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Water users can reduce their impact on scarce freshwater resources by using more abundant regional brackish or
saline groundwater resources. Decentralized water supply networks (WSN) can connect these regional ground-
water resources with water users. Here, we present WaterROUTE (Water Route Optimization Utility Tool &
Evaluation), a model which optimizes water supply network configurations based on infrastructure investment
costs while considering the water quality (salinity) requirements of the user. We present an example simulation
in which we determine the optimal WSN for different values of the maximum allowed salinity at the demand
location while supplying 2.5 million m® year! with regional groundwater. The example simulation is based on
data from Zeeuws-Vlaanderen, the Netherlands. The optimal WSN configurations for the years 2030, 2045 and
2110 are generated based on the simulated salinity of the regional groundwater resources. The simulation results
show that small changes in the maximum salinity at the demand location have significant effects on the WSN
configuration and therefore on regional planning. For the example simulation, the WSN costs can differ by up to
68% based on the required salinity at the demand site. WaterROUTE can be used to design water supply networks
which incorporate alternative water supply sources such as local brackish groundwater (this study), effluent, or

rainwater.

1. Introduction

Global water consumption has increased more than fivefold in the
20th century and is expected to keep growing in the 21st century
(Gleick, 2003; Shiklomanov, 1998). The combination of population
growth (United Nations et al., 2019; Vorosmarty et al., 2000), over-
extraction (UN Water - FAO, 2007), contamination (UNEP, 2016), and
hydrological changes due to climate change (Bates et al., 2008;
Vorosmarty et al., 2000) will threaten water security around the world.
Water scarcity is projected to increase (Hanasaki et al., 2013) and is
increasingly considered a systemic risk to human welfare and biodi-
versity (Mekonnen and Hoekstra, 2016). New concepts for human water
supply are needed to alleviate water scarcity for humanity and nature.

Industrial activities constitute a small fraction of the global water
footprint (4.4%) (Hoekstra and Mekonnen, 2012) but have a high local
water use intensity. Industrial facilities are generally located close to an
abundant water source or large quantities of water are transported
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towards the industrial site to cover the demand. Historically, industries
rely on centralized water supply infrastructures to transport water
(Domenech, 2011; Gleick, 2003). The use of alternative local water re-
sources can reduce the environmental impact of industrial water supply
and requires a transition to decentralized water supply systems.
Decentralized systems can alleviate environmental impacts while also
reducing costs (investment, operational, network maintenance) and
provide greater supply security (Domenech, 2011; Leflaive, 2009;
Piratla and Goverdhanam, 2015). Decentralized systems can provide
water from local surface water and groundwater sources such as local
fresh water, rainwater, treated wastewater effluents, and brackish water
(the focus of this study). The use of several supply sources creates the
possibility for delivering water -after mixing- at the desired quality
(Leflaive, 2009) and can lower costs by using local water supply sources
to reduce total transport distance. This study focuses on delivering the
desired quality when mixing groundwater with different salinities.
Optimizing the layout of a water supply network (WSN) is needed to
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minimize the high investment costs for piping infrastructure (Plappally
and Lienhard, 2013). The costs for placing piping infrastructure depend
on sub-soil characteristics, the land use where pipelines are to be placed,
local policies, and property rights (Chee et al., 2018). Considering the
differences in local pipeline construction costs at a high spatial resolu-
tion can significantly reduce overall capital investment costs (Feldman
et al., 1995; Zhou et al., 2019).

The great number of potential pipeline connections in decentralized
systems requires model-based approaches to generate cost effective
designs. Model-based approaches are extensively used in the area of
Integrated Water Resources Management (IWRM) (Medema et al.,
2008). The system level analysis of IWRM is valuable for regional scale
planning since it evaluates economic, environmental and social benefits
simultaneously (Haasnoot et al., 2012; Savenije and van der Zaag,
2008). For an overview of the licensed and open source models available
to decision makers in IWRM see: Awe et al., 2019; Clark and Cresswell,
2011; Sieber and Purkey, 2015; Sonaje and Joshi, 2015.

In this study we present WaterROUTE (Water Route Optimization
Utility Tool & Evaluation), a model that adds new functionality to the
previously developed WSN model (Willet et al., 2020). The original WSN
model generates regional water supply networks only based on water
quantity requirements. In the work presented here, the previously
developed WSN model is extended to include water quality, specifically
in terms of salinity. The addition of water quality as a design criterion for
water supply networks is crucial to design regional decentralized water
supply networks. The inclusion of water quality makes the delivery of
water at the desired quality possible by mixing. In this study Water-
ROUTE is used to demonstrate how brackish/saline groundwater re-
sources, exploited at sustainable yields, can serve as potential
alternative water resources for industrial use. Brackish water resources
can ensure a sustainable water supply when combined with optimal
network layouts and desalination (Caldera and Breyer, 2017; Reddy and
Ghaffour, 2007). For the first time, to our knowledge, we present and
apply a modeling approach to create water supply network layouts with
optimal pipeline routing at a high spatial resolution, connecting supply
sources with different salinities, which also accounts for pipeline
placement costs.

WaterROUTE optimizes water supply network configurations ac-
cording to site-specific demands for water quality and quantity with
water supply sources that have different and variable water qualities.
With this functionality we connect regional hydrological modeling with
planning of water supply infrastructure. The model generates the
optimal network configuration and quantity of water needed from each
supply source to satisfy the (industrial) demand without trespassing
sustainable limits for water extractions. WaterROUTE is a valuable tool
for INRM and regional planning in areas where maximum sustainable
yields of aquifers need to be enforced. Areas of particular interest are
freshwater scarce areas with intensive industrial activities for which
lower quality water can be used and where alternative (ground)water
resources are available. We present and example simulation with
regional brackish groundwater resources as the alternative water source
for an industrial site.

2. Methodology

WaterROUTE is an optimization and visualization model which
calculates optimal water supply network configurations. The optimiza-
tion model mixes water streams with different qualities to supply a
single demand location with a desired water quality. Mixing of water is a
new and essential functionality to design decentralized water supply
networks that use alternative water resources with different qualities.

In WaterROUTE, water supply and demand sites are represented as
vertices and pipeline connections are represented as edges. The vertex
and edge representation of (water) transport networks is commonly used
for optimization (Mala-Jetmarova et al., 2017) and was previously used
for network design without mixing in Willet et al. (2020).
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WaterROUTE requires two inputs: the available water sources in a
region and a preliminary network from which the optimal network
configuration is selected. The preliminary network is created by deter-
mining the lowest cost routes between demand and supply locations
using geographic information systems (GIS) methods. The inputs are
processed by the WaterROUTE optimization model to yield the network
configuration with the lowest cost for a specific water demand at the
demand location (Section 2.1 - 2.6). The outputs are then visualized with
GIS software for evaluation and decision making. An overall represen-
tation of WaterROUTE' is shown in Fig. 1.

2.1. Formulation and parameters

The WaterROUTE optimization model is a variation of the fixed
charge network flow problem (FCNFP) (Hirsch and Dantzig, 1968; Kim
and Hooker, 2002). In this study, we alter the original FCNFP formu-
lation to include water quality parameters as a constraint. The water
quality parameter included in this study is the salinity (the chloride
concentration) of groundwater. Water may mix throughout the network,
yet the water reaching the demand location must not exceed the
maximum salinity defined by the user.

The WaterROUTE optimization problem is described as a planar
mathematical system represented by vertices (V;) and edges (Ev, v)-
Vertices represent supply locations, demand locations, and transport
hubs/junctions. Edges represent the possible pipeline connections be-
tween vertices. Each vertex (V;) has a chloride concentration (c;) and an
associated water supply or demand (s;). Three situations can be distin-
guished for each vertex: when s; > 0, vertex V; is a water source, s; is the
volume of water available, and c; is the chloride concentration of the
available water; when s; < 0, vertex V; is a demand location, s; is the
volume of water to be supplied, and ¢; is the maximum chloride con-
centration for the water; when s; = 0, vertex V; is a transport hub/
junction in the network where water can mix.

Edges (Ey,y;) transport water from vertex V; into vertex V;. Each
edge (EVi.W) has two variables: flow of water (x;;) and flow of product
(pi;), the product is the amount of chloride (in mgCl™ day’l). The total
product is determined based on the concentration and amount of water
extracted from each supply vertex. Each edge has an associated cost per
unit flow per km (r;;), and a length in km (I;;). Additional parameters are
the maximum flow (u;;) and maximum product capacity (t;;) over each
edge. We define a maximum allowed concentration (cy,) that is used to
constrain the final quality of the supplied water. Table 1 gives an
overview of the parameters in the WaterROUTE optimization problem
formulation.

2.2. Objective function

The WaterROUTE optimization problem minimizes the total invest-
ment costs for pipeline placement (TPPC, Total Pipeline Placement
Costs). The TPPC is the sum of the costs of the individual pipeline seg-
ments required for the complete water supply network. Due to the
limited number of available pipeline diameters the pipeline investment
costs (ry) increase with steps depending on the flow required. The
interaction between the available pipeline diameters, flow re-
quirements, and flow velocity leads to investment costs which increase
with a stepwise pattern (see Supplementary Information 1). A stepwise
increase in costs is referred to as a stairwise arc cost function (Bornstein
and Rust, 1988; Du and Pardalos, 1993; Holmberg, 1994). In this study,

1 Software used for the input data: MODFLOW (version: MODFLOW-96),
MOC3D (version: 1.1 05/14/9), MOCDENS3D (adaptation to MOC3D as
described in [Oude Essink (2001); Oude Essink et al. (2010)]. Software used for
the preliminary network layout and visualization: ArcGIS Pro (build number:
2.4.19948). Software used for the optimization: Python (version: 3.7.9), Gurobi
(version: 9.0.3).
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Fig. 1. The model framework of WaterROUTE.

Table 1
Overview of parameters used to formulate the optimization problem with mix-
ing and quality constraints.

Parameter  Description

\ Vertex i represents the source or demand location i

Ejj Edge i,j represents the pipeline connection between vertex i (V;) and
vertex j (V;)

si Water supply (s; > 0) or demand (s; < 0) at vertex i (m® day ')

Cm Maximum allowed concentration at the demand location (mgCl~ L")

ci Product concentration at vertex i if s; > 0 or target concentration ¢; <
cm if 5; < 0 at vertex i (mgCl~ L™1)

Xij Flow of water through edge i,j (decision variable in the optimization
problem) (m® day™%)

Dij Flow of product (chloride) through edge i,j (mgCl~ day )

uj; Maximum flow capacity of pipeline section (edge) i,j (m® day ")

tij The maximum allowed product concentration for water flowing
through pipeline i,j (mgCl~ L™1)

Tij Pipeline investment costs per meter (€ m ™) per unit flow (m? day’l) —
(¢ m~' / m®day 1) (based on a maximum flow velocity of 1.5 m s 1)

L The length of the pipeline represented by edge i,j

pipeline diameters with increments of 100 mm and a maximum flow
velocity of 1.5 m s~! are used. The steps in the cost function were
determined for a flow range between 0 and 5.5 Mm® year ! by
increasing the flow with steps of 0.1 Mm?® year™! with a peak factor of
1.5 (Supplementary Information 1). The stepwise behavior is incorpo-
rated in the objective function, given by

TPPC = Y fy(xy)

(ij)€E

@
The stepwise costs for placement of new pipelines f;;(x;) are defined

by

0 x; =0,

rily A" <x; <A defined in Table 2

y

with rj* and lf, as

fi(xg) = @

where x; is the flow, and /Ig represent the breakpoints in the cost func-
tion based on the flow in the pipeline. When there is no flow over an
edge (x; = 0) no investment costs are incurred (resulting in f;;(x;) = 0)
and the edge is considered unused. The possible pipeline diameters are
represented with an index k = 1 to k = 5. The length of the pipeline
segment is [, and r{; are the investment costs per meter (Table 2).

Table 2

Pipeline investment costs for a flow between 0 and 5.5 million m® year* (0 —
15,068 m® day ') based on design guidelines for water distribution networks
(Mesman and Meerkerk, 2009). Investment costs were determined in consulta-
tion with experts in the field of water distribution in the Netherlands.

k %‘. Flow over edge x; (m® Pipeline Investment costs
day™ 1) diameter (mm) % (€ m™!)
0 0 0 0
1 548 0< x; < 548 100 50
2 2466 548 < x; < 2466 200 100
3 5753 2466 < x; < 5753 300 150
4 9863 5753 < X < 9863 400 200
5 15,068 9863 < x; < 15068 500 250

2.3. Constraints: water quantity and pipeline capacity

The amount of water extracted from any vertex should be smaller
than or equal to the total amount of water available at that vertex, and is
ensured by

Zx,-j—Zx_,-,gs,- VieV
(ji)€E

(ij)€E

3

which ensures the water balance at each vertex. We apply this constraint
to every vertex i in the set of vertices V.

Edges can be assigned a flow of 0, meaning the edge is not used, but
the flow should not exceed the maximum capacity (u;) of the edge,
which is ensured by

V(i.j) €E C))

0< x; < uy
which represents the allowed minimum and maximum flow over each
edge. The maximum capacity over the edges in the preliminary network
is equal to the demand volume of the demand site because existing
pipelines are not included in the example simulation. If existing pipe-
lines are re-used the maximum capacity over an edge depends on the size
of the existing pipeline section. We apply the constraint to every edge.

The sum of the water flows exiting a vertex should be equal to the
sum of the water flows entering the vertex if the vertex is a transport hub

(si =0)

Zx,-,fzx,,:o VieV;s;i=0
(.i)EE

(ij)€E

)

which ensures that the outgoing flow (x;) is equal to the incoming flow
(xj) for all transport hubs (s; = 0).
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Supply sites located in the middle of the network can perform a dual
function: providing water to the network while also serving as a trans-
port hub (see Fig. 2).

The water flowing out from any supply vertex needs to be larger or
equal to the water flowing towards the supply vertex and is ensured by

inj - iji 2 0
(ji)eE

(ij)eE

The sum of the water flows out (x;) from a supply site vertex (s; > 0)
must be greater than or equal to the sum of the water flows entering (x;;)
the vertex.

VieV;s; >0 (6)

2.4. Constraints: water quality

WaterROUTE generates network layouts that supply water with a
specific maximum concentration at the demand site. For mixing of water
flows up to a maximum concentration we formulate the constraints in
Eq. (7) - (11). These constraints control the amount of product (p;;)
flowing over an edge (Ej;).

The amount of product (mass) extracted from a supply vertex must
be equal to the amount of water (volume) extracted from that vertex
times the concentration (mass/volume) at that vertex if the vertex is a
source (s; > 0). We ensure this with

Spi— D pi= (Zx,, Zx,,)c, Vie Vs, >0 )

(ij)eE (ji)eE (ij)eE (ij)eE

The constraint in Eq. (7) ensures that the water extracted from a
supply vertex (3 x; — Y x;j) times the concentration at the vertex (c;) is
equal to the product extracted (3" py — > pji)-

The amount of product extracted from any supply vertex must be
lower than or equal to the amount of product extractable from that
vertex

D =

(ij)eE

Zpﬂ < s VieV;si>0 8)
(ji)eE

The product available at a supply vertex is determined by multi-
plying the concentration at the vertex by the amount of water available
(si-ci)

Similar to the water flows for a supply site functioning as a transport
hub, the sum of the product flows towards the vertex must be lower than
or equal to the sum of the product flows exiting the vertex. This is
achieved with

dopi= > pi>0
(ji)eE

(ij)eE

VieV;s;>0 (C)]

where ) p; is the outgoing product flow and ) p;; is the incoming
product flow.

The product flow (mgCl™ day’l) towards the demand site (s; < 0)
divided by the water volume (m? day’l) towards the demand vertex
must be lower or equal to the maximum allowed concentration. We
ensure this with

Zp,] Zp], > <Zx,] Z)@,)c, VieV; si<0 (10)

(ij)eE (ji)eE (ij)eE (ij)eE

which is similar to Eq. (7), but the equality condition is replaced by an
inequality condition and Eq. (7) is only applied to the demand location
(si < 0). If an exact target concentration is required, the inequality
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condition in Eq. (10) is replaced by an equality condition.

If an edge is used the product flow should be larger than zero and the
product flow must not exceed the maximum allowed concentration for
water in the pipeline (t;)

0< py< t-x5 V(ij)€EE a1

which can be used for the expansion of existing networks where the
product concentration needs to be limited for certain pipelines.

2.5. Formulation overview and outputs

The complete formulation for the WaterROUTE optimization prob-
lem is written as

minimize
subject to

Objective function: TPPC (1)

Flow conservation: constraints (3), (5), (6)
Physical bounds: constraints (4), (11)

Product conservation: constraints (7), (8), (9), (10).

Solving the optimization problem yields the lowest cost WSN that
supplies water with a concentration lower than or equal to the maximum
allowed concentration at the demand location. The output of the prob-
lem is the water flow (x;;) over each edge of the preliminary network
layout. Edges that are assigned a flow of zero (see Eq. (2) and Table 2)
are not in use and do not contribute to the TPPC.

2.6. Special case: minimum salinity network determination

When the desired water quality is set to the minimum salinity
achievable for a certain demand (see Supplementary Information 3) the
supply sources can be determined before the network configuration
optimization. Supply sites are ordered by increasing salinity and the
cumulative water availability and associated salinity are calculated. The
set of clusters which can supply the demand at the minimum salinity is
determined from the cumulative water and salinity list. Clusters not in
the set are removed from the WaterROUTE optimization model inputs
and the optimal network is determined by omitting the water quality
constraints. This procedure reduces calculation time considerably for
large networks.

3. WaterROUTE example simulation inputs

WaterROUTE is demonstrated by generating water supply networks
to supply an industrial site (DOW Terneuzen, in Zeeuws-Vlaanderen, the
Netherlands) with local groundwater. The WaterROUTE model is used
to investigate the effect of varying the maximum chloride concentration
(mgCl~ L) reaching the industrial site on the optimal WSN layout.
WaterROUTE is used to generate water supply networks for 2030, 2045
and 2110 to account for changes in groundwater salinity, and a static
demand of 2.5 Mm?® year™!. The inputs for the example simulation are
the available local groundwater sources (Section 3.1) and the pre-
liminary network layout between the demand and supply locations
(Section 3.2)

3.1. Groundwater salinity and availability

The groundwater in the example simulation comes from several well
clusters identified based on the fresh-salt groundwater interface as well
as the transmissivity, which affects the possibility to extract water, of the

Supply location (s; ;
Outgoing flow to L SUPPY 0% ‘ 0 In;:rgﬁlg?hf‘laorw
demand site e 4 G, " ;
Xij =X+ S; Xji supply sites
xij > Xﬁ

Fig. 2. Dual function of a supply site: supply location and transport hub. The outgoing flow must be larger or equal to the incoming flow.



J. Willet et al.

groundwater system in the region (see Willet et al., 2020). The regional
groundwater system has been extensively monitored, mapped and
modelled in the past and shows the presence of fresh groundwater re-
sources on top of groundwater with a higher salinity (Delsman et al.,
2018).

A submodel of an existing, calibrated, 3D variable-density ground-
water flow and coupled salt transport model is used to simulate changes
in groundwater salinity and piezometric heads over time, for the period
2020-2110 (Van Baaren et al., 2016). The submodel -covers
Zeeuws-Vlaanderen, The Netherlands and has the dimensions 70 km
west-east by 28 km north-south by 143 m thick. The 3D groundwater
model uses the MODFLOW (Michael G. McDonald and Arlen W. Har-
baugh, 1988) based computer code MOCDENS3D (Faneca Sanchez et al.,
2012; Oude Essink et al., 2010). It uses 40 model layers (with grid cell
thicknesses varying from 0.5 m to 10 m with increasing depth) to
reproduce the movement of groundwater salinity in the vertical direc-
tion; resulting in over 7.8 million grid cells. Changes in groundwater
salinity are simulated by advection and hydrodynamic dispersion.
Complex geology (horizontal and vertical hydraulic conductivities)
(Stafleu et al., 2011) and the mapped groundwater salinity (via intensive
airborne electromagnetics (Delsman et al., 2018)) are inserted in the
model. Stresses to the groundwater system consist of seasonal natural
groundwater recharge (from de Lange et al., 2014), six surface water
types (sea and estuarine waters, lakes, canals, (small) rivers, water-
courses up to ditches), a shallow drainage system, and groundwater
extraction wells (retrieved from a database of the Water Board Schel-
destromen). The surface water and drainage systems are inserted into
the model using an accurate Digital Elevation Model (Actuel Hoogte-
bestand Nederland, 2020) (resolution 5 x 5 m). Boundary conditions
(the sea, the estuary, and the Belgian hinterland) complete the existing
3D groundwater model (Van Baaren et al., 2016).

The original 3D variable-density groundwater flow and coupled salt
transport model has been calibrated based on a database of piezometric
heads (calibration was done in Van Baaren et al., 2016). The model has
been published in a Deltares report (Van Baaren et al., 2016). The final
calibration set of piezometric heads consisted of 606 observations for the
entire area of the province of Zeeland from the database of dinoloket.nl,
over the period 1-1-1991 up to 31-12-2000. The effect of the
groundwater density in the observation wells on the heads was consid-
ered (Post et al., 2007). We used the code PEST, the most widely used
calibration software for groundwater in the world (Doherty, 2005).
Parameters that have been changed during the calibration are the hor-
izontal hydraulic conductivity of the aquifers, the vertical hydraulic
conductivity of the aquitard, the hydraulic resistance from/to the sur-
face water system and finally the groundwater recharge. The results for
Zeeuws-Vlaanderen are as follows: the median of the difference between
the calculated minus the measured heads changes from 0.18 m to
—0.009 m and the average absolute difference between the calculated
minus the measured heads changes from 0.29 m to 0.24 m. We believe
these differences are good enough calibration results. Validation of the
model has not been performed as the entire dataset was believed to be
needed for the calibration.

In this study, the 3D groundwater model simulates the effect of
multiple brackish groundwater extractions (used as the alternative
water supply source) over the well clusters on the groundwater salinity
over time and the piezometric heads in the vicinity of well clusters. In
Willet et al. (2020), analytical equations were used to estimate the
upconing of the interface between fresh and saline groundwater (Dagan
and Bear, 1968) and the drawdown of the phreatic groundwater level
(Bruggeman, 1999). The numerical 3D groundwater model incorporates
hydro(geo)logical details of the local setting (the heterogeneous salinity
distribution, interaction with the surface water system, geology), in-
cludes changes in groundwater salinity due to extraction wells, and thus
produces more accurate results than the previously used analytical
methods. The same locations of the 2079 extraction wells in the 25 well
clusters identified in Willet et al. (2020) were used. The number of
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extraction wells per well cluster varies, from a minimum of 10 to a
maximum of 331. The extraction wells are positioned at least 100 m
from each other to limit strong drawdown superposition. For further
details on well placement and extraction rates see Supplementary In-
formation 2.

The surface water boundary is modelled with a fixed salinity con-
centration and does not change over the entire simulation period. There
is not enough surface water salinity data to insert a seasonal varying
surface water salinity boundary condition (though the model can do so;
a seasonal varying surface water head boundary was modeled). Several
surface water features in the Zeeuws-Vlaanderen region are draining
from the groundwater system or are not active in summer. The fresh
groundwater recharge is likely a dominant source of fresh water that
enters the wells, given that small water courses and ditches are the main
surface water phenomena in this region.

To meet environmental targets (e.g. Natura2000) and to limit
drought effects, the maximum drawdown of the phreatic groundwater
level is set to 50 mm (Fig. 3). The exact maximum allowed groundwater
extraction rate per well was determined iteratively while meeting the
maximum drawdown of the phreatic groundwater level. In the first
iteration step, the starting groundwater extraction rates as used in
Willet et al. (2020) are taken. Within ten iteration steps, the changes in
groundwater extraction rates become negligible. The 3D groundwater
model considers interferences in piezometric head and groundwater
salinity over time of nearby extraction wells. The overall salinity of a
well cluster is determined based on the sum of the salt (in mgCl~ day %)
extracted from all wells in the well cluster and the sum of the water (m>
day™1) extracted from all wells in the well cluster.

The available groundwater from all well clusters in the study area is
6.119 Mm? year ! while having a maximum drawdown of 50 mm.
Changes in precipitation patterns and the associated effects on
groundwater availability were not included. The overall combined
salinity of all 2079 wells over 25 well clusters is 472 mgCl~ L™! in 2020.
In 2020, there are two well clusters (in the northwest and center of the
study area) which are significantly more saline (Fig. 5). Operating all
well clusters at the maximum extraction rate increases the salinity of
most clusters. The average chloride concentration increases from 472
mgCl~ L1 in 2020 to 852 mgCl~ L' in 2030, 981 mgCl~ L' in 2045,
and 1095 mgCl~ L™! in 2110 (see Supplementary Information 4 for
details on water availability at each well cluster). When water extrac-
tions start, the salinity of well clusters changes quickly within (on
average) 10 years but stabilizes over time when a new equilibrium in the
subsoil is reached (see Supplementary Information 5). For some well
clusters, a significant decrease in salinity (i.e. freshening), occurs
because fresh water from the surface water system moves towards the
extraction point when groundwater is extracted (clusters 10, 13, 16, and
19, see Fig. 4). Well cluster 24 first becomes more saline between 2020
and 2030 and then becomes slightly fresher up to 2110. The salinization
or freshening rate of well clusters is not uniform for all clusters, and
therefore, the optimal WSN configuration with the lowest costs is spe-
cific for each period and demand quality.

3.2. Preliminary network layout

The preliminary network layout is the complete set of possible
pipelines connecting all the supply and demand locations in the study
area. The WaterROUTE optimization model selects the subset of pipe-
lines with the lowest total costs for a specific demand at the demand site.
The selected subset is the optimal WSN configuration for a specific
scenario. The preliminary network layout in this study represents a
water supply network which still needs to be built but the same meth-
odology can be applied for an existing (to be expanded) water supply
network. The preliminary network for the Zeeuws-Vlaanderen region
was generated following the steps as outlined in Willet et al. (2020),
using lowest cost route methods with GIS software. The main steps to
generate the preliminary network layout are:
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Fig. 3. modelled drawdown of the piezometric head per well cluster, caused by 2079 extraction wells distributed over 25 well clusters. The maximum drawdown is

50 mm wherever extraction wells are positioned.
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Fig. 4. Modelled groundwater supply locations in Zeeuws-Vlaanderen and salinity in 2020. Labels represent the well cluster numbers. The diameter of the marker
represents the amount of water available. Most water is available at well cluster 15 (1.43 Mm® year’l), and the least at well cluster 2 (0.01 Mm® year’l).

(1) Creating a cost of passage surface based on local land-use types in
collaboration with water supply experts (see Willet et al., 2020).
A cost of passage surface is needed to include the local spatial
data in the network optimization problem. Including local spatial
data is important since the costs for placing pipeline infrastruc-
ture depend on the local land-use and subsurface characteristics
(Feldman et al., 1995).

Tracing the lowest cost route between each possible combination
of supply and demand locations based on the cost of passage
surface. The resulting network serves as the preliminary network
layout for optimization. The use of lowest cost route methods is
common for infrastructure routing (Atkinson et al., 2005; Colli-
schonn and Pilar, 2000; Douglas, 1994).

(2

—

The preliminary network has a total of 408 pipeline segments and
243 transport hubs to connect the 25 groundwater supply locations and
the single demand location (see Supplementary Information 7).

4. Results

WaterROUTE is used to generate the optimal water supply network
configuration for five demand scenarios in the Zeeuws-Vlaanderen re-
gion for the years 2030, 2045, and 2110 (a total of 15 simulations). In
each scenario the salinity of the water reaching the demand location
differs while the demand volume is kept the same at 2.5 Mm? year. The
scenarios are:

1. The minimum possible salinity for water reaching the demand
location
2. No salinity requirements for water reaching the demand location

After determining the salinity range in 1. and 2. three intermediate
scenarios are simulated:

3. A salinity of 375 mgCl~ L™! or lower for water reaching the demand
location



J. Willet et al.

Water Research 202 (2021) 117390

/@/‘M [3]
é
¢
A

Supply location
Difference in
groundwater
salinity (mgCl- L")

@ <-3000

@ <-2000

© Demand location
[1Zeeuws-Vlaanderen study area

'
-
(=
[=3
o

0 25 5 7.5 10Kilometers

[-3-]
o O
o o

IANIA A A A

WN=0C

000

Fig. 5. Modelled changes in groundwater salinity for well clusters in Zeeuws-Vlaanderen between 2020 and 2110 based on the extraction rates in Supplementary
Information 4. These changes vary between —3412 mgCl~ L' (water becoming fresher, well cluster 10) and 2785 mgCl~ L~ (water becoming more saline, well
cluster 25). A blue outline indicates the well cluster becomes fresher. Labels represent the well cluster numbers. The diameter of the marker represents the amount of

water available.

4. A salinity of 400 mgCl~ L ™! or lower for water reaching the demand
location

5. A salinity of 425 mgCl~ L ™! or lower for water reaching the demand
location

4.1. Network configurations for a minimum salinity at the demand
location

The lowest possible salinity is determined by sorting well clusters in
order of increasing salinity and by calculating the cumulative salinity
based on the available water (see Supplementary Information 6). The set
of the well clusters included in the WSN differs between 2030, 2045, and
2110 because the salinization/freshening rate is not equal for all well
clusters. The minimum possible salinity for a demand of 2.5 Mm-3
year! at the demand location is 246 mgCl~ L™! in 2030, 287 mgCl~ L~}
in 2045, and 318 mgCl~ L~ in 2110.

Supplying water at the lowest possible salinity requires supply net-
works covering almost the complete study area (Fig. 6). Such extensive
networks are needed when high quality water is not available close to
the demand site. The main difference between the 2030 simulation and
the simulations of 2045 and 2110 is the use of well cluster 1. The salinity
of well cluster 1 increases at a faster rate than other well clusters and is
excluded from the minimum salinity network in favor of well cluster 16
in 2045 and 2110. Well cluster 21 also has a relatively high rate of
salinization and is excluded in the 2110 network.

4.2. Network configurations without salinity requirements at the demand
location

Networks without a salinity requirement have an identical configu-
ration, total length (46.9 km), and costs in 2030, 2045, and 2110
(Fig. 7). The configuration is identical because the water quantity which
can be extracted from each well cluster is considered constant. Due to
salinization the resulting chloride concentrations at the demand location
are 491 mgCl~ L™ in 2030, 510 mgCl~ L' in 2045 and 529 mgCl~ L}

in 2110. The chloride concentration increase is 38 mgCl 1/L (£8%°)
and is low compared to the overall 243 mgCl~ L™! (29%°) increase for
the complete study area. The low salinization of the water supplied by
the WSN is caused by freshening of well clusters 10,13, and 16.

The extraction rate from well cluster 14 is capped at 97% corre-
sponding to a flow of 548 m® day ! with a pipeline diameter of 100 mm
(see Table 2). Increasing the flow of this cluster would require a pipeline
diameter of 200 mm, leading to higher costs. The amount of water that
can be extracted from well cluster 10 is flexible and can be increased
from 98% to 100% without increasing or decreasing the network in-
vestment costs. This flexibility can be used to provide slightly more
water but leads to water with higher salinity at the demand location.

4.3. Network configurations for a salinity at the demand location of 375
mgCl™ L1, 400 mgCl™ L™, and 425 mgCl~ L™ or lower

The optimal network configurations for different periods and salin-
ities at the demand site are shown in Fig. 8. Small changes in demand
quality (25 mgCl~ L™Y) affect the optimal configuration of the water
supply network. The general trend is that the length, complexity, and
costs of the supply network increase when groundwater with a lower
salinity is required at the demand location. This trend is the most pro-
nounced for the 2110 simulation; the optimal network for a demand
quality of 425 mgCl~ L™! is 17.2 km shorter than for a demand of 375
mgCl™ L1 (see Fi g. 8 and Table 3). The salinization of well clusters leads
to longer networks and increasing costs over time.

The networks Ay, As, and Bs (see Fig. 8) share the same configura-
tion. This network configuration has a length of 51.8 km and is suitable
between 2030 and 2045 for a salinity up to 425 mgCl~ L™L. The dif-
ference with the network configuration without a salinity requirement
at the demand location (section 4.2) is the addition of well cluster 17.
Well cluster 17 is added because it provides enough fresh groundwater
to reach the desired salinity.

The networks A;, By, and C3 (see Fig. 8) also share the same

2 (529 mgCl~ L* - 491 mgCl~ L™!) / 491 mgCl™ L' = 8%
3 (1095 mgCl™ L' - 852 mgCl~ L) / 852 mgCl™ L' = 29%, see last row of
Supplementary Information 6
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configuration. This network configuration of 51.6 km is 0.1% more
expensive than the 51.8 km network (Ag, Az, and B3). A shorter network
can have higher costs depending on the specific pipeline diameters
which need to be used. The salinity of the groundwater supplied by this
network is lower than the required salinity of the demand site for any of
the periods shown in Fig. 8. For example, the chloride concentration of
groundwater provided by network A; is 337 mgCl~ L1 instead of the
maximum allowed concentration of 375 mgCl~ L1, This is possible due
to the constraint in Eq. (10) which ensures that the salinity of ground-
water reaching the demand location is lower than or equal to the de-
mand salinity. A network which supplies groundwater with a lower

salinity than the demand salinity, the case for A;, By, and Cs, only occurs
when the lowest cost network happens to yield a lower salinity.

The networks By, and C; (see Fig. 8) share the same configuration.
This network configuration has a length of 59.0 km and is needed for a
demand salinity up to 375 mgCl ™1 by 2045. The C; network is created
by connecting cluster 20 to the B;/Cy network resulting in a 68.8 km
network.

For a detailed description of the characteristics of the network con-
figurations see Supplementary Information 8 to Supplementary Infor-
mation 10
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4.4. Network costs in relation to salinity and time

As the maximum allowed salinity at the demand site increases, the
length and costs of the WSN decrease (Table 3, from top to bottom).
Increasing the maximum allowed salinity increases the number of well
clusters which can be used in the network. A larger number of usable
well clusters increases the probability that well clusters located close to
the demand location can be used. The possibility to choose well clusters
close to the demand location results in shorter networks. Shorter net-
works generally have lower costs, with some exceptions (see Section
4.3).

In general, the WSN costs increase when the same water quality
needs to be supplied further in the future (Table 3, from left to right,
except for the minimum salinity network). This is the result of the
salinization of the well clusters in the study area. Salinization of well
clusters results in fewer clusters which can contribute to the network for
a specific demand salinity. As a result, longer networks which transport
fresh water from further away are needed.

The optimal network configuration for a specific region depends on
the local groundwater availability and the groundwater salinization/
freshening dynamics. Salinization and freshening of specific well clus-
ters can lead to unexpected WSN costs. For the Zeeuws-Vlaanderen
simulation this is reflected in the optimal network configuration for
the minimum possible salinity at the demand location when only using
groundwater. Based on the modeled changes in groundwater salinity in
Zeeuws-Vlaanderen the minimum salinity network for 2110 has lower
costs compared to 2045 and 2030.

5. Discussion
5.1. WaterROUTE for regional planning

The modeling approach presented in this study expands the func-
tionality of the WSN model (Willet et al., 2020) with the possibility to
mix water and further expands the modeling toolbox on which Inte-
grated Water Resources Management is reliant (Srdjevic et al., 2004).
Determining the most cost-effective network for a specific quality at the
demand site needs to consider different water qualities and water
quantities at the supply sites. Input data on water quantity and water
quality is supplied by existing and tested external hydrological models.
WaterROUTE processes these inputs and makes it possible to explore
water supply network options when the water quality of regional supply
sources changes over time. It shows how small changes in the maximum

allowed salinity of water reaching the demand location cause significant
changes in the configuration of the water supply network. This knowl-
edge is useful for regional planning purposes.

WaterROUTE can also be used to plan network expansion by using
the characteristics of an existing supply network as inputs. For existing
networks, the capacity of the existing pipelines is fixed but using these
pipelines does not require new investments. Other characteristics of
existing networks can also be incorporated. For example, if existing
networks contain segments with iron pipelines a maximum salinity
constraint for these pipeline sections can prevent corrosion when using
saline/brackish water resources.

The possibility to include several demand locations, instead of a
single demand location, for decentralized water supply network design
and regional planning is relevant for areas where multiple water users
compete for the same water resources. The addition of multiple demand
locations, with different water demand quantities and qualities, in-
troduces non-convex quadratic constraints to the optimization model
and requires a problem formulation where several water flows of
different qualities can flow over the same trajectory in parallel pipelines.
Developing an effective problem formulation for multiple demand sites
is suggested for future research.

5.2. Alternative water sources for industrial use

Decentralized supply networks making use of alternative water
sources can be a solution to cope with future changes in water avail-
ability around the world. Decentralization of water supply can enhance
water reuse possibilities (Leflaive, 2009) and can have advantages over
centralized systems (Domenech, 2011; Leflaive, 2009; Piratla and Gov-
erdhanam, 2015). Supplying industrial sites with alternative regional
water resources requires data on the availability of alternative sources,
now and in the future. WaterROUTE is a tool that can evaluate the
feasibility of using these alternative sources and their corresponding
decentralized supply networks at a high spatial resolution. Modeled
brackish groundwater is used as the alternative water supply in the
Zeeuws-Vlaanderen example simulation. Other alternatives, such as
treated wastewater, rainwater, desalinated seawater, or surface water,
can also be evaluated with WaterROUTE.

The formulation of the optimization problem in WaterROUTE is
based on an overall mass balance of water and a product. The product
used in the Zeeuws-Vlaanderen simulation is chloride. Other water
quality parameters than chloride can also be used. Another possibility is
to investigate multiple products simultaneously by adding new variables
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Table 3
Network length and costs. Costs are shown as a percentage in relation to the
network without a salinity requirement at the demand site.

Network Network Length (km) | Network Costs®

2030 2045 2110
Minimum 122.1 | 168% 121.6 | 159% 116.5 | 153%
<375mgCl- L! 51.6° | 104% 59.0 | 107% 68.8 | 114%
< 400 mgCl™ L 51.8° | 104% 51.6 | 104% 59.0 | 107%
< 425 mgCl~ Lt 51.8 | 104% 51.8 | 104% 51.6 | 104%
No salinity requirement 46.9 | 100% 46.9 | 100% 46.9 | 100%

%Costs are normalized based on the scenario in which there is no salinity
requirement at the demand site.

bCosts for the 51.6 km network are higher than the 51.8 km network due to the
specific pipeline diameters needed.

10

and constraints for each of the additional products to the basic model
framework. This functionality is useful when evaluating other local
alternative water sources such as rainwater and treated wastewater from
industries, urban areas, and agriculture. When adding additional quality
parameters non-linear and non-additive relationships between products
should be accounted for. For example, two water steams originally free
of microbial activity, the first due to a lack of nutrients, the second due
to a lack of organic carbon, can lead to bacterial growth when mixed.
The addition of these complex interactions is only possible when they
can be accurately predicted mathematically but can lead to computa-
tional problems if relationships are non-linear. The fields of industrial
ecology (Hond, 1999) and circular urban metabolism (Agudelo-Vera
et al., 2012) can benefit from such additions for analysis and design.
Within industrial ecology, specifically industrial symbiosis, providing
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water at a specific quality (fit for purpose) has been proposed to alleviate
water shortages (Bauer et al., 2019).

5.3. Supply sources and sustainability

Groundwater extractions have inevitable consequences on local
groundwater hydrology. Limiting the amount of groundwater extracted
to renewable rates is one step towards sustainable exploitation of local
water resources. WaterROUTE is suitable for designing water supply
networks which respect sustainable extraction rates. This functionality
is needed for regional planning that aims to anticipate on the expected
changes in water availability (Hanasaki et al., 2013), salinization of
(ground)water resources (H.D. Holland and K.K. Turekian, 2003; UNEP,
2016), and the overall need to match resource utilization with the
local/global carrying capacity (Bakshi et al., 2015). Within industrial
water use the connection between local carrying capacity and evalua-
tion methods for water use is still lacking (Willet et al., 2019). Water-
ROUTE provides a link between the physical (hydrological) modeling of
water resources and regional planning of water supply networks.
Through this link the costs for mismanagement of scarce water re-
sources, e.g. overextraction leading to salinization requiring longer
supply networks, becomes apparent.

In this study, the maximum groundwater extraction rates are made
dependent on a maximum drawdown of the phreatic groundwater level
for the complete region. It is proposed to replace regional values for
maximum salinization and phreatic groundwater level drawdown by
well cluster specific values in future research. Using well cluster specific
values reveals the effect of sustainability thresholds at a higher spatial
resolution on WSN design. Other possible criteria for groundwater ex-
tractions are the vulnerability of local ecosystems to salinization (Cas-
tillo et al., 2018; Herbert et al., 2015) and the susceptibility of soils to
sodification (Minhas et al., 2019) (a nearly irreversible process).

The results of WaterROUTE show that in most scenarios not all well
clusters are used, or well clusters are exploited below their maximum
capacity. WaterROUTE does not yet consider the effects of partial ex-
tractions on the complete groundwater system. The simulations per-
formed for this study suggest that interference between well clusters can
be neglected for the Zeeuws-Vlaanderen area because well clusters are
far enough apart. In other areas interference may occur and simulating
the effects of partial extractions on groundwater salinity and drawdown
to verify the feasibility of the network design is suggested. Simulating
the effects of a network design on groundwater and subsequently
updating the network design creates a dynamic interaction between the
optimization model and the groundwater model. Such a dynamic
interaction is relevant in areas where water extractions at one well
cluster can affect other well clusters but is currently computationally
infeasible.

The WaterROUTE model can also assist in designing regional water
supply networks which counteract saltwater intrusion from the sea by
using the WSN to recharge aquifers when fresh surface water is abun-
dant. Smart groundwater extractions can lead to freshening of ground-
water resources by attracting fresh water from the surface water systems
instead of saline groundwater from below the extraction point. Coupling
the operation of decentralized water supply networks with locations
where this form of freshening is possible can lead to regional benefits
besides water supply. Fresh water resources can be stored during the wet
season to be retrieved at a later moment with Aquifer Storage and Re-
covery (ASR) (Maliva et al., 2006). Correct timing of extractions can
make the stored water available for use without affecting the fresh-salt
groundwater interface in the subsoil while being a cost effective op-
tion compared to other water supply alternatives (Oude Essink et al.,
2018; Vink et al., 2010; Zuurbier et al., 2012). WaterROUTE is needed to
design the supply network in which ASR sites are embedded.
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5.4. Interactions with desalination

WaterROUTE can, in future work, be combined with desalination
models to evaluate the potential for local supply networks in combina-
tion with (mild) desalination. Desalination of lower quality water pro-
vided by shorter and less expensive networks can be preferable over
extensive networks which provide high quality water. The Zeeuws-
Vlaanderen simulation shows that up to 2030 the 375 mgCl~ L7}
network is not significantly more expensive than the 400 mgCl~ L™ or
425 mgCl~ L' network. Supplying water at 375 mgCl~ L' in 2110
leads to a significant increase in costs. Instead of expanding the supply
network (mild) desalination can be applied to achieve the desired
quality. Desalination technology improvements and optimization of
treatment train design allow for treatment of a wide range of saline
streams (McGovern et al., 2014). Several modeling approaches exist to
design treatment trains optimized for a specific input stream (Skibor-
owski et al., 2012; Wreyford et al., 2020). Coupling a treatment train
model which calculates the lowest treatment train costs, such as DESALT
(Wreyford et al., 2020), with the costs for water transport can yield
better overall system configurations. The performance of such systems
can be evaluated through Multi-Criteria Decision Making techniques
such as Data Envelopment Analysis (Belmondo Bianchi et al., 2020).
Determining the optimal location for desalination systems (at the user,
at the individual supply sites, or at mixing locations) within decentral-
ized networks has implications for the energy system and is a next step
within the water-energy nexus research field (Hussey and Pittock,
2012).

6. Conclusions

WaterROUTE is a valuable tool for planning and design of water
supply networks using local alternative water sources. WaterROUTE
designs water supply networks that deliver water at the specified quality
and quantity of the user based on the modeled or known availability of
water resources in a region. The model is used in an example simulation
to show how the dynamics of groundwater resources can be connected
to the regional design and planning of water supply networks. Long-term
scenarios can be generated which help to anticipate on changes in
(fresh)water availability. WaterROUTE is demonstrated with a simula-
tion for Zeeuws-Vlaanderen, the Netherlands, and shows that a small
decrease in demand quality (a chloride concentration increase from 375
mgCl~ L ™! to 400 mgCl~ L™ in 2110) results in a decrease of the supply
network placement costs by 7% for a demand of 2.5 Mm® year '.
Delivering higher quality water leads to higher costs because longer
networks are needed. The length of the water supply network for the
Zeeuws-Vlaanderen simulation varies between 46.9 km and 122.1 km
based on the water quality required at the demand location. The
WaterROUTE model shows that costs can be up to 68% higher to supply
water with the lowest possible salinity compared to a demand with no
salinity constraint in the Zeeuws-Vlaanderen simulation. The best
network configuration depends on the specific water quality demand of
the user, the local water availability, and the time horizon over which
planning occurs. As water quality requirements become more stringent,
optimal network selection becomes more complex and modeling tools
such as WaterROUTE are needed to assist decision makers in designing
cost-effective decentralized water supply networks. WaterROUTE can,
in future work, be expanded, and can be used to determine the optimal
balance between water transport and water treatment/desalination, the
use of aquifer storage and recovery within decentralized networks, and
the creation of decentralized water supply networks based on the ex-
change of water between urban, industrial, and agricultural areas.
Through these applications WaterROUTE can assist in coping with
regional water scarcity over time by connecting demand sites with local
supply sources.
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