utility ZWAV Plauen. For the
remaining sites, the project costs would have to be reduced in some way to make the installation of a
turbine economically viable, for example by reducing the costs of the turbine or other items (see Table 2),
or acquiring financial support through state or federal grant funding for renewable energy projects.

Table 7. Comparison of the estimated annual revenue (in €/a) and simple payback period (in a) for the
turbine parameters determined using the four different turbine design methods.

Site (1) HTWD 2018 (2) DVGW 1994 (3) DVGW 2016, a (4) DVGW 2016, b

Adorf-Sorge 9980 €/a 7280 €/a 9650 €/a 8600 €/a
3.6 a 5.1 a 3.8 a 4.3 a

Rützengrün 5630 €/a 4010 €/a 2970 €/a 5530 €/a
5.7 a 8.8 a 9.6 a 6.1 a

Vogelsgrün 2470 €/a 1800 €/a 2410 €/a 2360 €/a
12.7 a 18.4 a 12.9 a 13.7 a

Voigtsgrün 2510 €/a 1780 €/a 1350 €/a 2360 €/a
11.8 a 17.9 a 20.7 a 13.2 a

Chursdorf
4520 €/a 2870 €/a 4060 €/a 3590 €/a

6.9 a 12.3 a 7.9 a 8.4 a

Mittweida
1110 €/a 815 €/a

No data
919 €/a

24.2 a 34.8 a 30.7 a

Rochlitz
2980 €/a 2130 €/a

No data
2770 €/a

10.3 a 15.3 a 11.5 a

Neundorf
2450 €/a 1720 €/a

No data 2450
13.1 a12.2 a 20.3 a

Rehbocksberg 22,200 €/a 15,500 €/a No data—new storage tank
1.7 a 2.8 a

Arithmetic mean 5980 €/a
9.9 a

4120 €a
15.1 a

4090 €/a
11.0 a

3570 €/a
12.6 a

Weighted mean 3200 €/a
5.3 a

2300€a
8.2 a

2850 €/a
7.6 a

2540 €/a
9.0 a

4. Discussion

4.1. Archetypical Sites: Handling in Excel Tool and Practical Considerations

During analysis of the nine sites presented here there were five archetypes that emerged, the closer
examination of which may prove useful to the reader.

The first archetype is a typical supply tank site, with moderate storage and a more or less
typical water demand pattern, reflecting a mixture of household and commercial or industrial users.
Voigtsgrün, Chursdorf, Mittweida, Rochlitz, Neundorf and Rehbocksberg fall into this category.

The second archetype is a site that predominantly serves as a break pressure tank along a
long-distance pipeline through mountainous terrain. Rützengrün and Vogelsgrün fall into this category.
For these two sites in particular, only very small storage tanks (100 m3) are present, which demands that
temporally high-resolution outflow data is available to the Excel tool for determining both acceptable
and optimal turbine flow rates. As with these two sites (see Figure 5), these kinds of sites can exist



Water 2019, 11, 1403 22 of 37

in several stages in series, which can have a simplifying cascade effect, since the downstream BPT
regulates the outflow of the upstream BPT.

The third archetype is a site with a very flat characteristic site curve, resulting from very low
friction losses within the desired operating range of flow rates. Normally this is a consequence of
a particularly large inflow pipeline. The sites Rehbocksberg and Neundorf fall into this category
(see Figure 12). In this case, the designer has much greater flexibility, because the flow rate can be
made higher without risking unnecessary energy loss to pipe wall friction. For example, while the site
operator ZWAV Plauen chose 50 m3/h as the design flow rate for Neundorf, a flow rate of 100 m3/h or
even 150 m3/h would subtract very little from the total possible energy generation. Both these sites also
have high storage capacities of 5000 and 10,000 m3 (although this is not necessarily a property of this
archetype), which makes it unlikely that brief periods of high demand would endanger the security of
supply by depleting tank levels. Thus, there is also less urgency for having a high-resolution time
series of outflow data to verify that the chosen turbine is suitable.

The fourth archetype is a data-lean site, for which only limited information is available. If storage
is large enough compared to the demand and the site can be flexibly operated due to system-level
redundance (as with Neundorf and Rehbocksberg, which both have parallel supply systems that can
replace or supplement water in case of an outage), the limited data may be sufficient to produce a
reliable design using the Excel tool. For cases like Rochlitz, however, more data must be gathered to
see how the possible short-term spikes in demand impact the energy generation.

The fifth archetype is a site at which energy generation potential may exist, but no economically
viable options are available for using the generated electricity. In the case of Adorf-Sorge, which is
the second-most promising site after Rehbocksberg, the electrical power output of the turbine at the
optimal operating point would be approximately 21 kW. However, the site is located deep in a forest,
and is connected to the electricity grid via a 3-km-long cable, such that the maximum possible feed-in
power input would be about 2.3 kW before the cable would be overloaded. This low Pelectrical could not
be economically fed into the grid. There is also not sufficient energy demand at the site (no pumps
or other substantial energy users), such that there is currently no known practical way to use the
energy that could be generated with a turbine. Unfortunately, this removes Adorf-Sorge from the list
of potential sites.

4.2. Cases in Which the Excel Tool is Not Needed or Appropriate

Pragmatic readers may ask themselves whether the data acquisition and evaluation required for
using the full functionality of the Excel tool is warranted in every case. There are two main cases in
which the designer of a turbine site should elect not to use the tool as recommended:

1. There is limited data available for the site and time or other constraints make it undesirable to
perform new measurements. In this case the site operator can take the shortcut of using the
equivalent of the 2016 DVGW method “b”, and simply select a turbine that operates efficiently at
the current typical Qin. According to the seven sites analyzed here, this leads on average to 10%
less energy generation (and annual revenue), with a risk of up to 20% less energy generation.
This is the best known alternative method that removes the need for data-based work.

2. The site in question is a class 2 “non-buffered” site, for which this tool is not appropriate. Using the
tool for class 2 sites will lead to gross overestimates of the potential energy generation, as shown
in Table 4. This is due to the fact that the tool assumes a complete modification of the Qin regime,
which is not possible at a class 2 site, for which Qin is necessarily equal to Qout.

4.3. Limitations of the Tool

The main limitation of the Excel tool presented here is its lack of functionality for accommodating
class 2 “non-buffered” sites without storage tanks. While the authors suspect that class 2 sites
with economically viable energy generation potential are in the minority compared to class 1 sites,
the authors already identified several sites for which a practical and technically accessible design
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method would be needed. Collaborators of the authors in 2013 developed a preliminary Excel tool
according to this method (currently available only in German [38]), which systematically tests the
historical distribution of flow rates against typical efficiency curves for different types of turbines
(e.g., Francis, Pelton, pump-as-turbine) to determine both the optimal turbine type and parameters for
a given site. However, the authors are not confident that this tool properly accounts for the hydraulic
nature of class 2 sites. Future work could pick up where this preliminary tool left off, and perhaps
incorporate its functionality directly into the Excel tool presented here. In the best case, this could also
build and improve on the 2016 DVGW methods.

The remaining limitations deal with ways in which the methodology and Excel tool might not
lead to optimal solutions for class 1 sites, and could be improved in the future:

1. The tool assumes the selection of a single turbine with a narrow acceptable operating range,
and considers neither the possibility of turbines with wide operating ranges nor that of multiple
turbines, the latter of which might lead to greater energy generation [25,27]. This was decided
partly for simplicity’s sake and partly out of the belief that a single turbine generally represents
the most economically viable solution for class 1 sites, which is supported by one of the studies
cited above [25]. Furthermore, as indicated in Section 1.2, these studies do take into account the
fundamental advantage of class 1 sites, which is the ability to modify the inflow regime, instead
using multiple turbines to adapt to the wide range of flow rates occurring based on the current
site conditions.

2. The tool does not have a sophisticated way to support users with sites for which a feed-in tariff
is either not available or not applicable (e.g., in Germany, if the water does not flow 100% via
natural gradient). There is an option to enter in the total energy use on site and the percentage of
which the user expects to be covered by the turbine. In the future it is planned to implement an
algorithm that takes as input a time series of electricity use on site (parallel to the Qout time series)
and estimates how much of this energy use could be covered by the turbine, such that the user
does not need to estimate this herself.

3. There is a lack of decision support in accounting for future changes in water use patterns,
which other design methods seem to have accounted for [14,39,40]. However, there is a simplified
factor which can be adjusted to account for possible increases or decreases in water use. In this
way, an expected future water use pattern can be roughly simulated, and a turbine designed that
will still be suitable for this future condition.

4. The impact of iteratively varying the threshold tank levels (see Figure 6) to activate and deactivate
the turbine and bypass has not been sufficiently assessed. Sitzenfrei and Rauch [14] presented an
optimization method that is similar in spirit to the one presented by the authors but applied it to
a class 2 site. They pursued an optimization approach by varying parameters in a randomized
fashion through 1000 simulations (Monte Carlo simulation), selecting the best solution based
on the amount of energy generated over 10 years. The parameters varied in this case are the
set-point water levels in the supply tank upstream of the turbine: the overflow level, the level
for switching from high to low turbine flow, and the minimum level required for fire-fighting.
The HTWD method introduced in this paper could be improved by implementing a similar kind
of randomized (e.g., Monte Carlo) variation of the four water level thresholds used to determine
when water flows through the turbine, bypass or neither. This might increase the robustness of
the solution suggested by the tool and also slightly increase the total annual energy generation
predicted by the tool.

5. As mentioned in Section 3.2, gaps (i.e., time intervals larger than the smallest time interval;
e.g., due to missing data) in the input data time series of Qout lead to an error in the calculations
performed by the tool. Currently, the burden is on the user to ensure that the time series contains
no gaps. In the future, this could be improved through an algorithm that automatically checks for
and linearly interpolates to fill these gaps.
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6. Currently, the data from only two types of turbines from two manufacturers are incorporated
into the tool. This merely reflects the authors’ experience and available data until now and is
not intended to imply that there are not further options. No funding links or other conflicts of
interest exist between the authors and these two turbine manufacturers.

4.4. Relative Potential of Class 1 vs. Class 2 Sites

As mentioned previously, class 2 sites represent a greater technical challenge for the
optimization-minded engineer than class 1 sites. Although they have not been able to confirm
it, the authors suspect that class 1 sites exist in greater numbers and possess greater potential for energy
generation than class 2 sites, due to their generally higher pressure heads. In particular, class 1 sites
seem most relevant for small and medium-sized water suppliers with low population densities and
relatively low water distribution flow rates, since their class 2 sites are unlikely to provide economically
viable energy generation. It may be the case for the largest water suppliers that class 1 sites were
long ago tapped for their hydropower potential, leaving predominantly class 2 sites that remain to
be developed. As the largest water suppliers also tend to be more innovative, this may explain the
apparently greater scientific attention given to class 2 sites (Appendix A.4). If the authors’ suspicions are
accurate, it would be useful to better understand the relative potential for drinking water hydropower
at class 1 vs. class 2 sites, as this could provide an incentive for greater focus on supporting the design
and development of class 1 sites for small and medium-sized water suppliers, which tend to make up
the vast majority in the total count of a given country’s water suppliers. The German water suppliers
featured in this study are medium-sized.

5. Conclusions

This paper presented a novel method and accompanying Excel tool for determining the optimal
parameters of a microturbine for water supply sites having a storage tank that decouples the inflow
and outflow patterns, the so-called class 1 “buffered” sites. The method determines the optimal
turbine flow rate based on key site characteristics and a historical time series of outflow data from the
tank, simulating tank operation with a numerical model as it creates a new inflow regime. The main
criterion for a viable solution is that the tank water level does not fall below a user-specified minimum.
The Excel tool is not currently suitable for analyzing class 2 “non-buffered” sites without a storage tank
but could conceivably be expanded to include this functionality.

The method was inspired by Haakh [28], who provided a foundational treatment of turbine
and pump operation in the context of water supply systems. It fills a gap in the known methods for
designing microturbines for water supply sites, which recognize the design advantages of class 1 sites,
but provide no practical instructions on how to determine the optimal flow rate and corresponding
pressure drop. The tool is intended to be widely accessible by being implemented in the commonly
used software Microsoft Excel and is offered free of cost for download and use by any interested
parties [33]. A blank version of the tool as well as a version with the data for the example site BPT
Rützengrün (see Section 3.1) is included in the supplementary material.

The 2018 HTWD method presented here is compared with three other methods from two different
generations of DVGW guidelines from 1994 and 2016. All four methods were used to analyze a total of
nine sites located in Saxony, Germany, and the results were compared in terms of the annual energy
generation. The HTWD design method estimates the greatest energy generation for each site, whereas
the other three methods lead to an average of 70% to 91% of the HTWD results. If an alternative
method had to be chosen, the 2016 DVGW method “b” (based on the most frequent range of inflow
rates with the highest expected annual energy generation) provided the second-best results overall,
ranging from 79% to 100% (with an average of 91%) of the energy generation predicted using the
HTWD method (see Sections 3.3 and 3.4 for details).

Of the nine sites analyzed, four are very likely economically viable (estimated payback periods of
1.7 to 6.9 years), while four are borderline viable (payback in 10.3 to 12.7 years) and could be made



Water 2019, 11, 1403 25 of 37

viable with sufficient reduction in project costs to the operator, for example through grant funding.
The remaining site (Mittweida) is very unlikely economically viable, with an estimated payback
period of 24.2 years. Other factors prevent the second-most promising site (Adorf-Sorge) from being
economically viable, since there is no known practical way to transport the generated electricity off site
or use it on site. While a turbine has not yet been implemented at any of these nine sites, at the time of
submission, the site Rehbocksberg is the furthest along in the planning, and should be installed before
the end of 2019, the site Rützengrün is in an advanced planning stage and the site Chursdorf is in an
early planning stage. The experience gained from analyzing all nine sites led to the description of five
archetypical sites (see Section 4.1 for details), which the reader can use as points of reference when
analyzing sites under his or her supervision.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/11/7/1403/s1,
Two appendices, and two Excel files—one containing no data (File “MicroturbineTool_HTWD_v35_blank.xlsb”)
and one containing data from the example site in this paper, BPT Rützengrün (File “MicroturbineTool
_HTWD_v35_BPT-Ruetzengruen.xlsb”).
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Appendix A. Practical Considerations for Deploying Hydropower in Water Supply Systems

Appendix A.1. Origin of Surplus Energy in Gravity-Based Water Supply Systems and Hydraulic Aspects of
Their Operation

Gravity pipelines connect higher-elevation water reservoirs to lower-elevation points of water
storage and water users, and are a ubiquitous feature of water supply systems. The higher-elevation
reservoirs can have natural (e.g., river dams) or artificial (e.g., elevated storage tank) origins. In all
gravity pipelines, the difference in potential energy (elevation head) between the upstream inlet and
downstream outlet or reference point within the pipeline is fully converted into three components:

1. kinetic energy of the flowing water (velocity head),
2. pressure energy between the water molecules (pressure head) and
3. heat (and some sound) due to pipe wall (major) and local (minor) frictional resistance (head

“loss”) in reaction to the flowing water.

With respect to hydropower development, there are two relevant types of gravity pipelines: those
with and those without pressure control at points downstream, such as transfer stations or outlets into
storage tanks. In a gravity pipeline without pressure control, head loss is at a minimum, velocity head
is at a maximum and pressure head fluctuates between zero and small negative or positive values
along the length of the pipeline depending on the pipeline’s exact downslope path (inevitably equaling
zero at the outlet), such that the maximum possible flow rate is established [41]. The only remaining
energy at the pipeline outlet is the velocity head of the flowing water. In a gravity pipeline with
pressure control, head loss can be intentionally increased, increasing the pressure head upstream of
the turbine and reducing the velocity head until the desired flow rate is established, normally using a
pressure control valve at the downstream outlet (a local resistance). In cases with raw water in excess
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(e.g., a mountain spring during the rainy season), pressure control could also be achieved with an open
basin, into which a gravity pipeline (without a pressure control valve) flows, reducing the relative
pressure back to zero, and allowing excess water to spill over into natural watercourses. However, this
becomes more the territory of “small” rather than “micro” hydropower, specifically a “run-of-river”
scheme, which very well might precede a water supply scheme, but is not really “drinking water
hydropower”. These kinds of schemes are covered by many papers and by manuals (e.g., [2,42,43]).

Like a pressure control valve, a hydropower turbine also represents a local resistance. Introducing
a hydropower turbine into a gravity pipeline without pressure control would therefore reduce the
flow rate, which is generally undesirable for an existing water supply scheme. In a gravity pipeline
with pressure control, however, a turbine can functionally replace the pressure control valve, causing
no change in the flow rate. And whereas a pressure control valve converts potential energy (as
elevation head) into useless head loss, a turbine converts potential energy into useful mechanical
energy, and often via a generator into electrical energy. Gravity pipelines with pressure control valves
can thus be thought of as possessing “surplus” potential energy, which can be “harvested” by using a
turbine rather than “wasted” by using a pressure control valve, which “throttles” the flow of water.

The simplest theoretically possible gravity-fed water supply pipeline would supply water at the
required flow rate without the need for any flow regulation. This would require the precise selection
of the pipeline’s total frictional resistance (a function of its length, diameter and inner surface material
roughness), such that the maximum unregulated flow rate is equivalent to the required supply flow
rate. In practice, however, a majority of existing gravity-fed supply pipelines would permit a far
higher flow rate than usually required, if operated without any flow regulation. This means that these
pipelines possess surplus hydraulic capacity. This arises in two main ways:

1. Intentionally, because the designer anticipates periods during which nearly the maximum flow
rate will be required (e.g., evenings in a dry summer period) or expects the total demand of the
supply zone to increase due to population growth and/or increase in commercial or industrial
activity, or

2. Unintentionally, because the pipeline was chosen with a very generous factor of safety [14],
or because demand in the supply zone is decreasing, due to declining population, increasing
water use efficiency and/or cessation of commercial and industrial water use.

Both cases are common in Germany, where numerous water supply organizations have been able
to construct hydropower facilities at their gravity-based systems for many decades [44–46]. Cases are
also well documented in Austria [3,47], Switzerland [2] and England [48]. Regardless of the reason,
in both cases flow regulation is generally employed in the form of pressure control to restrict the flow
rate to the level required for supply. Pressure control is normally accomplished using a manually or
remotely operated valve. While specially designed pressure-reducing valves exist, they are expensive,
such that other fittings like gate or butterfly valves are frequently used, although they may not be
designed for this purpose. In cases with very large altitude differences (e.g., above 200 m), pressure
control can be achieved through break-pressure tanks (BPTs) over several elevation stages, to reduce
the risk of pipe bursts. Here, passive pressure control can also be employed, for example using an
energy-dissipating baffle wall or an in-pipe fixed-diameter orifice plate [6].

Both active and passive pressure control converts energy in the form of hydraulic pressure to
energy in the form of heat, and to a lesser extent sound and vibration (at the point of resistance). It is
precisely this energy that can instead be converted into useful mechanical work or electrical energy by
operating a hydropower facility. In this way, the hydropower unit serves two purposes at the same time,
by reducing excess pressure and simultaneously converting it to useful energy. Figure A1 illustrates
the hydraulic nature of a typical potential turbine site with a pressure control valve. The turbine can be
installed in a bypass pipe in parallel with the existing pressure control device or at the inflow to an
existing BPT, without endangering the primary goal of supplying water [6]. Models of axial in-pipe
turbines are also available, which do not necessarily require a bypass for normal operation, as they
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provide the same hydraulic resistance whether they are electrically connected or not, and thus pose no
danger of pressure shocks (water hammer) in the case of a power outage or sudden mechanical failure.Water 2019, 10, x FOR PEER REVIEW  28 of 39 
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Figure A1. The basic hydraulics of a drinking water hydropower system prior to the installation of a
turbine, illustrated under three conditions (no flow, maximum flow, normal flow) using the hydraulic
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Appendix A.2. Favorable Site Characteristics for Hydropower

To maximize energy generation and economic viability (defined by initial investment, annual
revenue and payback period) for both classes of sites, the following characteristics are most
favorable [49]:

1. Nearly constant flow rate, either due to a site being class 1, or because the water use profile in the
downstream supply zones do not fluctuate very much in the case of class 2 sites

2. Nearly constant pressure conditions
3. Existing infrastructure that can be used with only minor modifications to the piping and without

any civil construction works (e.g., an easily accessible and enclosed building, control valves and
pipe systems with generous amounts of space)

4. Local energy needs, such that the energy generated can most economically be used, by replacing
the need to purchase energy from the grid (typically the most expensive source)

5. Conditions that meet the requirements for receiving a feed-in tariff (e.g., in Germany this is a
purely natural gradient, without any pumping upstream of the turbine site)
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Appendix A.3. Further Characteristics of and Implications for Turbines at Class 1 and Class 2 Sites

Appendix A.3.1. Class 1 “Buffered” Sites

Class 1 sites are generally intermediate (such as break-pressure tanks (BPTs)) or terminal storage
tanks with pressure control valves [6], typically located within the water “transmission” section of the
water supply chain [13]. In the authors’ experience and estimation, class 1 sites represent a relatively
cost-effective opportunity for renewable energy generation. They offer the water supplier flexibility
(positively correlated with storage volume) in determining the rate, duration and timing of tank filling
(and thus turbine operation), as this must not necessarily occur simultaneously with the downstream
use in the supply zone. Assuming that the inflow rate is not restricted (e.g., by the naturally occurring
flow from a mountain spring), the inflow regime can often be freely adjusted to maximize energy
generation through a turbine, regardless of how it was managed in the past [12].

Pressure control at such sites is generally accomplished using a fixed resistance (e.g., orifice plate)
or a simple valve (e.g., butterfly or gate), which is opened to a pre-determined set-point to reduce the
inflow rate to the desired level. Since the higher-elevation water reservoir is normally a fixed point,
and substantial withdrawals seldom occur en route to the storage tank (which would increase the
flow rate along stretches of the pipeline, thus increasing head loss), the pressure available to a turbine
generally remains constant as long as the flow rate is held constant.

This enables the selection of inexpensive turbines such as pumps-as-turbines (PATs) [36] or
axial in-line turbines (such as the “AXENT” from Germany [35] or “PAM PERGA” from Spain and
Germany [29]), which have a narrow effective operational spectrum and are best suited for a fixed
operating point [2,42]. These also offer the greatest flexibility for installation, not normally requiring a
significant structural change to the storage tank building and only minor changes to the piping. If the
tank is located below the turbine installation site and the elevation head is sufficiently high, then a
traditional Pelton impulse turbine can also be an option, since this reduces the pressure in the pipeline
to atmospheric pressure [2,43,50]. While a so-called “counter pressure” Pelton turbine was developed
by the Swiss companies Blue Water Power and Häny [51] to address precisely this limitation, it is only
suitable for high-potential sites due to its very high cost, on the order of 50 times more expensive than
a PAT of comparable capacity [52].

Appendix A.3.2. Class 2 “Non-Buffered” Sites

Common examples of class 2 sites include transfer nodes between pressure zones or gravity-fed
water treatment plants in between gravity source and destination supply tanks (e.g., [2,5,8,11,12]).
They are most often located within the water “distribution” section of the water supply chain [8].
In contrast to class 1 sites, class 2 sites offer no flexibility in the choice of flow rate, such that a turbine
must be designed or chosen to efficiently operate over a broad spectrum of flow rates and corresponding
available pressure heads.

Pressure control is practiced to both keep the pressure within an acceptable range for water users,
to prevent pipe bursts through very high pressure, and to reduce water leakage through moderately
high pressure that is not needed for maintaining satisfactory supply, for example through “pressure
management” at certain times of the day (e.g., night) or in certain locations (e.g., low-elevation
pressure zones). These sites are generally outfitted either with specially designed pressure-reducing
valves (PRVs) or simpler gate or butterfly valves. The specially designed PRVs have an automatically
adjusting variable resistance that mechanically responds to changes in pressure on both its upstream and
downstream sides, to maintain a constant downstream pressure independent of flow rate. The simpler
valves have a fixed characteristic curve relating their head loss coefficient to the degree of opening,
and are generally opened to pre-determined set points to reduce flow rate, for example at class 1 sites
or class 2 sites with a relatively constant flow rate.

At sites with sufficiently high hydropower potential (e.g., >100 kW at nearly constant operation),
the best option is often a classic custom-made Francis turbine, which possesses a guide vane apparatus
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to flexibly react and adjust to the changing flow rates as determined by downstream water use, enabling
a high efficiency over a broad operating range [2,43]. For sites with more modest hydropower potential,
many scientists have devised control system designs that enable the use of inexpensive PATs to flexibly
react to changing hydraulic conditions while still fulfilling the pressure control goals [7,50,53,54],
in some cases accepting slightly higher leakage as a trade-off for achieving energy generation [55,56].

Appendix A.4. Review of Scientific Literature on Turbine Design Methods for Class 1 and Class 2 Sites

The potential for hydropower development in water supply schemes has been assessed
by numerous scientists and engineers worldwide, and in some cases practical guidelines for
implementation including design methods have been developed. However, based on a review
of the scientific literature, there seems to be a dominant focus on class 2 sites, as the authors try to
show in the following text.

For clarification, the term “turbine design” in this paper refers to the determination of the turbine
parameters (flow rate and pressure drop across the turbine). The physical design and construction of
the turbine (e.g., impeller and housing) should be carried out by a competent turbine manufacturer or
research lab.

Appendix A.4.1. Studies Focusing on Class 2 Sites

Santolin et al. [57] present a method for determining the parameters of a run-of-river turbine
(a variant of class 2 sites), optimizing for energy generation and economic performance. This method
is similar in spirit to the method presented here for class 1 sites in water supply systems, but does not
seem easily transferable.

Colombo and Kleiner [40] conduct a theoretical analysis of a turbine meant to replace a PRV for a
reservoir-fed water supply system. However, this is for a class 2 site, and they also seem to make the
error of associating a higher momentary power production (in kW) with a more desirable outcome,
which is not necessarily true, as it often does not lead to the greatest total annual energy generation,
as we show in our paper.

Carravetta et al. [13] propose a “variable operating strategy”, a method for designing PAT systems
to replace PRVs at class 2 sites within water distribution networks, which involves PAT in series-parallel
combinations and/or with electrical rotational speed control (e.g., variable-frequency drives) to flexibly
adapt to the wide range of head-flow combinations that occur. They stipulate that this complex
approach is not intended for water transmission networks (i.e., class 1 sites), where there is less
variability in flow conditions.

McNabola et al. [5] and Corcoran et al. [10,11] assess the potential of both class 1 and class 2 sites
in Ireland and the UK, but on a conceptual and technically approximate level. They provide rough
estimates of potential energy generation, without any clear guidelines on how to design a turbine for a
specific site.

De Marchis et al. [53] present a hydrodynamic numerical simulation based on the “Method of
Characteristics” to determine optimal parameters for PAT to be installed at class 2 sites within a water
distribution network. They apply this to one of the 17 supply networks in the city of Palermo, Italy.

Sitzenfrei and Rauch [14] present a method using EPANET2 and MATLAB for determining turbine
parameters at a non-conventional class 2 site in an alpine supply zone in Austria. Due to a surplus
supply of natural spring water, a turbine is proposed at an outflow from the distribution network into
a nearby watercourse, which serves to simultaneously generate useful energy while also flushing parts
of the pipe network through increased flow rates. The amount of water released through the turbine
is the surplus that remains between the amount provided naturally by the higher-elevation spring
(which varies seasonally as well as daily) and the amount demanded by water users (which varies
seasonally, daily and hourly).

Power et al. [15] assess the use of PAT and other turbines for four wastewater treatment plant
outflows in Ireland, which are functionally equivalent to class 2 sites in drinking water supply systems.
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They use an optimization algorithm in Microsoft Excel, but rely on daily average flow data “to examine
turbine selection, design optimization, and economic viability”.

Lima et al. [16] present a mathematical model with the software MATLAB and use the “Particle
Swarm Optimization” algorithm to determine optimal parameters for turbines to replace PRVs at
2 class 2 sites with PRVs in Brazil. They also simultaneously determine the optimal sizes of the existing
pipe network to optimize energy production through PAT at the former PRV sites.

Several papers mentioned here [13–16] and others not elaborated on [7,8,17–22] present methods
that might be useful for class 1 sites, but the effort required to successfully adapt the methods and
restrictions imposed by technical understanding and software availability for the authors’ intended
user group speak against pursuing this further. For instance, since the authors set out to create a tool
that is free to use and based on a common tool (i.e., Microsoft Excel), and MATLAB is a non-standard
software requiring specialized knowledge, possible adaptation of such algorithms [14,16] was not
considered. Furthermore, while some authors provide the basic underlying equations, the software in
which the algorithms are implemented is not made accessible to the reader.

Some German-language technical guidelines provide more concrete advice. The most recent 2016
edition of the German guidelines published by the German Technical and Scientific Association for
Gas and Water (DVGW) [12] provides easy-to-follow guidance in the case of class 2 sites. They suggest
using a frequency distribution of the occurring flow rates to determine the design flow rate of the
turbine or multiple turbines. The flow rate (or group of flow rates; e.g., between 50 and 55 m3/h)
having the greatest energy density (product of total flow volume and hydraulic power) should be the
design turbine flow rate.

The original 1994 edition of the DVGW guidelines [34] make no distinction between class 1 and
2 sites, and suggests using the historically most frequently occurring flow rate to select the turbine
(explained in Section 2.10 above). However, they imply that the theoretical optimal flow rate is
0.577 × Qmax (with Qmax defined as the greatest possible flow rate, with no pressure reduction in
the pipeline), at which the hydraulic power contained in the flowing water is mathematically at its
maximum [37].

Appendix A.4.2. Studies Focusing on Class 1 Sites

While comparatively less common, there are also studies that focus on class 1 sites.
Ramos et al. [7] describe an approach to design turbines for replacing PRVs at class 2 sites using

the pipe network simulation tool EPANET and genetic algorithms, but also include a case study of
a class 1 site in Portugal at the base of a reservoir. However, no details are provided regarding the
design of the PAT proposed for this class 1 site.

Kucukali [26] analyzes a long-range water transmission pipeline with a total of 12 class 1 sites
with BPTs but does not provide a concrete method regarding the ideal parameter selection of the
turbines for each of the sites, presumably because the discharge remains largely constant. Since the
pipeline terminates in a storage tank, however, it is conceivable that the possibility of adjusting this
flow rate is neglected, which might sacrifice a possible increase in energy generation.

McNabola et al. [6] assess the potential of 10 class 1 BPT sites in Ireland, but provide only a rough
estimate of the energy yield, and provide no design method for determining the optimal parameters of
a turbine that would maximize the total annual energy generation.

Kougias et al. [27] present a case study with class 1 sites from northern Greece, where they
have a long-range spring-fed water supply and transmission system with three BPTs (over a total of
200 vertical meters) along the route from the spring to the city 22 km further downstream. They use
a so-called “Harmony Search Algorithm” (HSA) in the commercially licensed software MATLAB to
determine the optimal number and dimensions of turbines for energy generation.

However, the authors prefer not to use MATLAB (as previously stated) and the HSA is not
explained in detail in the paper, making it difficult to assess its usefulness. Furthermore, the flow
conditions are stated to be rather constant, which makes it seem unlikely that optimization is even
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necessary. While not explicitly stated, this also implies the existence of a buffering storage tank at the
end of the transmission pipeline, such that further optimization of energy generation might be possible
as with [26].

Vilanova and Balestieri [23] present a case study in Brazil of a spring-fed supply and transmission
system terminating at a water treatment plant, presumably a class 1 site with a storage tank. However,
they do not provide any method for determining the optimal turbine parameters. As with other sites,
the authors suspect that the inflow rate is taken as a given, rather than being seen as a parameter than
can be modified to increase overall energy generation.

Novara [24] presents one simplified case study of using a PAT at a class 1 site in Italy, but provides
no information about determining turbine parameters, and seems to use a very rough approximation
to calculate the energy generation.

Monteiro et al. [25] introduce a method for assessing energy generation and determining the
optimal number and parameters of turbines at class 1 sites, which they apply to one of three identified
sites in Portugal. However, they seem to effectively treat class 1 sites as if they were class 2 sites,
assuming that the inflow regime remains unchanged and attempting to design turbines to fit the inflow
regime, rather than adjusting the inflow regime to allow the choice of a single, optimized turbine. Thus,
they do not use the fundamental technical advantage that separates class 1 from class 2 sites.

Appendix B. User Guidelines for the Excel Tool

The following information is pertinent to users of the Excel tool, but is less relevant for judging
the scientific merit of the method and results described in the article’s body.

Appendix B.1. Description of the Tool

The user is only required to obtain the necessary input data and verify their accuracy, and the tool
performs the calculations. The quality of the hypothetical turbine parameters depends on the amount
and quality of information provided. Generally, providing more information leads to solutions that are
both more reliable and more accurate.

The Excel tool has five worksheets (tabs) that are relevant for a general user:

1. Rough estimate: This sheet estimates the energy generation and economic costs and benefits based
on four single input values, making the very optimistic simplifying assumption of a constant
flow profile. This allows the user to determine whether it is worthwhile to continue on to the
more time-intensive steps of a detailed analysis (the subsequent three sheets).

2. Single values: This sheet is for entering between 7 and 14 single values, used for generating the
hydraulic site curve, calculating the economic benefits and (optionally) ensuring that the storage
tank does not fall below the minimum permissible fill level due to a reduction in the flow rate
(which provides the apparent “benefit” of increased energy generation).

3. Time series: This sheet is for entering time series (of the past six months to three years), used to
iteratively simulate possible turbine parameters with historic data, to determine which parameters
provide the greatest energy generation while still providing the daily flow volume required and
(optionally) without causing unacceptable reductions in the storage tank level. Up to six time
series can be entered, but generally only two are required.x

4. Turbine design: This sheet automatically determines the optimal turbine parameters based on the
calculation options chosen regarding (a) level of detail and (b) choice of bypass flow. The user
may then fine-tune certain design aspects before generating the technical and economic results.

5. Results: This sheet contains the results saved using a button on the previous sheet “Turbine
design”, providing an overview of the results obtained using various design approaches.

There are further sheets contained within the tool that perform calculations in the background,
but also that display the site curve and hydraulic power curve for the current site, and display the
results of the automated optimization algorithm graphically and as numbers.
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Appendix B.2. Data Requirements and Corresponding Quality Criteria for Solutions

There are four main calculation options incorporated into the tool. These options are:

1. Detailed calculation with time series interval ≤15 min and consideration of storage tank levels
using a historical time series of tank levels (to determine the storage capacity by inference)

2. (recommended) Detailed calculation with time series interval ≤15 min and consideration of storage
tank levels using known or estimated useable storage tank capacity

3. Rough calculation with time series interval between 15 min and 1 d and only time series of storage
tank outflow

4. Rough calculation with partially estimated single values (no time series)

The data requirements for each of these options are summarized in Table A1 below.

Table A1. Data requirements depending on desired quality of results (and corresponding calculation
option): “X” = required and “(X)” = optional.

Data Type Unit
(1) Detailed Calc.,
Tank Level Check

via Time Series

(2) Detailed Calc.,
Tank Level Check

via Storage Volume

(3) Rough Calc.,
Only Outflow
Time Series

(4) Rough Calc.,
Estimated Single

Values
Single values (sheet 2)

Inflow rate (Qin) at control valve, position 1
(e.g., at normal flow) m3/h X X X X

Upstream pressure (h1_upstream) at control
valve, position 1

m;
bar X X X X

Qin at control valve, position 2 (e.g.,
at zero flow) m3/h X X X X

h2_upstream at control valve, position 2 m;
bar X X X X

hdownstream at control valve (worst case) m;
bar X X X X

Eligible for feed-in tariff? (yes/no) — X X X X

Max. permissible Qin (e.g., by contract),
Qmax inflow

m3/h X X (X)

Min. tank level (Ltank) in normal operation,
L1_turbine on

% X X

Max. permissible tank level, L2_max shutoff % X X

Threshold for opening bypass, L3_bypass on % X X

Min. tank level in an emergency,
L4_min emergency

% X X

Useable storage volume, Vtank m3 X

Electricity price on site €/kWh X X X X

Feed-in tariff (if relevant) €/kWh (X) (X) (X) (X)
Time series (sheet 3)—for the previous six months to three years

Timestamp for data time series (in format
TT.MM.YYYY HH:mm:ss) — X X X

Qout, from storage tank m3/h X X X

Storage tank level, Ltank % X

Qin, to storage tank m3/h X (X)

Timestamp for Qin — (X) (X)

Energy usage on site kWh (X) (X)

In general, the more data that are provided at a higher temporal resolution, the more reliable
the resulting turbine parameters will be and the greater the chance of reaching the optimal energy
generation. Thus calculation option 2 is recommended, with option 1 as an alternative offering a
possible increase in accuracy (this was discovered after the numbering was set). These require more
time and effort due to greater data requirements. If data or time are scarce, a compromise can be made
on the solution quality, and a simpler calculation option 3 or 4 can be chosen. The four different options
are compared on various quality criteria below (Table A2), using the rough estimate (from sheet 1 of
the tool) as a benchmark.
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Table A2. Quality criteria for solutions provided by the Excel tool, depending on the chosen calculation
option, where 1 = lowest and 5 = highest.

Quality Criteria for Solution

Calculation Option Rough
Estimate
(Sheet 1)

(1) Detailed Calc.,
Tank Level Check

via Time Series

(2) Detailed Calc.,
Tank Level Check

via Storage
Volume

(3) Rough
Calc., Only

Outflow Time
Series

(4) Rough Calc.,
Estimated Single

Values

Time needed for gathering and
quality-checking data (per site) 30 min. to 2 h 8 to 24 h 8 to 24 h 4 to 16 h 2 to 4 h

Confidence that tank level does not
fall below min. permissible level 1 5 4 2 1

Accuracy in estimating energy
generation 1 5 5 3 2

Robustness against high variation in
tank outflow 1 5 5 3 1

Main advantages Quick feedback Best all-around solution
Faster,

sometimes
reliable

Small step up from
rough estimate

Main disadvantages Not reliable Takes most time and effort
Tank levels uncertain; energy

generation estimates based on daily
flow volumes

Calculation options 3 and 4 have the disadvantage that they do not account for tank levels.
In order to yield reliable solutions, these options require that a turbine flow rate lies above the current
typical flow rate for a given site. This assumes that the “typical” inflow rate chosen is high enough to
compensate for possible short-term spikes in user demand (and outflow rate). At some sites, the inflow
rate is automatically increased (above and beyond the “normal” inflow rate) in response to such events.
If this behavior is known to the tool user, this higher emergency inflow rate can be chosen. If it is
unknown, then a turbine could be chosen that leads to the tank level occasionally falling below the
minimum permissible limit—a nonviable solution. This risk can be greatly reduced or entirely avoided
by choosing calculation option 1 or 2. However, if the typical inflow rate is known to be historically
constant, and the problem of low water levels has never come up, then option 3 or 4 can be acceptable,
time-saving alternatives to options 1 and 2.

The primary advantage of options 1 and 2 is that there is no need to be biased by the typical
inflow rate of past operations. The analysis of historical data thus allows the determination of turbine
parameters from “first principles”, rather than by analogy from the previous inflow rate, which may
have been selected for reasons unknown to the current responsible engineer or site operator.

Appendix B.3. Choice of Bypass Flow

Since calculation options 1 and 2 may lead to the suggestion of flow rates that are lower than
the current typical inflow rate, a bypass with varying flow rates is also included (as previously
mentioned), as it is possible that the periodic re-routing of water around the turbine can lead to greater
energy generation by selecting a relatively low turbine design flow rate. There are three options for
determining the bypass flow, each with its own advantages and disadvantages:

1. Smallest possible bypass flow (minor reduction in energy generation, but smaller difference
between turbine and bypass flow, which is preferable to some water supply system operators),

2. (recommended) Maximum permissible bypass flow (based on the user input, implies larger
difference between turbine and bypass flow, but maximum energy generation and greater supply
reliability) and

3. Choose the turbine flow such that in a typical situation no bypass is required (moderate reduction
in energy generation, but greatest supply reliability and possibly lowest investment costs, as there
is no need for electronically automated bypass valve regulation).

Appendix B.4. Assumptions/Limitations/Remarks

The following assumptions are implicit in the tool’s algorithms:
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• Historic water use patterns are a reliable proxy for the future. While the tool allows for some
adjustment factors to account for possible future changes in both quantity and variation of user
water demand, these do not aid in predicting major future trends. Therefore, it behooves the
water supplier to have sufficient safeguards in place to enable manual interventions in the case
that storage tank levels unexpectedly fall below permissible levels.

• Insofar as it is not already the case, the inflow rate can be kept constant during the operation of a
turbine. This assumes that there are no restrictions on the inflow side, such as any put in place by
the third-party operator of the reservoir or long-range supply pipeline.

The following limitations are relevant for using the tool:

• If time series are used, as recommended, having any gaps (for example, a 120-min gap in a series
with otherwise 15-min intervals) leads to a false result and must be avoided by quality-checking
the data.

• Only one time interval is currently possible for all data types (e.g., 15 min for both outflow and
storage tank level, with the exception of the inflow rate, which has the option of a different time
interval).

The following remarks may be helpful for users or potential users of the tool:

• The diameter of the pipeline plays an essential role in the availability of excess energy for
hydropower generation. However, the exact diameter is not normally essential information
regarding the selection of a turbine. The most reliable basis for turbine selection is the actual
characteristic hydraulic site curve, derived from measurements at the storage tank flow. The turbine
can normally be flexibly integrated into most pipeline systems with suitably tapered reducer and
expander joints. The pipelines leading to the sites described here ranged in diameter from 150 mm
at the smallest to 600 mm at the largest (for a supply main from a long-distance regional water
supplier), while the pipelines in the immediate run-up to the tank typically ranged from 150 mm
to 350 mm.

• When measuring pressure at field sites, one should be aware that manometers sometimes exhibit
drift after years of use, such that the manometer should be separated from the water pressure
and exposed to atmospheric pressure (for example, using an aeration valve) to obtain a reliable
reference value corresponding to a relative pressure of 0 bar. This value can then simply be
deducted from the value read when the manometer is again fully exposed to water pressure.

• Some supervisory control and data acquisition (SCADA) systems provide an option to convert the
time interval of the collected data from e.g., delta-event (random, event-based time interval) to a
fixed 15-min interval. If this is a feasible and reliable option, this should be used. Alternatively,
the authors have developed a further Excel tool solely for the purpose of converting such
delta-event time series into time series with a fixed, regular time interval. This tool can be made
freely available upon request.

The maximum total annual energy generation (kWh/a) is typically achieved not at the point of
maximum hydraulic power, but at the minimum feasible flow rate, limited by two factors:

1. The flow rate must at any point in time be sufficient to meet the demand placed on the storage
tank by the water users in the supply zone, and cannot endanger the reliability of supply (e.g., by
causing the storage tank to temporarily run empty). The bypass can, for example, be set at a
higher flow rate than the turbine flow rate, in order to enable rapid filling in periods of high
water withdrawal from the tank.

2. The flow rate must be high enough to enable the use of a microturbine with a practical size
and sufficiently high efficiency, as the efficiency of turbines and generators drops rapidly with
declining physical dimensions, and the turbine should fit into the existing infrastructure without
making large structural changes in the piping network.
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Exceptions to this typical case are possible, and accounted for by the Excel tool. For example, it is
possible for the pipeline to have such a low friction loss-coefficient as to not exhibit a substantial drop
in pressure with increasing flow rate over the conceivable operating range. The design flow rate could
be made as high or low as desired, as there would be no penalty for increasing the flow rate. In this
(rare) case, the site curve would resemble a horizontal line over the conceivable operating range of flow
rates. As more sites are analyzed, further instances of exceptions to the typical case may be discovered.
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