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Abstract: This paper examines potential cost savings attained through the flexible operation of water
treatment plants and drinking water pumping and the benefits gained by investing in extended water
storage capacities that enhance flexibility. An existing plant in South Germany serves as an example.
Mixed-integer linear programming is used to model the plant and the electricity procurement on
the German spot market while ensuring the security of supply. Cost optimization considering
the different cost components reveals potential cost savings through flexible operation. The paper
evaluates the benefits of building additional water reservoirs and rates the financial effects of the
measures used to enhance the flexibility of water pumping and treatment plants.

Keywords: demand side management; water supply; unit commitment; cost optimization;
mixed-integer linear programming (MILP)

1. Introduction

The increasing share of electricity generated from fluctuating renewable sources has begun to
change the way in which the European electricity system operates. In 2015, 30% of Germany’s total
energy generation was created by renewable sources. Although generation followed demand in
the past, the gap between electrical energy supply and demand is likely to widen in the future due
to weather-dependent renewable electricity production. To bridge this imbalance in the electricity
system, load management is a key measure for the successful integration of a high proportion of
renewable energy into the grid. A considerable advantage of demand side management is that it
prevents regenerative generators being curtailed because the electricity grid is oversaturated [1].
The electricity prices traded on the European Power Exchange (EPEX) day-ahead spot market are
mainly related to the residual load today [2], but situations are more frequently occurring where
electricity generated from wind and/or photovoltaics (PV) dominated the market, leading to very low
or even negative price which is a market signal indicating higher supply than demand. The strong
fluctuations in feed-in and prices provide incentives for consumers’ loads to implement demand side
management (DSM) while simultaneously realizing cost savings in electricity procurement. Although
load management is common amongst the largest industrial consumers, the potential for savings
in large- to medium-sized loads is often untapped. However, the flexible operation of these loads
also leads to a significant reduction in electricity procurement costs. Numerous studies have focused
on industrial and residential load shifting [1,3–5], as well as cost advantages for consumers through
optimized load commitment considering both fluctuating market prices or time-of-use tariffs [6–9].
However, research on industrial DSM has mainly focused mainly on energy-intensive production
industries, such as steel, cement, and chemical processes [10]. Supra-regional drinking water suppliers
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operate large pumping and treatment plants as well as distribution networks. Although their electricity
demand may not be comparable to that of production industries, they are equipped with extensive
water reservoirs and thus have considerable load shifting potential. Despite the large DSM potential in
this sector, few studies have analyzed how to perform load management be pursued in this field [11–14].
Most of the research focused on improving the energy efficiency in water supply systems [15–17]. As
such, this paper examines the potential cost savings achieved through the flexible operation of water
pumping and treatment plants as well as benefits gained by investing in extended storage capacity to
enhance flexibility.

We present a case study within the enWasser—Investigation of a Demand Side Management
Potential in the Water Supply Industry for the Integration of Renewable Energies project [18] that
evaluates the potential cost savings gained through the flexible operation and extension of water
storage capacities, based on the Zweckverband Bodensee-Wasserversorgung (BWV, also referred to as
“the operator”) example.

2. Case Study

2.1. Water Pumping and Treatment System

BWV is located at Lake Constance in Southwestern Germany, providing approximately four
million people with approximately 125 million cubic meters of drinking water annually. The layout of
the BWV water pumping and treatment system is shown in Figure 1.
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Figure 1. Zweckverband Bodensee-Wasserversorgung (BWV) water pumping and treatment system.

Six centrifugal raw water pumps with two power levels with a maximum capacity of 35 MW lift
the water through two pressure pipes more than 300 m from Lake Constance to the top of a nearby
hill, where it enters the treatment plant. Due to the geographical conditions, the BWV system creates
pressure build-up directly at the point of withdrawal of the raw water instead of through water
towers near the customers (i.e., local water suppliers). Consequently, gravity ensures the subsequent
distribution of clean drinking water to consumers. For this reason, the majority of the required system
energy is used by the pumps for the positional energy of the water. These local conditions, a flat
plateau on the mentioned hill, allow the entire treatment and storage processes of the drinking water
to occur without the loss of positional energy to provide the required supply pressure with minimal
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additional pumping effort. During the treatment stage, the raw water is first fed into a micro-screening
process to remove turbidity. Subsequent treatment with ozone enables sterilizes and oxidizes the
undesirable dissolved water constituents. Three ozoners with a maximum output of about one MW
are available for this purpose. Intermediate storage follows micro sieving and ozonation to ensure
the complete reaction of the ozone. After a sand filtration stage that separates any suspended matter
that may be present, clean water can be stored before it is transported away from a clean water
pumping station (max. 7.8 MW) to the distribution network. Two pipelines 1700 km long spread
over Southwest Germany leave the water plant and supply the distribution network. This region has
two additional water reservoirs in the first network section under consideration, herein referred to as
“the grid storage”. Local water suppliers subsequently serve the end consumers. The plant’s major
electricity consumers are the raw water pumps, followed by the clean water pumps. Together with the
ozonation and a minor base consumption, the maximum consumable power of the system is 36 MW,
due to limited pump operation.

The existing reaction reservoirs have a capacity of 70,000 m3 and the clean water reservoirs
provide a further 38,000 m3. To ensure adequate supply at any given time, the operator must maintain
a stored water reserve, the capacity of which depends on the water demand. The flexible manageable
capacity of the grid storage has not yet been determined in detail.

2.2. Electricity Procurement

At the beginning of the enWasser project, the BWV electricity procurement was independent of
the spot market. The operation of the pumping and treatment plants followed fixed base and peak
price contracts, known as “inflexible operation”. In “flexible operation” of plants, the plant is operated
to optimize costs, meaning electricity is preferably consumed when spot market prices are low. The
actual electricity costs include spot market prices, a grid usage charge, plus taxes and levies, including
the EEG surcharge according to the German Renewable Energy Sources Act (EEG) [19]. The EEG laws
encourage the generation of renewable electricity based on a financial support scheme. The costs are
derived from an EEG surcharge paid by electricity consumers. Similar incentive schemes promoting
the installation of renewable energy generators exist in 70 countries and 28 provinces, found mainly in
developing countries [20].

We first assess the flexible operation of the plant, examining the procurement of electricity on the
spot market that provides cost savings without the need for investing in storage capacity.

“Atypical grid usage” is a special regulation regarding grid usage charges, in which a large
consumer’s grid usage fee is proportionally determined by the maximum load during predefined
peak load times, provided that the first is higher than 20% of the overall annual maximum load of the
plant [21]. At the beginning of the project, the plant’s maximum load was 19.7 MW at peak load times.
BWV has reduced this value over the course of the project, which is why, during the second step of our
investigation, we determine the costs and cost savings for a maximum load of 17.2 MW during peak
load hours. All following analyses use this scenario as the reference. Table 1 provides an overview of
the described scenarios using historical input values from 2014.

Table 1. Key parameters and results used to simulate different pumping and treatment plant
configurations using values from 2014.

Parameter
Plant Configuration

Inflexible Operation Flexible Operation Flexible Operation: Reference 1

Max. load during peak load times (MW) 19.7 19.7 17.2
Electricity demand (GWh/a) 144.5 144.3 144.3

Cost spot market + levies and taxes (million €/year) 14.574 14.127 14.123
Grid usage charge (million €/year) 0.928 0.926 0.792

Total cost (million €/year) 15.501 15.054 14.915
1 Flexible operation with reduced maximum load during peak load hours is used as the reference scenario in the
following sections.
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2.3. Options for Storage Extension

A comprehensive study of the possibilities of extending the existing storage capacity by building
new reservoirs revealed a number of favorable options [2,22]. Increased storage capacity allows for the
more flexible operation of the pumping station and treatment plant. In terms of the flexible operation
of an existing plant, this paper discusses the impact and benefits of: (1) flexible operation of the existing
plant with simultaneous integration of the existing grid storage, (2) extension of the reaction reservoirs,
and (3) construction of a new raw water reservoir.

Since the available grid storage capacity for flexible management is unknown, an available
capacity of 70,000 m3 was assumed, based on the first two elevated tanks in the network. Due to
construction and spatial restrictions, the realizable additional capacity of the reaction reservoir was
limited to about 80,000 m3, amounting to a total capacity of roughly 150,000 m3. The maximum total
capacity of a newly built raw water reservoir would be about 300,000 m3.

A previous study [22] estimated the investment costs for different storage types. The average
specific costs to construct a new raw water reservoir are generally lower than to construct a more
resilient reaction reservoir as the existing parts have to be demolished and rebuilt on a larger scale.
Consequently, the absolute costs for the capacity actually gained (the newly built capacity less existing
capacity) are considerably higher than for a newly constructed raw water reservoir, as depicted in
Figure 2. Due to uncertainties in the estimate, the expenditure may vary by ±25% and applies to
normal terrain only. For rough terrain (the BWV treatment plant is located on a hilltop) the average
cost would likely be higher, but the available data, though sufficient for this investigation, were limited
to the data and information presented.
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As grid storage already existed, the costs for developing the capacity to increase system operation
flexibility werepresumed to be negligible in comparison to constructing new storage facilities.
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3. Methods

3.1. Objective Function

The overall goal of the project was to develop a cost-optimal management strategy for the water
pumping station and treatment plant when electricity is procured on the spot market. This can be
formulated as a mixed-integer linear unit commitment problem (MILP) as [23,24] (for the nomenclature
see the Supplementary Materials in Table S1):

minimize z =
n

∑
j=1

cjxj (1)

where cj is the cost component and xj is the integer variable x1, . . . , xr ∈ N0 and continuous variables
xr+1, . . . , xn ∈ R+

0 .
The restrictions define the limitation of the permitted range of the solution in the form of:

n

∑
j=1

aijxij ≤ ≥ = bi (2)

3.2. Simulation Framework

The optimization problem was implemented in RedSim (Renewable Energy Dispatch Simulation),
a simulation framework developed by Fraunhofer IEE in the programming language MATLAB®,
to set up the mixed-integer linear optimization problems for plants consisting of different units,
such as generators, consumers, and storages. RedSim supports the user in model creation by
automatically generating a solution matrix from the variables, parameters, and equations entered and
transferring the matrix to a solver. Originally created for the optimization of virtual power plants,
the extension by various modules of the object-oriented software allows the mapping of different
types of technological plants, because technical specifications, such as characteristic curves, minimum
downtimes, or start-up costs, have already been implemented for numerous technologies. The system
of equations can be set up for different target functions, taking into account specific market conditions.
The optimization problem is solved with IBM ILOG CPLEX Optimization Studio 12.4 and processed
by RedSim [24,25]. The commercial solver CPLEX allows solving mixed-integer linear problems by
using various algorithms such as the branch-and-cut method. The branch-and-cut method creates a
search tree of nodes, where each node represents a linear sub problem. These nodes are branched until
a limit is reached. Cuts represent additional limitations that are used to reduce the size of the solution
space without changing the problem. In a previous study [26], rolling wave planning was used by the
software to generate an optimal schedule for each modeled component.

4. Model and Simulation

4.1. Water Pumping and Treatment Plant Model

The BWV water pumping and treatment plant model contains all components relevant for the
analysis (Figure 3) as described above. The capacities of the water reservoirs were assigned varying
values depending on the storage option. For example, in the study of option (b), the capacity of
the raw water reservoir was zero, and the impact of varying the capacity of the reaction reservoir
was evaluated.

The raw and clean water pumps as well as the ozonation consume electricity and were thus
connected to an electricity market model. The cost inputs considered included spot market prices, grid
usage charge, the EEG surcharge, and other levies and taxes. As historical data were used, the price
levels varied from year to year.
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4.2. Objective Function

The objective of the simulation is a cost minimization, as described above. Regarding this
particular model, the equation is

minimize
n=3

∑
n=1

T

∑
t=1

(
∆t·Pspot

t,n ·MPspot
t

)
(3)

with three components consuming electricity (Pspot
t,n ) procured at spot market prices (MPspot

t ) in every
time step t, namely the raw water pumps, the ozonation and the clean water pumps (see Figure 3).

4.3. Modeling of the Pumps

The installed raw water pumps with the power consumption Pt and the volume flow
.

Vt have
fixed operating points, whereas some of the clean water pumps can operate in a flexible range. For the
model component, the inflexible stages of the different pumps were combined into a single pump with

fixed power consumption points (PCP) and corresponding flow rates
.

V
n
t . The latter were calculated

using a specific conversion factor CFel that describes the ratio between the power consumed and the
volume flow rate:

0 ≤ Pt ≤ ∞ (4)

0 ≤
.

Vt ≤ ∞ (5)
.

V
n
t = PCPn

t ·CFn
el . (6)

A binary variable son specifies whether each single PCP is active, which leads to a PCP-specific
power consumption Pn

t . The power consumption of the pump at each time step Pt and the
corresponding water volume flow

.
Vt can be derived from Equations (7) and (8).

son
t ∈ {0, 1} (7)

Pn
t = son

t ·PCPn (8)
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Pt = ∑N
n=1 Pn

t (9)
.

Vt = ∑N
n=1

.
V

n
t (10)

Restricting the frequency of starting and stopping, i.e., when the model is shifted from one power
consumption point to another, sup and sdown, as in Equations (11) and (12), limit the wear and tear of
the pumps to a maximum frequency sup

max and sdown
max , as shown in Equations (13) and (14):

0 ≤ Pt − Pt−1 ≤ sup·Pmax (11)

0 ≤ Pt−1 − Pt ≤ sdown·Pmax (12)

0 ≤∑N
n=1 sup,n ≤ sup

max (13)

0 ≤∑N
n=1 sdown,n ≤ sdown

max (14)

The flexible pumps are assumed to work on a linearized curve with the conversion factor CFel,min

converting the power consumption into a volume flow. The flow rate
.

Vt can therefore be calculated as
the sum of the minimum flow rate, determined from the minimum power consumption son

t ·Pmin and

the conversion factor CFel,min, and a flow range
.

V
range
t from the minimum to the current value for the

flow rate:
Pmin ≤ Pt ≤ Pmax (15)

0 ≤
.

V
range
t ≤ ∞ (16)

.
Vt = son

t ·Pmin·CFel,min +
.

V
range
t (17)

4.4. Modeling the Ozonation

The production of the ozone can be modeled analogously to the pumps using Equations (7), (8),
(15), and (16).

4.5. Modeling of the Water Reservoirs

The water reservoirs have a limited capacity Vmax and can be operated only within a limited

volume inflow
.

V
in
t and outflow range

.
V

out
t :

0 ≤ Vt ≤ Vmax (18)

0 ≤
.

V
in
t ≤

.
V

in
max (19)

0 ≤
.

V
out
t ≤

.
V

out
max (20)

The storage balance is described by the storage content of the previous time step Vt−1 plus the

inflow
.

V
in
t and minus the outflow

.
V

out
t :

Vt =
.

V
in
t −

.
V

out
t + Vt−1 (21)

The reaction reservoirs also ensure a sufficient retention time tret for a complete ozone reaction
within a dead zone Vdead with a constant volume due to stratification.

tret =
Vt + Vdead

.
V

out
t

(22)
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As such, the content of the storage may change only within a certain range during one time step
from ∆Vminto ∆Vmax :

∆Vmin ≤ Vt −Vt−1 ≤ ∆Vmax (23)

4.6. Modeling the Sand Filter

The sand filter is the most restrictive component [2]. The volume flow through the filter
.

Vt and
the change in velocity (

.
Vt −

.
Vt−1) are limited.

.
Vmin ≤

.
Vt ≤

.
Vmax (24)

∆
.

Vmin ≤
.

Vt −
.

Vt−1 ≤ ∆
.

Vmax (25)

The water loss
.

V
Loss

occurring during the course of pumping and treatment is assigned to the
sand filter, as this component causes the majority of the loss through backwashing. The loss is assumed

as a percentage of the inflow rate
.

V
in
t with the factor FLoss.

.
V

Loss
=

.
V

in
t ·FLoss (26)

.
V

in
t =

.
V

out
t +

.
V

Loss
(27)

4.7. Further Restrictions

In addition, cross-component technical and operational restrictions exist. The most important
restriction is security of supply. This means that demand must be met at all times. For this reason,

the flow rates of the two main pipes leaving the waterworks (
.

V
MP1
t ,

.
V

MP2
t ) always meet the water

demand
.

V
demand
t .

.
V

MP1
t +

.
V

MP2
t =

.
V

demand
t (28)

A minimum reserve of stored water, including both the water stored in the reaction reservoir
Vreact

t and the stored clean water Vclean
t , guarantees security of supply even if the demand is abnormal.

The amount of water retained in the reservoirs should therefore never fall below the amount of water
released into the network

.
V

net
t , which has been assigned a safety factor SFres

min.

Vreact
t + Vclean

t ≥ SFres
min·

.
V

net
t (29)

4.8. Day-Ahead Spot Market, Grid Utilization Charge, and Other Levies and Taxes

A model of the EPEX day-ahead spot market upon which the electricity procurement occurs
is part of RedSim [24,25]. The EEG surcharge and further levies and taxes are added to the spot
market costs.

Limiting the maximum load at peak load times reduces the costs for grid utilization, as described
above. The extent to which the maximum load can be reduced depends on the flexibility of the plant.
The limit has to be defined annually. The influence of varying values Pplant

max can be defined via

0 ≤ Pplant
t ≤ Pplant

max (30)

4.9. Simulation

The sample year chosen for the simulation was 2014. Thus historical data from 2014, such as
the drinking water load profile, spot market prices, grid utilization charge, other levies and taxes,
and peak load hours, served as inputs for the simulation. While the drinking water load profile was
specific to BWV, all price and surcharge data were available [27,28].
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For the storage options described above, simulations were performed using varying reaction
capacities and raw water reservoirs. Furthermore, the effects and operational feasibility of reducing
the maximum load at peak load hours were simulated.

5. Results and Discussion

5.1. Electricity Procurement on the Spot Market

In 2014, the plant was inflexibly operated without load management, and incurring total electricity
costs of €15.501 million, of which €14.574 million would have been due to procurement based on
the day-ahead spot market, and €0.928 million for grid usage (Table 1). In real terms, electricity was
supplied at base and peak load prices. In a scenario assuming the flexible operation and electricity
procurement on the spot market, while maintaining all other configurations, such as maximum load
during peak load times and plant layout, the operator would have saved nearly 2.4% or €380,000 (in
2014). Integrating grid storage into the flexibly managed system, an additional savings of €70,000
would have been obtainable.

Further cost savings via procurement on the spot market can be achieved through additional
storage capacity. This is depicted in more detail in Figure 4, which shows the cost saving potential
for different storage options with varying additional capacity in comparison to the reference (Table 1).
Here, the costs include expenses for procurement on the day-ahead spot market, the EEG surcharge,
other levies and taxes, and the grid utilization charge. The last factor is mainly dependent on the
reference maximum load during peak load times, which was set as 17.2 MW in this analysis. Hence,
the cost savings discussed result from the operation of the plant depending on the fluctuating spot
market prices.
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Constructing a new raw water reservoir offers the greatest potential for cost savings (Figure 4).
Generally, smaller reservoir sizes lead to greater marginal savings than large additional capacities. The
strong effect of a raw water reservoir results from the decoupling of the powerful raw water pumps
from the water treatment and thus leads to the largest gain in flexibility. The reaction reservoir, in
addition to its specific restrictions due to the ozone reaction, is located between the treatment steps, so
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it is also dependent on the restrictions of the preceding and proceeding components. For example,
in the particular case of the BWV, the sand filter is very limited in its flow range, which considerably
hampers the flexible use of larger reaction reservoirs and causes a saturation of the curve in Figure 4 at
cost savings below 300,000 €/year.

The cost savings achievable through developing the grid storage are limited due to the existing
capacity available for flexible operation. However, the potential of the grid storage is accessible at a
low cost because no new construction is required.

5.2. Atypical Grid Usage

Although the reference scenario operates with a maximum load of 17.2 MW at peak load hours,
the reference plant can be operated at a decreased rate of about 9 MW according to the simulations.
In contrast, an additional raw water reservoir that decouples the pumping of the raw water from the
treatments steps, allows the raw water pumps to be switched off completely within a certain time
period and thus achieving an even greater reduction in the maximum load at peak load hours to 2 MW.
However, due to the method described above for determining the annual grid utilization charge, a
reduction to 7 MW already leads to the minimum achievable cost savings, assuming an unchanged
overall maximum load.

The cost savings achievable by reducing the maximum load is quite high. For example, a reduction
from 17.2 to 9 MW allows the operator to save roughly 2.1% per year (€336,000 in 2014), when using
he grid storage for flexible operation.

5.3. Sensitivity

Since the simulations were based upon historical input data, the sensitivity of the results was
crucial for a thorough interpretation of the results. The average spot market prices and the EEG
surcharge have changed considerably in the past. However, their development in the future is
unpredictable. Figure 5 sets the total (simulated) cost for electricity procurement in 2014 at 100%. The
figure shows the total costs for 2012 and 2013 and the cost components for each year. Notably, in 2012,
the BWV was exempted from the EEG surcharge.

Water 2018, 10, x FOR PEER REVIEW  10 of 14 

 

The cost savings achievable through developing the grid storage are limited due to the existing 
capacity available for flexible operation. However, the potential of the grid storage is accessible at a 
low cost because no new construction is required. 

5.2. Atypical Grid Usage 

Although the reference scenario operates with a maximum load of 17.2 MW at peak load hours, 
the reference plant can be operated at a decreased rate of about 9 MW according to the simulations. 
In contrast, an additional raw water reservoir that decouples the pumping of the raw water from the 
treatments steps, allows the raw water pumps to be switched off completely within a certain time 
period and thus achieving an even greater reduction in the maximum load at peak load hours to 2 
MW. However, due to the method described above for determining the annual grid utilization 
charge, a reduction to 7 MW already leads to the minimum achievable cost savings, assuming an 
unchanged overall maximum load. 

The cost savings achievable by reducing the maximum load is quite high. For example, a 
reduction from 17.2 to 9 MW allows the operator to save roughly 2.1% per year (€336,000 in 2014), 
when using he grid storage for flexible operation. 

5.3. Sensitivity 

Since the simulations were based upon historical input data, the sensitivity of the results was 
crucial for a thorough interpretation of the results. The average spot market prices and the EEG 
surcharge have changed considerably in the past. However, their development in the future is 
unpredictable. Figure 5 sets the total (simulated) cost for electricity procurement in 2014 at 100%. The 
figure shows the total costs for 2012 and 2013 and the cost components for each year. Notably, in 
2012, the BWV was exempted from the EEG surcharge. 

 
Figure 5. Cost components for electricity procurement by year in relation to the reference cost for 2014. 

The total costs are extremely sensitive to the selected year for the simulations and, thus, to the 
associated historical input data. The two most influential factors were the spot market prices and the 
EEG surcharge. Average spot market prices have fallen continuously in recent years. At the same 
time, the EEG surcharge has steadily risen, leading to an increase in absolute costs from 2013 to 2014. 

Figure 5. Cost components for electricity procurement by year in relation to the reference cost for 2014.



Water 2018, 10, 857 11 of 14

The total costs are extremely sensitive to the selected year for the simulations and, thus, to the
associated historical input data. The two most influential factors were the spot market prices and the
EEG surcharge. Average spot market prices have fallen continuously in recent years. At the same time,
the EEG surcharge has steadily risen, leading to an increase in absolute costs from 2013 to 2014.

The future development of both spot market prices and the EEG surcharge depends on various
factors, such as politics, market regulations, and the number, characteristics, and behavior of market
participants. Long-term forecasts are consequently highly uncertain. Investment decisions regarding
storage capacity based on either historical data or assumptions of future development are therefore
highly risky, considering the sensitivity of the costs for electricity procurement to spot market prices
and the EEG surcharge.

5.4. Recommended Measures

Although any economic analysis of the options for storage extension are affected by the
uncertainties described above, determining the net present value (NPV) based on the historical 2014
values may support any decisions concerning the best storage option, in particular if extended storage
capacity is needed for further reasons, such as security of supply or operational issues. Assuming an
interest rate of 4% and a storage lifetime of 50 years, the optimum NPVs for the storage options is
determined according to:

NPV = −I0 +
react
t +

n

∑
t=1

Ct(1 + i)−t (31)

which are listed in Table 2. In addition to the high risk, all NPVs calculated for 2014 are negative.
This suggests that an investment decision in favor of additional storage capacity should not be based
solely on the aim of increasing the flexibility of the plant, but must consider other factors. Cost savings
due to increased flexibility can nevertheless deliver a contribution margin. Changes in the market
or modifications in the regulatory framework can possibly lead to positive values. For instance, an
advantageous alteration of the EEG to a dynamic EEG [29] would notably affect the value of flexibility.

Table 2. Net present values (NPVs) for minimum and maximum possible capacity of storage options
(b) and (c).

Storage Option Storage Capacity Gained (m3) NPV (Million €)

b. Reaction reservoir
40,000 −29.144
80,000 −46.144

c. Raw water reservoir
40,000 −13.100

300,000 −113.060

The NPVs indicate that the most favorable storage option would be a small size raw
water reservoir.

Apart from investing in additional storage capacity, measures related to the existing plant would
provide a positive return. The recommended measures are shown step-by-step in Figure 6. The
results are based on the simulations for 2014, but the qualitative conclusions are generally valid.
The percentages relate to the total historical cost for electricity procurement stated in Table 1. The
flexibilization of the existing plant reduces the annual cost of electricity procurement b 2.4%, whereas
developing the grid storage allows further cost savings of 0.5% with a reference value of 70,000 m3.
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A reduction in the maximum load to 17.2 or 9 MW at peak load times results in further
considerable cost savings (the latter using also the flexibility of the grid storage). The construction
of a raw water reservoir (40,000 m3) further reduces the maximum load at peak load times and, thus
provides further cost savings. The aggregation of these measures offers potential annual cost savings
of 7.4% for 2014.

6. Summary and Conclusions

Flexible operation of medium- to large-sized electricity loads can support the integration of
renewable energies into the German electricity system [2]. Drinking water pumping and treatment
plants have largely untapped potential for demand side management [14]. A key factor for increasing
flexibility is the positioning of additional storage capacity, which allows water pumping to be controlled
independently from water treatment. The storage volume is of secondary importance compared to
the de-coupling of the pumping, treatment, and transport of the water. When related to the BWV, this
means that constructing a small raw water storage facility as opposed to large additional capacities
in between treatment steps offers significantly higher potential for demand side management and,
hence, for cost savings. An investigation into other systems is expected to lead to similar conclusions,
as water pumping and treatment plants can generally only be flexible if the pumping, treatment, and
transport sections can be operated independently from each other, irrespective of the location of the
main pumps.

Investments into additional storage capacities must be made for reasons other than to increase
flexibility, e.g., quality of supply. The potential cost savings or revenues achievable, respectively,
can provide a contribution margin, but are associated with great uncertainty and are insufficient to
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stimulate investment into extending storage capacity with the sole goal of flexibilization. However,
identifying unused existing flexibility potential within the existing framework can have positive
returns. In the BWV example, flexible management of the existing water pumping and treatment
plant in conjunction with determining the available grid storage capacity offered valuable cost saving
potential. To achieve these savings, investing in information technology, software, and staff training
will be necessary, which are minor costs compared with the costs of constructing new storage facilities.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/10/7/857/s1.
Table S1: Nomenclature.
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