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Abstract: The increased probability of occurrence of various hazards to water supply systems
due to climate change requires the strengthening of their resilience through effective emergency
preparedness planning. This paper introduces a method for the assessment of the resilience of
water supply systems, including emergency supply measures. With 20 uniquely defined emergency
situations, the technical constellations for possible impairments of the water supply are documented.
The system analysis developed for each emergency situation is then used to determine and prioritise
all suitable supply measures to reduce the supply deficit. Based on the data of a water utility close
to Frankfurt, Germany, the developed system dynamics model was used to examine the resource
utilisation for the respective emergency situations and to estimate the amount of water provided.
The model allows us to scrutinize and compare emergency water supply measures as well as to
identify required resources. Furthermore, the method helps us to prioritize measures as well as to
make decisions when planning and providing emergency water supply (EWS).

Keywords: crisis; critical infrastructure; disaster; drinking water; SD; resilience; risk management;
risk reduction; Vensim

1. Introduction

A reliable drinking water supply is one of the basic requirements for a stable social
and economic system. However, even in industrialised countries, impairments cannot be
completely avoided, meaning that water supply companies have to deviate from normal
operation; e.g., in the case of pipe breaks [1–4]. Such minor disturbances occur compara-
tively frequently and have only minor effects [5]. They can usually be quickly identified
and remedied. Consequently, they usually go unnoticed by consumers [6]. On the other
hand, failures or major disruptions of water supply systems can have negative impacts
on the affected population and the economy [5,7–9]. Causes can be serious natural events,
man-made accidents or intentional attacks [10–12], the probability of occurrence of which
is constantly increasing [13].

Critical infrastructures such as water or energy supply are by definition essential for
society [14,15]. The disruption, damage or destruction of critical infrastructure can have
significant negative impacts on public health and security [16–18]. Society expects critical
infrastructures to function continuously during emergency situations [19]. In March 2015,
the United Nations emphasised the relevance of critical infrastructure resilience in the
Sendai Framework for Disaster Risk Reduction 2015–2030. One of the seven global core
goals is to significantly reduce the vulnerability of critical infrastructures and increase their
resilience [20].

In this paper, the resilience of a water supply system is defined as the ability of a
system to maintain its performance at an acceptable level. This is accomplished by being
able to recover disturbances with the fundamental abilities and existing resources in a
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timely and efficient manner after a system failure. The resilience of water supply systems
thus results from the resistances that are present before the occurrence of the damage event
and the availability of resources, which are not only finite but in municipalities and water
supply companies are also differently distributed.

The resilience of critical infrastructures is often described using a performance-based
resilience curve or “resilience triangle” (Figure 1) [21–26]. Applied to a water supply
system, the performance during normal operation P0 is the the average daily water demand
(Qdm) which is thus delivered to the consumers. At time tDE a damaging event occurs
(point A). If the effects of the disturbance on the water supply system occur immediately,
the points A and B are vertically superimposed and both occur at time tDE = tF. If the
effects of the disturbance on the water supply system are delayed, the point B1 is not
directly vertically below A, meaning that tF occurs after tDE.

Figure 1 shows different curves for the recovery process (from B1 to D). It is assumed
that the system performance after recovery returns to the level before the interruption and
is constant afterwards. In simplified representations, the recovery process is shown as a
linear function (solid line). Other courses are obtained with fast or initially slower recovery
processes [27,28].

Figure 1. Performance-dependent resilience curve adapted from [25,26].

The loss of resilience R can be determined by the area between the performance
curve without a disruptive event and the course of the expected performance degradation
over time (i.e., time to recovery), as shown in Equation (1) [21]. Resilience is determined
according to Ayyub [25] using Equation (2) according to performance per unit of time.

R =
∫ tR

tDE

[P0 − Pt]dt (1)

Resilience =

∫ tR
tDE

[P0 − Pt]dt

100 · (tDE − tR)
(2)



Systems 2021, 9, 2 3 of 23

with
R Loss of resilience
tDE Time of damaging event
tR Time of recovery
P0 Performance under normal conditions
Pt Performance at time t

Resilience can be increased if the probability of occurrence of harmful events is
reduced, the impact of these events is mitigated by system hardening or the recovery
time is shortened by effective crisis management [21]. In addition, the loss of performance
in the area of water supply can be compensated by emergency water supply measures [2].
Due to economic constraints, water supply companies have only limited financial means to
stock or provide resources for replacement or emergency water supply [29]. This paper
contributes to the development of strategic and operational approaches for the assessment
of the resilience of water supply systems by presenting an approach that incorporates
system dynamics modelling with emergency water supply measures.

The aim of this system dynamics model is the mapping of processes and sub-processes
of a water supply system in various emergency situations under consideration of the
measures of emergency water supply. The model for the management and evaluation of the
handling of limited resources should serve the decision-making process and be applicable
even in case of low data availability. The target group for the application of the model and
the exploitation of results includes responsible persons in water supply companies, health
authorities, disaster control authorities and other national or international institutions.

2. Background

In case of the impairment or failure of the normal supply, alternative possibilities for
the extraction, treatment, storage and distribution of water are required to compensate
the loss of performance [1,30]. Depending on the extent of the impairment or failure, as
well as other general conditions, certain supply measures are used for emergency water
supply [31]. The necessity of a water treatment depends on the respective quality of the
water used. The possibility of water storage depends on the structure of the supply system
and the available water quantities. In this paper, the supply measures are classified based
on Bross et al. [2].

Table 1 shows the types of extraction and distribution used for emergency water
supply and the form of delivery. Based on the possibilities of water extraction, distribution
and delivery, 19 supply measures can be derived. The measures of supply are differentiated
according to the type of extraction, distribution and delivery and are each provided with a
number (1 to 4) and a letter (a to e) for clear identification. The numbers correspond to the
type and origin of the water. The letters are used to differentiate the measures of supply
according to how the water reaches the consumers.

The determination of the amount of water required can be carried out using a bottom-
up approach as well as a top-down approach (Figure 2). A bottom-up approach is used to
formulate the amount of water necessary for vitality. Here, it is assumed that a minimum
amount of water is required by the consumers, which is set as a lower limit. When
determining acceptable losses in terms of the quantity or quality of the water, a top-down
approach is applied. This approach considers the technical minimum water quantities for
maintaining a system or for avoiding the “point of no return” [3]. The bottom-up approach
is thus oriented towards the requirements of the consumer. In contrast to this point, the
top-down approach is based on the requirements of the technical system, especially the
water distribution network.
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Table 1. Classification of 19 emergency supply measures based on the type of extraction, distribution and delivery, adapted
from [2].

Extraction

Water Water Water Water
from Own from from Grid from
Extraction Other Independent Surface

Plant Utility Wells Waters
1 2 3 4

di
st

ri
bu

ti
on

connecting 2apipe

mobile 1a 2b 3a 4apipes

transport 1b 1c 2c 2d 3b 3d 4b 4dvehicle

no distribution 1d 2e 3c 3e 4c 4eby utility

de
liv

er
y

Feeding into 1a 1b 2a 2b 2c 3a 3b 4a 4bsupply system

direct 1c 2d 3c 3d 4c 4ddelivery

filling 1d 2e 3e 4emachinea

a filling machines are employed to fill water into bottles or other packages.

Figure 2. Top-down and bottom-up approaches to the definition of required water quantity.

In Germany, the average daily demand in normal operation (qdm) is 120 l/(P·d) ac-
cording to the German Association for Gas and Water (DVGW) worksheet W410 [32].
In both [33,34], it is shown that the security of supply is the top priority for the central
water supply.

If the water volume in the system is too small, contamination can be introduced due to
negative pressure. Therefore, a system-dependent minimum water volume is necessary for
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the operation of the grid-bound supply to avoid hygienic and technical problems [3]. This
volume is dependent on various factors such as the structure of the supply network, the
supply pressure and the possibility of the temporary separation of sub-areas and must be
estimated by the water supply utility on the basis of hydraulic pipe network calculations.
Independent of the system-dependent minimum water quantity, according to the Civil
Defense Concept (KZV) at least 50 l/(P·d) of water should be provided by the operator of
the drinking water supply system for an unlimited period of time, both in regular operation
and in the case of restricted supply [35].

A grid-independent water supply offers the possibility to supply the population with
water if this is not possible on fixed distribution grids [3]. In [36] as well as in [35], the
quantitative requirements for grid-bound water supply, which are valid in Germany in the
case of defence, are presented. Since there are no further requirements for grid-bound water
supply in Germany, the requirements of 15 l/(P·d) according to [35,36] are also considered
for the water supply in emergency situations.

3. Materials and Methods

System dynamics (SD) is a method for the mapping and simulation of technical and
socio-economic, quantitative and qualitative systems on the basis of a systems-theoretical
and cybernetic model approach [37]. The theoretical foundations of SD thus form the
approaches and basic ideas of systems theory. The SD method enables the mapping of the
state changes of discrete systems in the form of a continuous flow and thus the transfor-
mation of discontinuous systems into continuous models [38]. Furthermore, the method
offers the possibility to model complex, non-linear, dynamic and feedback systems [39].
Consequently, complex interrelations can be described in a structured way, thus providing
a deeper understanding of prevailing problems.

SD models focus on the understanding of circular relationships (feedback loops)
driving the outcomes of a system [39]. The structure of a model can be represented
and analyzed by graphs. According to SD philosophy, the system behaviour is largely
determined by its structure. Therefore, SD models put more emphasis on the relationships
between the system elements than on the accuracy of the input and output data [40].

The model developed here depicts a water supply system in which sub-processes are
substituted by measures of emergency water supply due to an impairment of the normal
supply. However, these measures are linked to a limited availability of the required re-
sources.

The effectiveness of the use of existing resources is evaluated by the water quan-
tity provided as well as the amount of unsupplied population and number of patients.
Therefore, the aim of this model is to determine and minimize the amount of water that is
missing in an emergency due to the use of limited resources for replacement and emergency
water supply.

Based on the considered emergency situations, all suitable emergency water supply
measures according to the developed system analysis are compared and evaluated. For this
purpose, different alternatives combining emergency water supply measures are compared
on the basis of different emergency situations. Subsequently, the provided water quantity
as well as the number of supplied inhabitants and patients are compared.

The structure of the model is based on the causal relationships between demand and
supply as well as the capacity of extraction, treatment, storage and distribution. Figure 3
shows the causal loop diagram and system boundaries of the model. The quality aspects of
the water (raw water quality and type of treatment), the consumer behaviour (especially
diurnal fluctuations of the water demand) and the network structure are not considered, as
they are not relevant for the fulfillment of the objectives of this model.

The model serves the evaluation of the efficiency of the emergency water supply
system on the basis of the quantity of water that is missing for the complete satisfaction
of demand. Figure 4 shows the structure of the SD model and the correlations for the
determination of the target value. The water demand of the emergency supply depends
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on the amount of water missing compared to the normal supply. The quantity of water
delivered also depends on the capacities of the supply types of the replacement and
emergency water supply. Nineteen emergency supply measures, which differ in terms of
the types of extraction, distribution and delivery, as explained in Section 2, are considered
in the model.

Figure 3. Causal-loop-diagram of the model.

The model is validated with a case study and examined for practical suitability. The
case study is a water utility close to Frankfurt, Germany, which supplies approximately
20,000 inhabitants. In total, the water supply company delivers about 2400 m3/d.

The water supply utility has limited resources for emergency water supply. There
are two emergency wells on the premises of the waterworks. The maximum withdrawal
quantity from the emergency wells is 24 m3/d. In addition, a UF-15 mobile treatment plant
can be obtained from the regional Technisches Hilfswerk (German Federal Relief Agency)
Group. The UF-15 is a mobile and modular ultrafiltration treatment plant, which has a
treatment capacity of 15 m3/h. Furthermore, the water supply company has three mobile
storage tanks, each with 1 m3 capacity. The containers can be used for transport and can be
used for centralised or decentralised storage. These containers can be used according to 20
different possibilities of resource utilisation, as shown in Equation (A1). The results are
shown for 18 possibilities for resource utilisation (see Table A1 in Appendix) because in
two of the combinations the model did not show any differentiation to other combinations.

ncomb =
(ncontainer + nuse − 1)!
(nuse − 1)! · (ncontainer)!

(3)

with
ncomb Number of combinations
ncontainer Number of containers here 3
nuse Number of uses here 4: Centralised raw water storage,

Centralised treated water storage,
Decentralised treated water storage,
Water transport
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Figure 4. Structure of the system dynamics (SD) model.

4. Results
4.1. System Analysis to Identify Emergency Situation and Determine Appropriate Measures of
Emergency Water Supply

In order to be able to determine the appropriate measures of supply, emergency
preparedness planning is based on the systematic analysis of impaired sub-processes by
deriving specific emergency situations. Depending on the extent of the damage event
or the local conditions, a combination of several measures of supply should be consid-
ered. In individual cases, suitable and prioritised measures of care may differ from the
recommendation depending on local conditions.

In the system analysis, the remaining functionality of the sub-processes of the water
supply is considered (Figure 5). In principle, this makes it possible to determine which
emergency water supply measures can be considered for this emergency situation, since
the effects on the functional efficiency have already been considered.

First, it has to be determined whether the water quantity extracted daily by the water
utility (Qd,1) meets the grid-independent water demand according to [36] (Qd,Wassv). If this
is the case, it must be clarified whether the water quantity from the own extraction plants,
which meets the applicable quality requirements (Qd,1t), at least corresponds to the average
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daily water demand of the normal supply (Qd,m). Depending on the functionality of the
grid network and the storage tanks, the conditions are similar to the emergency situations
E1 to E3.

Figure 5. Flow chart of the system analysis to determine the characteristic emergency situation of the
water supply utility (y: yes, p: partially, p/n: partially or no, n: no).

E1 represents, e.g., an event with a network section to be bridged, whereas in E3, the
network is no longer functional. The quality of grid-based supply must be ensured. The
resulting emergency water supply measures to be prioritised are shown in Table A2. In
these emergency situations, the water from the company’s own extraction should primarily
be used. The types of distribution and delivery vary between emergency situations.
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If the treated water quantity Qd,1A cannot cover the demand in the amount of Qd,m, it
has to be determined whether sufficient mobile treatment capacities (Cd,mt) are available
to cover the Qd,m. If this condition is fulfilled, the emergency situations E4 to E6 are
assumed, depending on the functionality of the pipe network and the storage tanks. In
these emergency situations, water provided by another water supply utility is the preferred
water type (Table A2). Due to the existing capacities of mobile treatment, water from
grid-independent wells or springs as well as surface water can also be used for a grid-
bound supply. Since the water from the company’s own extraction is not sufficient for the
grid-bound supply in these emergency situations, or only parts of the supply area can be
supplied with it, the grid-independent supply measures with this type of water have the
lowest priority.

In the emergency situations E7 to E9, the mobile treatment capacities (Cd,mt) are not
sufficient for the complete coverage of Qd,m. As a result, only water from another utility
company can be used for grid-bound supply (Tables A3 and A4). Water from the utility’s
own extractions plants, from grid-independent wells and surface water can only be used
for grid-independent supply if it meets the applicable quality requirements.

If no mobile treatment plant is available, the system analysis results in the emergency
situations E10 to E12, depending on the functionality of the grid and the storage tanks.
Priority must be given to a grid-bound supply of water from another utility. In addition,
the water from the utility’s own extraction plants can be used for grid-independent supply.

If the grid-independent demand, which results from the water quantities according
to the German First Water Security Ordinance [36] (Qd,WassV), cannot be covered by the
respective extraction plants, the next step is to check whether treatment capacities (Cd,mt)
are available to cover Qd,m. If sufficient water can be treated, the emergency situations
E13 to E15 are considered, depending on the functionality of the grid network and the
storage tanks. In these emergency situations, the water of another utility company has to
be prioritised before water from grid-independent wells and surface water (Table A4).

If the mobile treatment capacity (Cd,mt) is not sufficient to cover the demand in the
amount of Qd,m but is sufficient to cover the demand according to [36], this results in
emergency situations E16 to E17. In these emergency situations, a grid-bound supply of
water from another utility company has to be prioritised (Table A5). Water from grid-
independent wells as well as surface water can only be used for a grid-independent supply
due to the available treatment capacities.

If the grid-independent water demand according to [36] (Qd,WassV) cannot be covered
by the treatment capacity (Cd,mT), the system analysis assumes the emergency situations
E18 to E20. In these emergency situations, the supply can only be provided by water from
another utility (Table A5).

4.2. Effective Use of Resources of Case Study for Emergency Water Supply

The assessment of the effective use of resources with the SD model is based on the
supply deficit; the smaller the deficit, the more effective the use of resources.

The simulation of the model is performed with the parameters of the water supply
company in the case study. The available resources of the water supply company form
the basis for the comparison of the supply types. The model is used to determine how
additional resources should be used effectively to meet the respective protection goals.

The consideration of the use of resources is based on the emergency situations E1, E2,
E7, E8, E12, E16 and E17 (see Table 2). These emergency situations were selected to consider
different appropriate emergency water supply measures in order to obtain generally benign
results. In the selected emergency situations, at least one type of raw water present in the
case study is suitable for supply.

The results of the modelling are visualised by percentage representations of the
amount of water delivered or persons supplied depending on the use of resources in heat
maps and bar charts. The effectiveness of the application is assessed on the basis of this
observation. In addition, selected emergency situations (E1, E2, E7, E8, E12, E16 and E17)
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are used to show the amount of water dispensed specifically according to the measure of
emergency supply being used. All figures have the common feature that the quantity of
water delivered (QaEWS) or the persons supplied (Ps) refer to the quantity of water required
for normal supply (QnEWS) or the entire population (Ptot). The amount of water required
for normal supply corresponds to the area between the performance curve during the
emergency and the average daily water demand (Qm) (Figure 6). In the case study, the
Ptot of 20,000 inhabitants requires QnEWS, amounting to 17,505 m3 with a linear course of
failure and recovery.

Table 2. Characterisation of the emergency situations considered in depth on the basis of the appropriate measures of supply.

Emergency Situation

E1 & E2 E7 & E8 E12 E16 & E17

Raw water quantity Qd,1 ≥ Qd,WassV Qd,1 ≥ Qd,WassV Qd,1 ≥ Qd,WassV Qd,1 < Qd,WassV

Treated water quantity Qd,1t ≥ Qd,m Qd,1t < Qd,m Qd,1t < Qd,m Qd,1t < Qd,m

Treatment capacity Stationary
treatment Cd,mt ≥ Qd,WassV Cd,mt < Qd,WassV Cd,mt ≥ Qd,WassV

Grid Functional Functional Not functional Functional

Emergency supply measures a

Possible extraction method b 1 1, 2, 3, 4 1, 2 2, 3, 4

Grid-bound measures a 1a, 1b 2a, 2b, 2c none 2a, 2b, 2c

Grid-independent 1c, 1d 1c, 1d, 2d, 2e, 3c, 1c, 1d, 2d, 2e 2d, 2e, 3c, 3d,
measures a 3d, 3e, 4c, 4d, 4e 3e, 4c, 4d, 4e

a according to Table 1. b according to Section 2.

Figure 6. Amount of water required for normal supply and to meet the protection goals.

Qd,m =Ptot · qd,m = 20, 000i · 120l/(i · d) (4)

Qd,sysMV =Ptot · qd,sysMV = 20, 000i · 50l/(i · d) (5)

Qd,WasSV =Ptot · qd,WasSV = 20, 000i · 15l/(i · d) (6)

with
qd,m Average daily water demand per inhabitant 120 l/(i · d) [32]
qd,sysMV Minimum system dependent water demand per inhabitant 50 l/(i · d) [35]
qd,WasSV Grid-independent water demand per inhabitant 15 l/(i · d) [36]
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If all existing containers in the case study are used for distribution, a maximum
of 45 m3 per day can be delivered to the consumers. Compared to the normal supply,
the proportion of the water quantity dispensed is in the single-digit percentage range
(Figure 7).

In the emergency situations E1 and E2, up to 3% of the required water quantity can be
delivered (Figure 7c). This also applies to the emergency situations E7 and E8 (Figure 7d)
and E12 (Figure 7e).

In the emergency situations E16 and E17, the supply of water from the system’s own
extraction plants is not suitable. Due to the limited mobile treatment capacities, only about
0.3% of the amount of water required for normal supply can be delivered by a combination
of the emergency water supply measures 3c and 3d using the resources, if possible, from
C14 (Figure 7f). For this purpose, one third of the containers are used for transport and two
thirds for the central water storage.

The available resources therefore only allow for a minimal supply. Only a fraction of
the population can be supplied via the grid. A grid-bound supply is not possible with the
available resources.

Figure 7. Rate of supply with existing capacities for emergency water supply measures.
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4.3. Resources Required to Meet the Quantitative Protection Goals of the Case Study

To meet the protection goals, the required resources are determined based on the
missing water quantity at the time of the complete failure (Figure 6). Thus, the required
capacities are based on the number of inhabitants that need to be supplied at the time of
the maximum failure multiplied by the specific grid-bound or grid-independent demand
per person according to Section 2. The capacities shown in Table 3 are required as the sum
of the respective supply types with regard to water production, treatment and distribution
in each emergency situation.

Table 3. Capacities available in the case study and those required to meet quantitative protection goals (Ptot = 20,000
inhabitants).

Quantitative protection goal

Qd,WassV Qd,sysMV Qd,m

Protection
goal 15 l/(P·d) 50 l/(P·d) 120 l/(P·d)

per person

Capacities 310 m3/d 1032 m3/d 2497 m3/d
needed

Available Resources used to meet the
capacities quantitative protection goal

Mobile Cd,mt
a 225 m3/d 450 m3/d 1125 m3/d 2700 m3/d

treatment plants nmt,i 1 mt 2 mt 5 mt 12 mt

Transport Cd,t
b 45 m3/d c 315 m3/d c 1035 m3/d c 2520 m3/d c

vehicles nt,i 3 t 21 t 69 t 168 t

Mobile Qd,mp
d – 315 m3/d e 1035 m3/d e 2520 m3/d e

pipes nmp,i – 6 mp 20 mp 48 mp

Filling Cd, f m
f – 315 m3/d e 1050 m3/d e 2520 m3/d e

machines n f m,i – 3 fm 10 fm 24 fm
a cd,mt = 225 m3/(mt · d). b cd,t = 15 m3/(t · d). c combination of use of containers C9. d qd,mp = 52.5 m3/(mp · d). e Additional three already existing
containers with each 1 m3 capacity, applicable as storage container or for transport 1 h per trip, 15 h/d daily operating time. f cd, f m = 105 m3/(fm · d).

4.4. Fulfillment of the Quantitative Protection Goals of the Case Study of Grid-Independent Supply
by Using Additional Resources

In order to provide the quantity of water needed to meet the quantitative protec-
tion goal of grid-independent supply, extraction, treatment and distribution capacities of
310 m3/d are required (Table 3). The existing extraction capacities already meet this require-
ment; however, in the area of treatment and distribution capacities, additional resources
can be generated for this purpose. The considered capacities are shown in Table 3.

The amount of water that can be provided and the proportion of people supplied when
the treatment capacities are increased are shown in Figure 8. In some emergency situations,
the amount of water dispensed corresponds to approximately 10% of the amount of water
required for normal supply (Figure 8a). Nevertheless, in these emergency situations, all
inhabitants can be supplied by the grid-independent supply (Figure 8b). In the emergency
situations E13 to E20, no supply is possible, because the required extraction capacities of
another utility company are not available.
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Figure 8. Use of additional capacities to meet the quantitative protection goals of grid-independent supply.

In the emergency situations E1 and E2, more than 10% of the water quantity required
for normal supply can be provided by the supply measures 1b and 1c when all containers
are used for transport (C9) (Figure 8c). This is also possible in the emergency situations E7
and E8 (Figure 8d. In this case, the supply measure 1c is most suitable. This also applies in
emergency situations E12 (Figure 8e).

In the emergency situations E16 and E17, the amount of water delivered is reduced to
about 2% of the amount of water needed for normal supply (Figure 8f). In these emergency
situations, the water from the utility’s own extraction plants cannot be used. Due to the lim-
ited capacities of the mobile treatment plants, only grid-independent supply measures are
suitable.
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When water is supplied from tap-independent wells, central treated water storage
tanks are required to decouple the extraction and treatment process from the distribution.
This is considered in the model. Thus, for these supply measures, a part of the tanks is
needed for storage, and the possibility of resource use C9 is consequently not suitable.
If only a part of the containers is used for transport, the available distribution capacity
decreases. The effects can be seen by comparing the results shown in Figure 8f with those
in Figure 8c–e. When using one third of the tanks for transport and two thirds of the tanks
for central raw water storage (C14), the combination of supply measures 3c and 3d can
deliver about 2% of the water quantity required for normal supply in the case study.

The increase of the existing resources to seven times the capacity of the already avail-
able tanks enables the grid-independent supply of the entire population in the emergency
situations E1 to E12 in the case study. However, the use of mobile pipes with the corre-
sponding capacities does not lead to this result. Mobile pipes are used for grid-bound
supply measures and in the case study only allow a partial supply of the population.

4.5. Meeting the Quantitative Protection Goals of the System-Dependent Minimum Water
Quantity by Using Additional Resources

The capacities shown in Table 3 are needed to provide the water quantity to fulfill
the quantitative protection goals of the system-dependent minimum water quantity. The
results are given in Figure 9.

The additional resources lead to a delivered water quantity of almost 70% of the water
quantity required for normal supply (Figure 9a). The entire population can be supplied
(Figure 9b). Depending on the emergency situation, the supply is provided by a grid-bound
or grid-independent delivery.

In the emergency situations E1 and E2, the supply can be provided by the emergency
water supply measures 1a or 1b (Figure 9c). In the emergency situations E7, E8, E12, E16 and
E17, the quantity of water delivered is reduced to about 10% of the quantity required for
normal supply (Figure 9d–f). In these emergency situations, the emergency water supply
measures under consideration cannot be used for grid-bound supply. This requires the
extraction capacities of another utility company.

4.6. Fulfillment of the Quantitative Protection Goals of Normal Supply by Using Additional
Resources

In order to provide water to meet the quantitative protection goals of normal supply,
extraction, treatment and distribution capacities of 2497 m3 are required (Table 3). The
available capacities from the company’s own extraction plants meet this requirement. The
extraction capacities of the existing emergency wells are not sufficient, but no additional
wells can be exploited. Additional resources are also needed in the area of processing and
distribution capacities (Table 3).

In some emergency situations (e.g., E1 and E2), the complete delivery of the water
quantity required for normal supply is possible with these resources (Figure 10). However,
this does not apply in all emergency situations. In these situations, either no grid-bound
supply is possible and thus only a small amount of water can be delivered, or only those
measures of supply are suitable that can fulfill the protection goal under the consideration
of water from another supplier.

Compared to the previous considerations, these additional resources can be used to
supply the entire population at least grid-independently in emergency situations E13 and
E14 (Figure 10f).



Systems 2021, 9, 2 15 of 23

Figure 9. Use of additional capacities to meet the system-dependent quantitative protection goals of grid-bound supply.
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Figure 10. Use of additional capacities to meet the quantitative protection goals of normal supply.

4.7. Comprehensive Findings on the Effective Use of Existing and Additional Resources

The possible uses of the resources depend primarily on the respective emergency
situation and the sub-processes that can be replaced. Nevertheless, some findings can be
derived and generalised from the considered resource stocks.

In general, grid-bound measures of supply are suitable if the resource stock allows at
least the provision of the system-dependent minimum water quantity. If these capacities are
available, supply measures that feed into the supply network or high-level tank through
mobile pipes as well as through transport vehicles can be suitable. The use of mobile
pipelines requires a certain amount of additional storage capacity to compensate for
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differences between water production and delivery. When using transportable containers,
this is not necessary when feeding water into the supply network by means of transport
vehicles. Grid-bound supply measures need to be prioritised from a hygienic and technical
point of view.

Grid-independent supply measures are particularly suitable when resources are lim-
ited, since the required amount of water is less than with grid-bound delivery. In the case
of grid-independent supply, the supply measures with decentralised delivery by transport
vehicles are particularly suitable, if these are available. In this case, the largest amount of
water can be provided with minimum resource capacities if all transportable containers
are used for distribution. Further container capacities increase the flexibility by balancing
extraction and delivery.

Sufficient extraction capacities are essential to ensure supply in all emergency situ-
ations. A limitation of these capacities as well as of the available types of water can be
sufficient for full supply in some emergency situations and still lead to undersupply in
other situations. The results of the case study illustrate that supply interrelationships with
other water supply companies are essential to increase the resilience of the water supply
system.

5. Discussion

The system dynamics model was developed to identify which combination of re-
sources for emergency water supply is most effective. The model was used to determine
the amount of water that can be provided with different resource capacities.

Simulation models always represent a great simplification of reality. They represent
only a part of the real situation and can only be approximated to real systems [41]. The goal
of modelling dynamic systems is to understand and explain their system behaviour and the
reasons for this behaviour by recognizing the connections between numerous cause-effect
relationships [42]. System dynamics models are particularly suitable for the treatment of
complex problems [43], since the system under investigation is structured in a simplified
way and the existing relationships and dependencies are presented transparently [44].
Thus, system dynamics models are characterised by clarity and comprehensibility [45].

The model enables the representation of direct and indirect relationships between
the parameters of water demand, extraction capacity, distribution capacity and water
delivery capacity by means of various feedback loops. The dynamic developments caused
by impairments of the normal supply can be simulated and analyzed with the help of these
processes. Taking into account the existing uncertainties, the purpose of the model is not
the exact prognosis of water demand or consumption or the reproduction of historical
or future courses, but the comparison of several possibilities as a transparent basis for
decision-making. Rather, qualitative behavioural characteristics can be recognised by the
output in order to identify possible influencing factors and trends [46].

In practice, in emergency situations, water is often supplied in two quality categories.
On the one hand, drinking water is supplied for drinking and food preparation. On the
other hand, water which does not fulfill the drinking water quality requirements is provided
for economic purposes. This model considers only quantities. For the implementation
planning of the emergency water supply, a differentiated consideration must be added.

The available resources of the case study allow the provision of up to 45 m3 depending
on the resource usage. The currently available resources are therefore not sufficient to
provide the quantitative minimum water quantities for a grid-bound water supply.

However, the effectiveness of the resource use can be differentiated in the model by
the amount of water lacking. The amount of water delivered is highest when the three
existing containers are used for transport. Nevertheless, they only provide a small supply,
as only a small part of the population can be supplied. Despite the maximum effectiveness
of the resources used, additional resources are necessary in the case study.

The amount of water that can be provided is highest for the case study if the distri-
bution is carried out by transportable containers. Since these containers can cover greater
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distances than mobile pipes, they can be used for both grid-bound and grid-independent
supply. In addition, distribution with mobile pipelines requires supplementary storage
tanks to compensate for the difference between extraction and delivery.

Nevertheless, extensive capacities are required across resources to meet even the
lowest protection target. This emphasizes the considerable logistical effort of emergency
water supply. Since the provision of the required resources is still associated with a
considerable financial outlay, the relevance of maintaining the grid-bound supply and the
cooperation of neighboring water utilities is emphasised. This logistical and financial effort
is not easily affordable for water supply utilities.

6. Conclusions

A reliable water supply—even in emergency situations—is a basic requirement for
a stable social system. Failures of the drinking water supply quickly lead to supply
bottlenecks due to the high dependence of the population on the central water supply,
especially in industrialised countries such as Germany. Since the functionality of water
supply systems can be impaired by natural or man-made hazards, increasing the resilience
of critical infrastructure has been defined as one of the seven global core objectives of the
Sendai Framework for Disaster Reduction 2015–2030. This requires the understanding,
analysis and quantification of resilience by water utilities, government agencies, decision
makers and other relevant institutions.

By applying the developed system dynamics model to the case study, the effective
use of resources and the derivation of the respective ideal supply types could be shown
as an example. The results of the analysis of the case study make it clear that resources
that can be used for both grid-bound and grid-independent supply must be prioritised.
Transportable containers in particular are to be preferred due to their potential for flexible
use. This must be taken into account during the planning and procurement of resources.
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Abbreviations
The following abbreviations are used in this manuscript:

Cd, f m Daily filling machine capacities m3/d
Cd,mt Daily mobile treatment capacities m3/d
Cd,t Daily transport capacities m3/d
Cd, f m Capacity of one filling machine m3/(fm·d)
Ci Combination i of use of containers
cd,mt Daily mobile treatment capacity of one treatment plant m3/(mt·d)
cd,t Daily transport capacity of one transport vehicle m3/(t·d)
Ei Emergency situation i
EWS Emergency water supply
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n f m,i Number of filling machines
nmp,i Number of mobile pipes
nmt,i Number of mobile treatment plants
nt,i Number of transport vehicles
Ps Number of inhabitants supplied
Ptot Total number of inhabitants
QaEWS Available amount of water delivered via emergency water supply m3/d
Qd,1 Daily water quantity from own extraction plant m3/d
Qd,1t Water from own extraction plants, which meets the applicable quality requirements m3/d
Qd,m Average daily water demand m3/d
Qd,mp Daily distribution capacity of mobile pipes m3/d
Qd,WassV Grid-independent water demand according to 1. WassV [36] m3/d
QnEWS Necessary amount of water delivered via emergency water supply m3/d
qd,mp,i Daily distribution capacity of one mobile pipe m3/(mp·d)

Appendix A

Table A1. Proportional possibilities of using the existing containers.

Proportion of Containers Used as

Combination of Use Transport Centralised Centralised Decentralised
of Containers Vehicle Raw Water Storage Treated Water Storage Treated Water Storage

C1 0% 100% 0% 0%

C2 0% 0% 100% 0%

C3 0% 0% 0% 100%

C4 0% 66.6% 33.3% 0%

C5 0% 66.6% 0% 33.3%

C6 0% 33.3% 33.3% 33.3%

C7 0% 0% 66.6% 33.3%

C8 0% 0% 33.3% 66.6%

C9 100%* 0% 0% 0%

C10 66.6%* 33.3% 0% 0%

C11 66.6%* 0% 33.3% 0%

C12 66.6%* 0% 0% 33.3%

C13 33.3%* 66.6% 0% 0%

C14 33.3%* 0% 66.6% 0%

C15 33.3%* 0% 0% 66.6%

C16 33.3%* 33.3% 33.3% 0%

C17 33.3%* 0% 33.3% 33.3%

C18 33.3%* 33.3% 0% 33.3%
* The transportable storage container is loaded onto a transport vehicle and driven from the extraction or storage site to the feed-in or delivery point.
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Table A2. First part of the emergency situations, the measures of supply identified as suitable and the resources required.

emergency situation E1 E2 E3 E4 E5

own extraction plant A1 A1 A1 D1 D1

other utility A1 A1

grid-independent well B1 B1

surface water C1 C1

connecting pipe A2 A2

mobile pipes A2 A2 A2 D2A2*B2C2 D2A2*B2C2

transport vehicle A2* A2* A2* D2*A2**B2*C2* D2*A2**B2*C2*

filling machine A2** A2** A2** D2**A2***B2**C2** D2**A2***B2**C2**

feeding into high-level tank A3 A3B3C3

feeding into grid A3* A3 A3*B3*C3* A3B3C3

direct delivery A3** A3* A3 D3A3**B3**C3** D3A3*B3*C3*

A, B, C, D different types of water that can be used alternatively; A has priority over B
B has priority over C, C has priority over D

1, 2, 3 successive components of the respective supply measures; 1 extraction,
2 distribution, 3 delivery

*, **, *** Alternatives of water distribution and delivery

Table A3. Second part of the emergency situations, the measures of supply identified as suitable and the resources required.

emergency situation E6 E7 E8 E9

own extraction plant D1 B1 B1 A1

other utility A1 A1 B1 A1

grid-independent well B1 C1 C1 C1

surface water C1 D1 D1 D1

connecting pipe A2 A2

mobile pipes D2A2B2C2 B2A2*C2D2 B2A2*C2D2 A2B2C2D2

transport vehicle D2*A2*B2*C2* B2*A2**C2*D2* B2*A2**C2*D2* A2*B2*C2*D2*

filling machine D2**A2**B2**C2** B2**A2***C2**D2** B2**A2***C2**D2** A2**B2**C2**D2**

feeding into high-level tank A3

feeding into grid A3* A3

direct delivery D3A3B3C3 B3A3**C3D3 B3A3*C3D3 A3B3C3D3

A, B, C, D different types of water that can be used alternatively; A has priority over B
B has priority over C, C has priority over D

1, 2, 3 successive components of the respective supply measures; 1 extraction,
2 distribution, 3 delivery

*, **, *** Alternatives of water distribution and delivery
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Table A4. Third part of the emergency situations, the measures of supply identified as suitable and the resources required.

emergency situation E10 E11 E12 E13 E14

own extraction plant B1 B1 A1

other utility A1 A1 B1 A1 A1

grid-independent well B1 B1

surface water C1 C1

connecting pipe A2 A2 A2 A2

mobile pipes B2A2* B2A2* A2B2 A2*B2C2 A2*B2C2

transport vehicle B2*A2** B2*A2** A2*B2* A2**B2*C2* A2**B2*C2*

filling machine B2**A2*** B2**A2*** A2**B2** A2***B2**C2** A2***B2**C2**

feeding into high-level tank A3 A3B3C3

feeding into grid A3* A3 A3*B3C3 A3B3C3

direct delivery B3A3** B3A3* A3B3 A3**B3*C3* A3*B3*C3*

A, B, C, D different types of water that can be used alternatively; A has priority over B
B has priority over C, C has priority over D

1, 2, 3 successive components of the respective supply measures; 1 extraction,
2 distribution, 3 delivery

*, **, *** Alternatives of water distribution and delivery

Table A5. Fourth part of the emergency situations, the measures of supply identified as suitable and the resources required.

emergency situation E15 E16 E17 E18 E19 E20

own extraction plant

other utility A1 A1 A1 A1 A1 A1

grid-independent well B1 B1 B1

surface water C1 C1 C1

connecting pipe A2 A2 A2 A2

mobile pipes A2B2C2 A2*B2C2 A2*B2C2 A2* A2* A2

transport vehicle A2*B2*C2* A2**B2*C2* A2**B2*C2* A2** A2** A2*

filling machine A2**B2**C2** A2***B2**C2** A2***B2**C2** A2*** A2*** A2**

feeding into high-level tank A3 A3

feeding into grid A3* A3 A3* A3

direct delivery A3B3C3 A3**B3C3 A3*B3C3 A3** A3* A3

A, B, C, D different types of water that can be used alternatively; A has priority over B
B has priority over C, C has priority over D

1, 2, 3 successive components of the respective supply measures; 1 extraction,
2 distribution, 3 delivery

1*, 1**, 1*** Alternatives of water distribution and delivery
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