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 A B S T R A C T

Climate change and socioeconomic developments have led to highly stressed estuarine systems in which 
dissimilar and conflicting stakeholder interests can no longer be satisfied simultaneously, inevitably resulting in 
trade-offs. Since translating these stakeholder interests into quantifiable performance indicators is challenging, 
policy and decision-makers are often bound to qualitative trade-off assessments, potentially resulting in 
suboptimal system interventions. In this paper, we assess the well-known socioeconomic trade-off in estuaries 
worldwide: port accessibility versus freshwater availability. We consider the severely dry year of 2022 in the 
Rhine-Meuse Delta, for which we assess the effects of bed level change. To quantify the trade-off, we apply a 
general framework of performance indicators determined based on models that use the output of a validated 
hydrodynamic model, including salt transport. Port accessibility was quantified based on vessel waiting 
times, using a data-driven nautical traffic model. For the performance indicator of freshwater availability, we 
developed a metric that includes storage capacity. The method resulted in a trade-off curve showing improved 
freshwater availability and deteriorated port accessibility for decreasing bed level. This trade-off curve provides 
valuable insights into system interventions in a multidisciplinary setting, being an intuitive visualisation 
showcasing the (non-monetary) benefits and costs for different stakeholders with dissimilar interests. As the 
method could be expanded and applied further, this study aids quantitative policy and decision-making.
1. Introduction

Globally, deltas have been attractors of human activity and other 
forms of life alike. This is because they provide fertile soils and access to 
freshwater, as well as an open connection to the sea (Maul and Duedall, 
2019; Pont et al., 2002). In addition, estuaries are also ecologically 
valuable systems due to their high biodiversity (Tangelder et al., 2017), 
and their calm waters function as nurseries (Breine et al., 2011; Tulp 
et al., 2008).

With their attractiveness, estuaries house many different stake-
holders with often conflicting interests: (1) communities require fresh 
surface waters for drinking water, agriculture, and industry, and low 
water levels for safety (e.g., Temmerman et al., 2013; Wada et al., 
2011); (2) ports demand sufficient water depths and low current ve-
locities to facilitate safe operations for deep-draughted vessels (van 
Koningsveld et al., 2023); and (3) ecological diversity facilitates estu-
arine resilience (e.g., Folke et al., 2002; Loreau et al., 2003), which 
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arises from a multitude of gradients generally present in natural estu-
aries (e.g., Mestdagh et al., 2020; Tangelder et al., 2017; Ysebaert et al., 
2003).

Over time, humans have interfered in the estuarine system to op-
timise performances considered important: e.g., (1) channel deepening 
to improve the accessibility of the port (e.g., Best, 2019; Johnson et al., 
1987); (2) closing off of estuaries for water safety (e.g., Figueroa et al., 
2022; Orton et al., 2023); and (3) the creation of freshwater buffers for 
freshwater availability (e.g., Morris, 2013; Tönis et al., 2002). However, 
such large-scale interventions generally have negative side-effects for 
other estuarine functions not considered in the assessments (e.g., de 
Vet et al., 2017; van Wesenbeeck et al., 2014; Yang et al., 2010). 

With the ongoing urbanisation of estuaries and worldwide glob-
alisation (Maul and Duedall, 2019), conflicting stakeholder interests 
are becoming more stringent. Simultaneously, the changing climate 
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Acronyms

AIS Automatic Identification System
KPI Key Performance Indicator
MBL Maintained Bed Level
NWW Nieuwe Waterweg
PoR Port of Rotterdam
RMD Rhine-Meuse Delta

stresses the estuarine functions supporting these interests; e.g., resulting 
in reduced freshwater availability (Alcamo et al., 2007; Distefano and 
Kelly, 2017; Kumar et al., 2013). As a result, policies and decisions must 
be made regarding more sensitive trade-offs in a crowded, high-stakes 
environment.

Often regarded as a most influential trade-off within the conflict-
ing stakeholder interests in the delta is the increasing demand for 
deeper waterways to improve port performance (Almaz and Altiok, 
2012), given the increasing demand for freshwater (Distefano and 
Kelly, 2017; Vörösmarty et al., 2000). Deeper estuaries are, however, 
known to cause more salt intrusion (e.g., Hansen and Rattray Jr., 1965; 
Veerapaga et al., 2020; Hendrickx et al., 2023b), stressing freshwater 
availability. Worldwide, the economic advantages of port expansions 
push channels to be deepened to facilitate further port development and 
growth; e.g., Bahía Blanca, Argentina (Zilio et al., 2013); Hudson River, 
NY, USA (Ralston and Geyer, 2019); Mekong Delta, Vietnam (Nguyen 
and Le, 2023); Mississippi River, LA, USA (Johnson et al., 1987); Niger 
Delta, Nigeria (Dada et al., 2016); Pearl River, China (Yuan and Zhu, 
2015); Rhine-Meuse Delta, the Netherlands (Cox et al., 2022); Yangtze 
River, China (Chen et al., 2019).

During normal conditions, such deepenings generally do not strain 
the freshwater availability. However, it is during droughts that the 
deepened channels may cause freshwater shortages. Substantial efforts 
are made to limit the impact of such channel deepening during threat-
ening events. For example, in the Lower Mississippi River (LA, USA), a 
temporary earthen sill is placed during droughts to halt the landward 
propagation of the salt wedge (Johnson et al., 1987; Fagerburg and 
Alexander, 1994; Hendrickx et al., 2024). Nevertheless, the freshwater 
reserves were recently severely stressed (e.g., end of 2023; Miller and 
Hiatt, 2024). In the RMD (the Netherlands), a costly and complex 
freshwater distribution network is employed to transport freshwater 
from upstream to downstream locations to comply with the freshwater 
demands during a drought in response to the deepening of the main 
channel (HydroLogic, 2015, 2018).

Both these examples reflect rare, extreme events for the cases of the 
Mississippi River (Miller and Hiatt, 2024) and the RMD (Toreti et al., 
2022; Wegman et al., 2025). However rare and extreme, such severe 
droughts fall within a trend of increasing droughts worldwide (Zhao 
et al., 2024), and are projected to increase in frequency and dura-
tion (Jones et al., 2024; Lee et al., 2024). Therefore, the stresses on 
estuarine functions increase with climate change as well, diminishing 
their livability.

The clear opposing interests of stakeholders pose a challenge for 
policy and decision-makers. Not only are the effects of water depth 
on the port logistics and accessibility as well as on the up-time of 
water intakes both highly nonlinear, their performance metrics do 
not align and are not easily translated to monetary units. Moreover, 
decision support systems in hydraulic engineering presented in the 
literature—e.g., Garmendia et al. (2010), Cordier et al. (2011), Kind 
(2014), Kragt (2013), Pinto et al. (2013)—do not explicitly quantify 
trade-offs between stakeholder interests given changes to the physical 
system. This problem is especially evident in the context of policy and 
decision-making concerning ports (Pearson et al., 2016). As a result, 
policy and decision-makers are forced to compare apples to oranges, 
possibly leading to suboptimal interventions in the physical system.
2 
Therefore, this paper showcases a newly assembled framework 
aimed at enabling policy and decision-makers to quantitatively assess 
trade-offs of conflicting and dissimilar socioeconomic stakeholder inter-
ests in estuaries. We apply this framework to a case study of the highly 
urbanised and intensely utilised RMD, where the depth of the main 
channel of the delta has recently been deepened for port accessibility, 
but where shallowing is meanwhile considered an option to improve 
freshwater availability. Therefore, we focus on assessing an objective 
trade-off curve between stakeholder interests affected by bed-level 
change. To facilitate comprehension of the decision problem and the 
underlying method, this research is limited to the bi-objective problem 
between the performances of the port and freshwater supply—two 
of the most influential stakeholders in the area—during the severely 
dry year of 2022. With this, the ultimate goal of this study is to 
contribute as a submodule to a broader decision-support framework—
specifically, a serious game, digital twin, and integrated assessment 
model currently being developed by den Haan et al. (2024), Wannasin 
et al. (2024), and Pourteimouri et al. (2024), respectively—which 
collectively incorporate a more comprehensive stakeholder selection 
and a wider range of interests.

The paper is structured as follows. Section 2 provides a detailed 
overview of the trade-off in the RMD. Section 3 describes the general 
framework of materials and methods used to quantify the effects of a 
changing bed level on the interests of the port and freshwater intakes. 
Section 4 presents the obtained trade-off curve of the performance 
indicators. Sections 5 and 6 provide a discussion and our conclusions, 
respectively.

2. Case study: lower Rhine-Meuse delta

2.1. System description

The RMD is the delta of the confluence of the Rhine (Waal and 
Lek branches) and Meuse rivers (Fig.  1). The delta consists of multiple 
branches with five effluences, with the Nieuwe Waterweg (NWW) being 
the principal outlet (under average discharge conditions), having an 
open connection to the North Sea. The main source of freshwater to 
the RMD is the snowmelt- and rain-fed Rhine river with an average dis-
charge of 2160 m3s−1, compared to the average 290 m3s−1 contributed 
by the rain-fed Meuse river (Sperna Weiland et al., 2015).

The magnitude and division of the incoming freshwater over the 
branches (Fig.  1) are regulated by weirs and discharge sluices. This 
is based on the measured water level of the Rhine at Lobith, where 
the river enters the Netherlands. The multi-objective goal of this water 
management system is to jointly (1) guarantee water safety, (2) provide 
and store freshwater, (3) facilitate inland shipping, and (4) protect 
ecological values (Rijkswaterstaat, 2019).

The NWW is designed to convey 1500 m3s−1 to limit salt intru-
sion. This design discharge is achieved by regulating the Haringvliet 
Sluices (Rijkswaterstaat, 2019), which are located at the mouth of the 
Haringvliet, south of the NWW (HV in Fig.  1). Together with a mean 
annual meso-tidal range of about 1.8 m at the mouth of the NWW, this 
estuary is classified as a salt wedge estuary (de Nijs et al., 2011). Under 
such average conditions, the salt intrusion reaches 24 km inland, near 
the Botlek harbour (Fig.  1a; de Nijs et al., 2009).

When the discharge in the Rhine at Lobith 𝑄Lobith drops below 
1700 m3s−1 (typically during summer), the design discharge of the 
NWW cannot be maintained, causing saline water to intrude beyond 
the Botlek far into the Nieuwe Maas (Fig.  1b). To convey as much 
freshwater as possible through the NWW in this situation, the Har-
ingvliet Sluices remain almost entirely closed (Rijkswaterstaat, 2019). 
The further the discharge at Lobith drops, the more saltwater intrudes 
landward. Besides the hindrance to inland shipping due to the shallow 
upstream water depths (Vinke et al., 2022, 2024), freshwater availabil-
ity becomes stressed, and especially along the northern branches of the 
RMD, as the brackish water reaches the mouths of the Hollandsche 
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Fig. 1. Overview of the RMD highlighting its branches, including their discharge and the brackish water extent during average conditions (a) and during a 
drought (b). The water intake stations that are affected by the brackish water are highlighted. BMW: Beneden Merwede; DK: Dordtsche Kil; HD: Holllands Diep;
HIJ: Hollandsche IJssel; HK: Hartelkanaal; HV: Haringvliet; N: Noord; NM: Nieuwe Maas; NMW: Nieuwe Merwede; NWW: Nieuwe Waterweg; OM: Oude Maas;
VK: Volkerak-Krammer. The discharges and salt intrusion, based on de Vries (2014), van der Wijk (2016),HydroLogic (2019b), are indicative and may differ from 
actual values due to local water extractions and flushing discharges not included in the figure.
IJssel and the Lek (Fig.  1b)—two branches with many freshwater 
intake stations and hardly any discharge, which is exacerbated during 
droughts (van den Brink et al., 2019; Wegman et al., 2025). Then, 
the upstream end of the Hollandsche IJssel can become fully brackish 
within a few days due to continuing water extractions (van Zaanen 
et al., 2022).

Most recently, such extreme drought events occurred in 2018 and 
2022 in the RMD (Toreti et al., 2019, 2022; Wegman et al., 2025).
During these droughts, the discharge at Lobith remained below
1000 m3s−1—with a minimum of 679 m3s−1 in 2022—for roughly 
4 and 2 consecutive months in 2018 and 2022, respectively, which 
caused significant damage to ecology and agriculture, and hindrance 
to inland shipping (Rijkswaterstaat, 2023; Vinke et al., 2022; Wegman 
et al., 2025).
3 
2.2. Port of Rotterdam

Located in the RMD is the PoR, which is the largest port in Eu-
rope. It is a major stakeholder in the delta with high national and 
international interests. The port forms the gateway of many types of 
cargo and products through intermodal transport to North-Western and 
Central Europe. In 2022, the PoR transshipped 467.4 million tonnes of 
cargo (Port of Rotterdam, 2024).

The PoR can roughly be subdivided into a deepwater/offshore part, 
and a shallower, inland part (Fig.  1). The inland harbour basins are 
connected to the sea through the open connection of the NWW and 
Scheur, which we jointly refer to as NWW. The bed levels of the port 
basins and waterways are maintained by dredging according to a MBL 
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Fig. 2. Overview of the land-based and water-based functions in the RMD, including the design of MBL of the PoR, and the water boards (A – D) and their water 
intake stations (1 – 7). The asterisk ∗ marks the location of representative hydrodynamic data for water intake stations 5, 6, and 7 (upstream of the Hollandsche 
IJssel river). The locations of measurement data are: (i) Spijkenisse-brug, (ii) Krimpen a/d IJssel, and (iii) Kinderdijk.
design (Fig.  2). This design allows the deepest-draught vessels to reach 
their assigned berths.

In the port, vessels rely on tidal restrictions depending on their 
characteristics, e.g., draught, length, type, and destination. Vertical 
tidal restrictions entail regulations for minimum under-keel clearance 
with respect to the MBL. These result in water level thresholds along 
the route of the vessels. Moreover, horizontal tidal restrictions pre-
scribe specific current velocities along their route and set limits for 
exceeding them. These restrictions result in time windows of oppor-
tunity for the vessel to enter the port. These so-called tidal windows 
interact with congestion of port infrastructure—i.e. terminals, turning 
basins, waterways, and anchorage areas—leading to delays in cargo 
transfers (Bakker and van Koningsveld, 2023).

In 2019, the NWW has been deepened from 14.5 to 16.2 m to 
facilitate sea-going vessels of the New Panamax class with a maximum 
draught of 15.0 m. Following the NWW, the Nieuwe Maas has a MBL of 
14.5 m, which decreases to 11.5 m for sea-going cruise vessels to moor 
at Rotterdam (near intake station 4 in Fig.  2). More details on nautical 
traffic dynamics in the PoR can be found in Bakker et al. (2024b).

2.3. Freshwater users

The water management in the Netherlands is regulated by water 
boards, of which four are located in the RMD (Fig.  2): (A) Hollandse 
Delta; (B) Delfland; (C) Schieland & Krimpenerwaard; and (D) Rijnland. 
These four water boards are responsible for approximately four million 
inhabitants (Unie van Waterschappen, 2022), and require freshwater 
to fulfil three main requirements (Klijn et al., 2012): (1) water safety, 
(2) water quality, and (3) water quantity, such as for irrigation.

The water boards have several water intake stations throughout the 
RMD, which are depicted in Fig.  2. These stations predominantly con-
sist of pumping facilities that remove excess rainfall from the polders—
low-lying areas below sea level, enclosed by dikes—to the river system, 
and supply the polder with freshwater from the river during drought 
conditions. During these droughts, freshwater demand for consumption 
increases, in particular for irrigation. A precipitation deficit of around 
0.23 m will result in a shortage of freshwater supply for consumption. 
A further deficit will result in insufficient water levels and flushing 
capacity, which causes damage to peat dikes and wooden-pile founded 
4 
structures, and leads to poor water quality and consequently hindrance 
and damage to crops and ecology (Klijn et al., 2012).

During severe droughts—when the brackish water reaches some of 
the upstream water intake stations (Fig.  1b; van der Heijden et al., 
2024)—the water boards redistribute freshwater amongst themselves 
using pumping stations. The water boards have made extensive use 
of these alternative routes for the freshwater, for example, during the 
droughts of 2018 and 2022 (Hesen, 2021; van der Heijden et al., 2024). 
Operation of these systems, however, leads to structural damage to 
the canal system and hindrance to the internal freshwater users due 
to increased water levels and current velocities (HydroLogic, 2018). 
Improvements to the system have been realised to increase its capacity 
at a cost of millions of euros. This led to fewer freshwater supply 
problems during the 2022 drought (van der Heijden et al., 2024).

2.4. Future challenges

The freshwater availability in the RMD is expected to become fur-
ther stressed due to recent climatological and socioeconomic develop-
ments. These developments include (1) reduced freshwater supply due 
to more frequent and severe low discharge events in the Rhine (Buitink 
et al., 2023; Sperna Weiland et al., 2015) and increased water usage 
upstream (Klijn et al., 2012); (2) increased salt intrusion due to the 
lower discharges in the NWW and the increased offshore water lev-
els due to sea level rise (van Alphen et al., 2022); and (3) higher 
freshwater demands due to more frequent and longer droughts and 
increased flushing discharge requirements to combat the groundwater 
salt intrusion (Klijn et al., 2012).

Although the current water management solution of the alternative 
freshwater supply routes is claimed to be effective and robust (Hy-
droLogic, 2019a), the system may become inadequate with these de-
velopments. Extracting more freshwater from upstream to facilitate 
the downstream needs, causes reversed discharges in the Hollandsche 
IJssel and Lek branches, which exposes them to further salinisation; 
a problem that arose during the droughts of 2018 and 2022 (Fig. 
1b; HydroLogic, 2019b; Wegman et al., 2025). As a result, freshwater 
was redirected from the major rivers to flush the brackish water from 
these branches, including other effluences that require freshwater to 
suppress saltwater intrusion—i.e. the North Sea and Amsterdam-Rhine 
Canal (van der Baan et al., 2023)—which caused further hindrance 
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Fig. 3. The conceptual model of the trade-off method of dissimilar stakeholder interests, and its setup and implementation.
to inland shipping activities (HydroLogic, 2019b; Vinke et al., 2022, 
2024). Moreover, the operation of the alternative freshwater supply 
system leads to costs to the water boards and their internal freshwater 
users (see previous subsection), and requires further extensive invest-
ments to cope with future demand, which may not be cost-effective 
and climate-resilient. In summary, as of the current state of the RMD, 
not all stakeholder interests can be satisfied. Hence, trade-offs between 
these interests emerge, which have to be assessed to make effective, 
future-proof interventions in the delta.

3. Materials and methods

To assess the impact of interventions in intensively utilised estu-
aries, we must quantify the implications for the affected stakehold-
ers. Therefore, we designed a general framework that enables the 
trade-off of dissimilar stakeholder interests (Fig.  3). The framework is 
alternative-focused, i.e. focused on quantifying the trade-offs between 
conflicting interests of pre-identified stakeholders, given predefined 
alternatives. Therefore, it is not meant to facilitate identification of 
key stakeholders and selection of the most promising alternatives based 
on a value-focused stakeholder and decision analysis (Keeney, 1996). 
The setup of the multidisciplinary trade-off framework comprises the 
following four steps (Fig.  3):

1. Select a set of design parameters that captures the main prop-
erties of the alternative, given how it can affect the physical 
environment.

2. Determine the stakeholder interests that are directly or indirectly 
affected by this set of design parameters and translate these into 
performance indicators.

3. Define quantification methods that translate the environmental 
conditions to the performance indicators.

4. Select models—or a pipeline of models—that can reflect the 
environmental conditions based on the set of design parameters.

After the performance indicators are quantified, a trade-off method 
should be deployed to trade off the two stakeholder interests, for which 
we selected multi-objective Pareto optimisation.

The implementation of the multidisciplinary trade-off framework 
is in reverse order of the above implementation and consists of the 
following three steps (Fig.  3):
5 
1 → 4: A certain system state 𝑥 of the design parameter (i.e. bed 
level change, 𝛥𝑧) feeds into a hydrodynamic model (i.e.
OSR model, see Section 3.1).

4 → 3: The output of the hydrodynamic model is used in quan-
tification methods that calculate the stakeholder perfor-
mance indicators (i.e. nautical traffic model OpenTNSim 
and freshwater supply model, see respectively Section 3.2 
and Section 3.3).

3 → 2: The quantification methods result in the stakeholder per-
formance indicators (i.e. cargo transshipment delays for 
the port, 𝑃𝑝𝑜𝑟𝑡, and freshwater availability, 𝑃f reshwater , both 
ranging from 0 (worst) to 1 (best), see Section 3.4).

Varying the system state 𝑥 of the design vessel (e.g., −5 to 1 m of 
bed level change, 𝛥𝑧) generates Pareto points for the two indicators, for 
example point (𝛥𝑧 = −2; port,𝛥𝑧=−2; freshwater,𝛥𝑧=−2) in Fig.  3. Together, 
these points form a Pareto front, i.e. the dark grey line in the square 
solution space. This front can be flattened to a mathematical relation 
between the two performance indicators, the trade-off curve.

In this study, we test the above framework to assess the impact of 
bed level change on the performance of the Port of Rotterdam and the 
water boards in the RMD. Bed level change is specifically chosen as 
this is a most promising parameter to reduce saltwater intrusion in 
estuaries (Hendrickx et al., 2023b), and is of high interest for ports 
due to the trend of increasing vessel dimensions and their impact on 
port performance (Ueda et al., 2025). We assessed the impact on the 
stakeholder objectives using data of year 2022.

As decision intervals related to bed level designs are typically in 
the order of tens of years due to the involved capital and maintenance 
dredging costs and underlying contracts, preferably, an equal or longer 
multi-year study period should be evaluated to include variability on 
a longer timescale (e.g., due to climate change). However, within this 
study, computational cost constraints did not allow for incorporating 
this sensitivity. The specific year 2022 was selected as it has an ex-
tremely dry summer (Toreti et al., 2022; Wegman et al., 2025), so 
far the driest of the 21st century and comparable to the driest on 
record in the Netherlands, which occurred in 1976 (Beersma et al., 
2004). Therefore, it can be considered normative for the performance 
of freshwater supply by the water boards for the near future. Moreover, 
the year 2022 is also considered relevant for the Port of Rotterdam, as 
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the traffic conditions showed no strong exceptions with other years1, 
and we believe that the nautical traffic behaviour is to a lesser extent af-
fected by climate change effects for the coming years. Nevertheless, the 
implications of this simplification are further discussed in Section 5.1.

We selected the MBL as the design parameter, considered as bed 
level change, 𝛥𝑧. A positive value (i.e. 𝛥𝑧 > 0) reflects an increase 
in MBL—i.e. increased water depth—and vice versa. To determine the 
affected environmental conditions, we used a numerical model of the 
RMD that could determine the effects of bed level change on the local 
hydrodynamics (Section 3.1). Its output data was subsequently used 
in models that quantify the effects of changes in the hydrodynamics 
on cargo delays (Section 3.2) and freshwater availability (Section 3.3). 
At last, we translated these effects into performance indicators, which 
allowed for the construction of a Pareto front to provide insights into 
the relevant trade-off between the stakeholder interests (Section 3.4).

3.1. Hydrodynamic model and scenarios

To quantify the stakeholder interests described in Sections 3.2 and
3.3, data on water levels, flow velocities, and salinity are required 
throughout the RMD domain. To gather this hydrodynamic data and 
evaluate how it is affected by changes in the MBL, we used a coarse 
version of ‘‘Operationeel Stromingsmodel Rotterdam’’ (OSR). OSR is a 
deterministic, process-based hydrodynamic model that discretises the 
shallow water equations (derivations of the Navier–Stokes equations 
for incompressible free surface flow) in time and space, i.e. the RMD 
domain in 2022. The model uses a constant time step of several 
seconds and a relatively coarse three-dimensional water depth-varying 
computational grid with cell dimensions in the order of tens of meters 
horizontally (differs spatially) and ten layers over the depth, following 
a static, surveyed bathymetry. The model is run operationally by the 
PoR to provide information for the pilots, and is well-calibrated for 
water levels and current velocities, and also thoroughly validated for 
salt intrusion (Kranenburg et al., 2015).

The hydrodynamic model is used to hindcast the year 2022, for 
which time-varying boundary conditions for year 2022 are used, con-
sisting of measured river discharges and modelled—from a validated 
larger-scale hydrodynamic model—water levels and salinities. The ref-
erence model run simulates the MBL of the NWW as the existing 
situation (16.2 m; 𝛥𝑧 = 0.0 m). We validated the salinity predictions 
of this run against salinity measurements of the year 2022 at three 
locations (see Fig.  2). Although not the main objective of the model, 
salinity predictions are good (𝑅2 = 0.9073; Fig.  4a), where the largest 
errors occur at locations of higher salinity levels (Fig.  4b). With the 
focus on breaching a threshold value (𝑠𝑙𝑖𝑚𝑖𝑡 = 150 mg Cl− l−1), it is most 
relevant whether the model predicts the exceedance of this threshold 
correctly, which it does for 91.1% of the time (Fig.  4a); when incorrect, 
it generally underpredicts the salinity—i.e. the model overestimates 
freshwater availability.

Based on the PoR’s accessibility policy and the distribution of 
draughts of vessels that navigate the NWW, we drew a total of five 
shallowed MBL designs ranging from 11.2 m (𝛥𝑧 = −5.0 m) to 15.2 m 
(𝛥𝑧 = −1.0 m), with steps of 1.0 m (see Fig.  5). Shallower MBL designs 
were not assessed, as these were expected to result in an unreasonably 
poor port performance. In addition to these runs, a scenario of a 
deepening of 1.0 m to a MBL of 17.2 m was assessed to show the effect 
of a further deepening (𝛥𝑧 = +1.0 m).

1 https://www.portofrotterdam.com/en/pressroom/throughput-figures
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Fig. 4. Predictive power of hydrodynamic model regarding salinity. (a)
Measurements versus predictions with the salinity threshold (𝑠𝑙𝑖𝑚𝑖𝑡 =
150 mg Cl− l−1) marked with a black, dashed line; and (b) target plot 
displaying the root-mean-squared-error (RMSE) and bias.

3.2. Quantifying cargo transshipment delays

A port relies principally on the efficient handling of its through-
put. An efficient port means that cascading waiting times in cargo 
transshipments due to downtime and congestion of port infrastructure 
should be limited. Shallower MBLs can increase these waiting times, 
as more vessels will rely on tighter tidal windows, decreasing the 
port’s accessibility. Moreover, shallower bed levels can decrease the 
throughput to the inland port, as the deepest-draughted vessels of 
a fleet may be unable to safely navigate to their assigned berth. If 
these vessels are redirected to more offshore terminals, congestion at 
these terminals can be expected, resulting in a further decrease in port 
efficiency.

To quantify the effects of bed level change on this parameter, 
we deployed an existing nautical traffic model for the PoR, which 
was presented and validated for a specific terminal in Bakker et al. 
(2024b). This deterministic, agent-based model, written in the open-
source simulation library OpenTNSim (van Koningsveld and den Uijl, 
2019; Baart et al., 2022), estimates the cascading vessel waiting times 
due to the interaction between tidal downtime and berth congestion 

https://www.portofrotterdam.com/en/pressroom/throughput-figures
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for the Botlek area. For this, the model uses discrete-event time dis-
cretisation to simulate individual vessels moving over a network graph. 
Thereby, the model assesses vessel behaviour and subsequent waiting 
times by resolving interactions between vessels, capacity-limited wet 
port infrastructure, and hydrodynamics, using algorithms that capture 
the accessibility and berthing policy of the PoR.

In this study, we extended the existing model to include seagoing 
traffic bound to other inland sea terminals that are affected by bed 
level change. For this, we used four data sources from 2022: hindcasted 
vessel data from AIS, hydrodynamic outputs from the OSR model, 
geospatial data, and the port authority’s tidal restriction regulations 
for each inland harbour basin. Based on this data, 12 terminals were 
selected that are affected by tidal restrictions and yearly operate at least 
20 vessels that are affected by a bed level change of 𝛥𝑧 = −5.0 m. The 
following inputs for the nautical traffic model were derived: (1) the 
location of the PoR’s wet infrastructure and their properties (e.g., ca-
pacity, MBL, and tidal restrictions); (2) the vessels of call, including 
their properties (e.g., draught, laytimes and speed); and (3) the tidal 
hydrodynamics (i.e. water levels and current velocities). Details on 
the processing of the above data and the setup of the nautical traf-
fic model can be found in the software publication of Bakker et al. 
(2024a), accompanying the earlier validation study of the nautical 
traffic model (Bakker et al., 2024b).

As the shallower bed levels are expected to fully restrict the pas-
sage of the deepest-draughted vessel through the NWW, the cargo 
throughput to the inland terminals may drop. We assume that this 
is not acceptable for the port, and therefore, this throughput will be 
maintained in the model using replacement coasters. This means that 
arriving vessels with excess draughts are assumed to be redirected 
to a feeder terminal in the offshore port. There they will be light-
ened and the excess cargo will be transferred to and transshipped 
by coasters with a total equivalent transport capacity to the inland 
terminal. Moreover, departing vessels with excess draughts are loaded 
with their excess cargo at the offshore feeder terminal. Again, this cargo 
is transshipped by coasters from the inland terminal.

3.3. Quantifying freshwater availability

The interest of the inhabitants of a delta—or surrounding an estu-
ary—were reflected by freshwater availability. To assess this, we use 
a deterministic, process-based volume-balance method that includes 
freshwater supply, demand, and storage for each water board 𝑏 sep-
arately (Eq.  (1)): 
d𝑉s,𝑏
d𝑡 = 𝐸𝑏 (𝑡) −𝐷𝑏 (𝑡) (1)

where 𝑉s,𝑏 is the storage volume of freshwater [m3] of water board 𝑏, 𝑡 is 
time [s], 𝐸𝑏 is the rate of freshwater extraction [m3s−1] of water board 
𝑏 as a function of 𝑡; and 𝐷𝑏 the demand rate for freshwater [m3s−1] of 
water board 𝑏 as a function of 𝑡.

For simplicity, the freshwater demand 𝐷𝑏 is considered constant 
over time. Moreover, the supply of freshwater 𝐸𝑏 is assumed to be fully 
accounted for by the water intake stations belonging to a water board. 
At each intake station 𝑖, the freshwater extraction rate fluctuates over 
time, as it is a function of the water and salinity levels. Water intakes 
can only extract water using gravity; that is, the water level in the river 
system must exceed a critical water level threshold, typically around 
the mean water level. Furthermore, water intakes can only extract 
water from the river system if salinity levels are below a certain limit; 
in the Netherlands, this limit is 150 mg Cl− l−1 (or 0.27 psu). Hence, 
freshwater extraction only occurs if these two criteria are met (Eqs. (2a) 
and (2b)): 
𝜂𝑖 (𝑡) > 𝜂threshold,𝑖 (2a)

𝑠𝑖 (𝑡) < 𝑠limit,𝑖 (2b)
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Fig. 5. Vessel draught and cargo volume distributions based on AIS data. 
Vertical, coloured lines represent the maximum allowable draught for each 
bed level change.

where 𝜂𝑖 is the water level of the river [m] at water intake station 𝑖; 
𝜂threshold,𝑖 the water level threshold [m] of water intake station 𝑖; 𝑠𝑖 the 
salinity of the river [psu] at water intake station 𝑖; and 𝑠limit,𝑖 the salinity 
limit [psu] of water intake station 𝑖.

Expanding the supply term 𝐸𝑏(𝑡) into contributions from individual 
intake stations and including the constant freshwater demand 𝐷𝑏(𝑡)
over time in Eq.  (1) yields Eq.  (3): 
d𝑉s,𝑏
d𝑡

=
∑

𝑖∈𝑏

𝐸𝑖

(

𝜂𝑖(𝑡), 𝑠𝑖(𝑡)
)

− 𝐷̄𝑏 (3)

where 𝐸𝑖 is the freshwater extraction rate [m3s−1] at intake station 
𝑖, which depends on the water level 𝜂𝑖 (𝑡) [m] at intake station 𝑖 and 
salinity 𝑠𝑖 (𝑡) [psu] at intake station 𝑖; 𝑏 is the set of intake stations 
belonging to water board 𝑏; and 𝐷̄𝑏 the time-averaged demand for 
freshwater [m3s−1] of water board 𝑏.

Based on a review of actual discharge curves of water intake sta-
tions, the model assumes that the extraction rate of freshwater 𝐸𝑖
follows a binary relation (Eq.  (4)) depending on Eqs. (2a) and (2b): 

𝐸𝑖

(

𝜂𝑖(𝑡), 𝑠𝑖(𝑡)
)

=

{

𝐸max,𝑖 if Eqs. (2a) & (2b)
0 else

(4)

where 𝐸max,𝑖 is the maximum extraction rate [m3s−1] of water intake 
station 𝑖; 𝐸𝑖, 𝜂𝑖(𝑡), and 𝑠𝑖(𝑡) as previously defined.

A water board’s storage volume, 𝑉s,𝑏 [m3], is bounded by a min-
imum volume of zero and a maximum storage capacity, 𝑉s,max,𝑏 (Eq. 
(5)): 
0 ≤ 𝑉s,𝑏 ≤ 𝑉s,max,𝑏 (5)

where the variables are as defined previously.
Hence, the model requires the following input: the maximum stor-

age capacity 𝑉s,max,𝑏 [m3] and the yearly average freshwater demand 
rate 𝐷̄𝑏 [m3s−1] of each water board 𝑏, and the maximum extraction 
rate 𝐸max,𝑖 [m3s−1], water level threshold 𝜂threshold,𝑖 [m], and salinity 
limit 𝑠limit,𝑖 [psu] of each water intake station 𝑖. The water level thresh-
old and salinity limit are set to 0.0 m (relative to the local reference 
system: NAP) and 0.27 psu, respectively, for all water intake stations.
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Table 1
Specifications of the main water intakes in the Rhine-Meuse Delta without emergency water supply—derived from van der Wijk 
(2020)—per water board. The labelling of the water boards and numbering of the water intakes reflect the locations numbered 
in Fig.  2. Numbers post-fixed with an asterisk are collectively considered at Krimpen aan de IJssel, marked in Fig.  2. 𝑉s,max,𝑏 is 
the water boards’ maximum storage capacity, 𝐷̄𝑏 is the water boards’ time-averaged freshwater demand rate; and 𝐸max,𝑖 is the 
water intake stations’ maximum extraction rate.
 Water board Intake station 𝑉s,max,𝑏 𝐷̄𝑏 𝐸max,𝑖  
 [m3] [m3s−1] [m3s−1] 
 A. Hollandse Delta 1 Inlaatsluis Spijkenisse 4,000,000 9.1 23.0  
 2 Inlaatsluis Bernisse 23.0  
 B. Delfland (2) Gemaal Winsemius 492,000 2.75 4.0  
 3 Schiegemaal 3.0  
 
C. Schieland &

Krimpenerwaard 

4 Mr. U.G. Schilthuis 528,000 2.5 4.5  
 5* Snelle Sluis & Gemaal Abraham Kroes 3.3  
 6* Gemaal Verdoold 3,408,000 5.6 1.5  
 † Krimpenerwaard 5.6  
 D. Rijnland 7* Gouda 2,086,400 12.0 21.0  
Water shortages occur when the demand exceeds the supply—or 
extraction rate—and the storage is empty. We define water shortage 
as the demand that cannot be provided by the combination of water 
supply and remaining available storage (Eq.  (6)): 

𝑆𝑏(𝑡) = max

[

𝐷̄𝑏 − 𝐸𝑏(𝑡) − max
{

−
d𝑉s,𝑏(𝑡)

d𝑡
, 0
}

, 0

]

(6)

where 𝑆𝑏 is the freshwater shortage rate [m3s−1] at water board 𝑏; 𝑡, 
𝐷̄𝑏, 𝐸𝑏, and 𝑉s,𝑏 as previously defined.

To apply the above metric to the situation in the RMD, we selected 
the main water intakes and their collections without emergency water 
supply based on van der Wijk (2020), which are presented in Table  1. 
Since the hydrodynamic model was found to poorly predict salinity in 
the Hollandsche IJssel, the main water intakes in this branch—marked 
with asterisks in Table  1—were evaluated based on the modelled 
hydrodynamic data at Krimpen aan de IJssel (Fig.  2). Furthermore, 
Gemaal Winsemius and Inlaat Bernisse used the same hydrodynamic 
data; and Krimpenerwaard was projected on hydrodynamic data at the 
mouth of the Lek—i.e. at Kinderdijk (marked with † in Fig.  2).

3.4. Performance indicators

Using the processing methods as described in Sections 3.2 and 3.3, 
we have defined performance indicators reflecting port functioning and 
freshwater availability. The indicators follow actual Key Performance 
Indicators (KPIs) for the stakeholders.

For the port, we used the common KPI of waiting rate (Eq.  (7))—i.e.
vessel trip delays over vessel trip time—expressing the level of maritime 
service and port competitiveness (Park et al., 2020): 

port = 1 −
∑𝑁

𝑘=1 𝑉v,𝑘 ⋅ 𝑡w,𝑘
∑𝑁

𝑘=1 𝑉v,𝑘 ⋅ 𝑡tr,𝑘
(7)

where port is the performance indicator for port performance [–]; 𝑁
is the number of vessels entering the port during the period of interest 
[–]; 𝑉v,𝑘 the vessel volume (c̃argo volume) [m3] of vessel 𝑘; 𝑡w,𝑘 the 
waiting time [s] of vessel 𝑘; and 𝑡tr,𝑘 the trip time [s] of vessel 𝑘.

Herein, the trip time of a vessel is defined as the total time a vessel 
takes to unload its cargo after arriving at the port (or departing from 
a previous terminal) and to load new cargo and depart from the port 
(or arrive at a next terminal). This includes additional waiting time. 
The performance indicator, therefore, ‘‘permits’’ more waiting time for 
vessels with longer trip times and less cargo, thereby adjusting for (cost) 
efficiency. Within the port, however, vessel trip times across vessels are 
generally in the same order of magnitude.

A perfect port performance (port = 1) would be achieved if no 
vessel has delays, i.e. vessel waiting times are zero. An affected port 
will experience cargo transshipment delays: a higher degree of delay on 
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the total trip time results in a poorer operating (less competitive) port. 
Note that port is bounded by zero and, thus, cannot become negative: 
port ∈ (0, 1]. We believe that this rational form can be comprehensive 
for decision-makers and the general public, as it can be interpreted 
as the degree of stakeholder satisfaction. Note that the performance 
indicator can also be calculated for each berth or terminal specifically.

The performance indicator related to the freshwater availability, 
f reshwater , reflects freshwater shortage and thereby the reliability of 
the supply system, a common KPI in freshwater supply (Carvalho de 
Matos Teixeira Coelho, 1996). A perfect performance (f reshwater = 1) 
is achieved when the water board can fulfil the freshwater demand 
at any time. Therefore, this performance indicator is a function of the 
freshwater shortage versus the demand, integrated over the period of 
interest (Eq.  (8)): 

f reshwater = 1 −
∫𝑇 𝑆 d𝑡
∫𝑇 𝐷 d𝑡 (8)

where 𝑇  is the period of interest [s]; 𝑆 the freshwater shortage (Eq.  (6)) 
[m3s−1]; and 𝐷 the freshwater demand [m3s−1]. Note that f reshwater
is also bounded by zero, due to which it cannot become negative: 
f reshwater ∈ [0, 1]. Again, this rational form can be intuitive for decision-
makers and the general public. Moreover, Eq. (8) can be applied to 
each water board 𝑏 independently or collectively across multiple water 
boards using their sum of freshwater demand and supply.

The two defined performance indicators can be traded off using 
the method in Fig.  3. To maintain method comprehension and prevent 
running into politics, we use equal weighting of the objectives and do 
not apply prior valuation across the ranges of the performance indica-
tors; we do not have prior insights into the weighting and valuation 
by the decision-maker and stakeholders. Nevertheless, weighting and 
valuation typically arise in trade-offs and can be incorporated into the 
method (see Eq.  (9) in Section 5.3).

We assessed the trade-off using multi-objective optimisation, which 
leads to the generation of Pareto-optimal solutions (e.g., Emmerich 
and Deutz, 2018). This set of solutions consists of the performance 
indicators for each stakeholder per bed level change scenario. Assuming 
linear behaviour between these outcomes, a trade-off curve can be con-
structed through interpolation. The trade-off curve cannot be further 
improved upon (e.g., Deb, 2001); a so-called a posteriori method to 
inform decision-makers about the optimal alternatives without making 
a choice a priori (Miettinen, 1998). Note that this approach results in 
a collection of optimal solutions, not a single ‘‘optimal solution’’. Here, 
‘‘optimal’’ refers to the best trade-off between the chosen performance 
indicators, which is at best as good as the indicators themselves. For 
simplicity, this study focuses on a single trade-off curve between the 
interests of the bed level change affected terminals of the PoR jointly 
and the collective water boards. However, trade-off curves of individual 
water boards are also quantified.
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Fig. 6. Contribution of the delay time to the total cargo transfer time caused 
by transferring cargo between vessels, berth congestion, and tidal windows.

4. Results

4.1. Delayed throughput

The AIS data analysis revealed that 90.8% of the vessel trips calling 
at the selected terminals are not affected by a shallower NWW of 11.5 m 
(𝛥𝑧 = −5 m, Fig.  5). Notably, vessels with draughts greater than 12.0 m 
undertake less than 1.0% of the total trips, and are therefore not clearly 
visible in the draught distribution of Fig.  5. However, since larger, 
deeper-draughted vessels transport relatively more cargo, we observe 
that up to 22.9% of the cargo has to be transferred to the replacement 
coasters (for 𝛥𝑧 = −5 m). The shallower the NWW, the greater the 
number of deep-draughted vessels that are impeded from navigating 
this channel, the more trips are required with replacement coasters.

In line with this observation, the nautical traffic model predicts that 
the inland part of the PoR is highly affected by a shallower NWW 
(Fig.  6): the average delivery time increases with a shallower NWW. 
This is mainly caused by the additional delay of transferring cargo to 
the replacement coasters, which increases with shallower MBLs. Conse-
quently, the waiting rate increases, decreasing the port’s performance. 
In addition, extra congestion arises as more vessels are required to 
transship the same amount of cargo—i.e. the additional replacement 
coasters. Delays due to tidal restrictions are also increasing, as with 
shallower depths more vessels rely on tidal windows. However, this is 
only a marginal effect.

In contrast, we observed that a deeper NWW will not lead to a sub-
stantially better performing port for the current fleet of call. Although 
the delays due to tidal restrictions slightly decrease, the port remains 
subject to congestion of berths. In other words, given the current bed 
levels, congestion is the dominating factor of delay in the port.

4.2. Water shortages

The results of the freshwater supply model are presented in Fig.  7. 
The model predicts that the overall freshwater availability improves 
with shallower bed levels; freshwater shortages decrease. Note that the 
shortages in Fig.  7 are expressed in volume per area, which causes the 
summation of shortages of all four water boards to be less than the 
sum of all water boards. In essence, these numbers resemble rainfall 
deficits, which range between virtually zero (Fig.  7c and d) to shy of 
0.2 m (Fig.  7e) with the current MBL (16.2 m). Generally, the water 
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boards become more robust to a drop in the discharge of the NWW 
with shallower bed levels. This improves the starting position at the 
beginning of the drought and postpones and reduces the effects of the 
drought on the water intakes.

For the water boards in specific, the Delfland and Hollandse Delta 
water boards are the least susceptible to the drought conditions in their 
freshwater availability (Fig.  7b and c) despite being closest to the sea 
(Fig.  2). The influence of reducing the MBL is, therefore, also least 
profound in these water boards. The other two water boards, however, 
show a greater dependence between freshwater shortages and the MBL 
(Fig.  7d and e). This is related to the source of freshwater extraction: 
the Delfland and Hollandse Delta water boards mainly extract from the 
man-made freshwater lake in the southern RMD—the Haringvliet and 
the connected Brielse Meer—which is more robust to droughts (Fig. 
1). The other two water boards are more reliant on freshwater from 
the northern RMD, which is more strongly affected by droughts and 
changes in the water depth of the NWW.

In contrast to the above, further deepening the NWW (i.e. 𝛥𝑧 =
+1.0 m) barely affects the freshwater availability with respect to the 
reference case (i.e. 𝛥𝑧 = ±0.0 m). It is only at the Schieland & Krimpen-
erwaard water board where deepening results in a minor increase in 
freshwater shortage (Fig.  7e).

4.3. Pareto front

Fig.  8 presents the obtained trade-off curves between the perfor-
mances of the port, port , and the water boards, f reshwater . The shape 
of the trade-off curves aligns with the modelling results. The port 
performance drops significantly with shallower bed levels, particularly 
from 𝛥𝑧 = −3.0 m onwards. On the other hand, the joint performance 
of the water boards improves step-wise with decreasing MBL. The 
port performance seems more impacted by shallower MBLs than the 
collective performance of the water boards, shown by the angle of the 
Pareto front and the range of the values covered. However, the trade-
off curve differs per water board. The performance of the Delfland and 
Hollandse Delta water boards is barely impacted by the MBL, which 
aligns with their largely unaffected freshwater shortages (Fig.  7c and 
d). In contrast, the performance of the Schieland & Krimpenerwaard 
and Rijnland water boards is more or less equally heavily impacted 
as the performance of the port, aligning with their severely impacted 
freshwater shortage (Fig.  7e and f).

Furthermore, the increase in port performance with a deeper NWW 
beyond the MBL of 16.2 m is limited, given the current fleet composi-
tion (Fig.  8). This is in line with the expectations from the results of the 
nautical traffic model. Although the accessibility of the port increases—
delays due to tidal windows decrease (Fig.  6)—few vessels benefit from 
deeper MBLs (Fig.  5). In addition, a deeper NWW results in a negligible 
impact on the performance of the water boards. This corresponds with 
the results from the freshwater supply model, predicting comparable 
freshwater shortages for the reference and deepening scenarios (Fig. 
7).

5. Discussion

The MBL in the NWW has a profound influence on the performance 
indicators of both the port and the water boards, resulting in a Pareto 
front (Fig.  8). The resulting trade-off curve is illustrative but also 
sensitive to assumptions. Therefore, this section reflects on the under-
lying assumptions in the framework setup and application, including 
the design of the performance indicators and model simplifications 
(Section 5.1). Hereby, we focus on the concepts of completeness, trans-
parency, and advocacy, as described by Keeney and Raiffa (1993). 
In addition, this section further emphasises the significance of the 
results for implementing effective draught countermeasures beyond 
shallowing (Section 5.2), and the broader potential of the framework 
in policy and decision-making through Pareto valuation (Section 5.3).
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Fig. 7. The influence of the MBL on the water shortages. (a) Discharge at Lobith; (b) temporal development of cumulative water shortages for all water boards; 
and cumulative water shortages per water board: (c) Delfland, (d) Hollandse Delta, (e) Schieland & Krimpenerwaard, and (f) Rijnland. Shortages are expressed 
as defined by Eq.  (6).
Fig. 8. Pareto front of the stakeholder performance indicators as a function of 
the water depth. The collective is shown as the black line with dots coloured 
by bed level change, and individual water boards are presented in grey.

5.1. Trade-off curve uncertainty and sensitivity

The choice of the framework’s underlying models and definition of 
the performance indicators influences the shape of the Pareto front. 
Models are always ‘‘wrong’’ in the sense that they are simplifications 
of reality, and thereby inherently incomplete. Moreover, model as-
sumptions and definitions of performance indicators generally include 
some form of advocacy—although not always intentionally. In this 
subsection, we reflect on the most impactful modelling decisions within 
the overall framework.
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First, this study has implemented a relatively simple hydrodynamic 
model designed to assess water levels and current velocities accurately. 
Although the model yields relatively fast results with satisfactory pre-
dictions regarding salinity for the reference situation (Fig.  4), there 
remains some uncertainty whether the underlying processes for salt 
intrusion are sufficiently represented to rely on the outcomes of the 
scenario runs (Kranenburg et al., 2015). The model’s underestimation 
of the saltwater intrusion could have resulted in a more profound 
impact on the performance of the water boards. In addition, the model’s 
poor predictive power regarding salinity inside smaller branches of 
the RMD—where local freshwater discharges and extractions become 
dominant—and the subsequent assumptions could have impacted the 
results. Therefore, to improve the accuracy of the results, we advise 
using a more detailed hydrodynamic model for direct implementation 
and cross-validation of the simpler OSR model (Fig.  2; e.g., Geraeds 
et al., 2025; Gerritsma, Avelon Verlaan et al., 2025, describe detailed 
hydrodynamic models focused on salt dynamics in the RMD). Note, 
however, that the implementation of such models comes at higher 
computational costs, which might further complicate the application 
of the framework.

Second, the predicted waiting times are highly dependent on the 
setup of the nautical traffic model and its underlying assumptions—
particularly the maintained cargo throughput to the inland terminal 
by smaller replacement vessels and the choice of replacement vessel 
type. The model neglects tugs, pilots, background traffic, and terminal 
cargo flows, which affects the nautical traffic behaviour (Bakker et al., 
2024b), and could have resulted in a more impacted port performance. 
Furthermore, the nautical traffic model and the port performance indi-
cator (Eq.  (7)) were highly dependent on AIS data as input. Although 
generally of good quality, GPS location errors could have resulted 
in modelling discrepancies in terms of erroneous vessel laytimes and 
speeds. Moreover, as vessel dimensions in the AIS data are known to be 
susceptible to uncertainty—especially the exact hull shape and draught, 
which is sometimes purposefully underreported (Meyers et al., 2022) 
and affected by intake of ballast water—the calculation of the cargo 
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volumes and number of required replacement vessels includes errors, 
directly affecting the port performance indicator. Therefore, further 
improvements to the nautical traffic model and AIS data analysis are 
recommended, preferably by engaging with stakeholders and experts. 
The open-source OpenTNSim simulation library enables these improve-
ments. Despite the above assumptions and possible errors, we believe 
that the state-of-the-art nautical model performed as intended, and the 
resulting levels of port performance are trustworthy.

Third, the use of a simple freshwater volume-balance model may 
have affected the estimation of the performance indicator for fresh-
water availability—i.e. Eq.  (8). The model strongly depends on the 
quality of the hydrodynamic model’s salinity predictions. Furthermore, 
the model simplifications—i.e. the time-constant freshwater demand, 
single water level thresholds and salinity limits, and the exclusion of 
precipitation—could have led to discrepancies with reality. The model 
is sensitive to its input parameters—particularly the extraction rates 
of the water intake stations and the freshwater demand of the water 
boards. Despite these simplifications, the results are in accordance with 
experienced shortages reported by van der Wiel et al. (2021). However, 
further model improvements based on engagement with stakeholders 
and experts are recommended to improve the completeness of the 
decision problem in future research.

Fourth, the defined performance indicators—although according 
to our best understanding of the problem and purposefully designed 
as objective, non-monetary metrics to describe the interests of the 
stakeholders as closely as possible—inevitably have been subject to 
some advocacy. Other performance indicators could have been used, 
e.g., processed cargo throughput or cumulative freshwater shortage. 
In addition, the scope of focusing on the bi-objective decision prob-
lem between the interests of ports and water boards limits the deci-
sion objective space for this particular application. The above choices 
could easily have influenced the interpretation of the trade-off curve. 
However, the presented trade-off method is transparent—if underlying 
modelling results are reported adequately—and flexible to support 
other sets of performance indicators and can also include more stake-
holders. Hereby, the objective is to achieve a unanimous and com-
plete understanding and interpretation of the decision space, reducing 
advocacy and bias. Such an approach requires engagement of the 
stakeholders, experts, and decision-makers to achieve a unanimous and 
complete interpretation of the trade-off. Note, however, that the perfor-
mance indicators implemented remain metrics and, thereby, inherently 
incomplete (Muller, 2021).

At last, we only assessed the trade-off for the year 2022, which 
contained a severe drought resulting in an ‘‘extremely rare low flow’’ in 
the Rhine (Toreti et al., 2022; Wegman et al., 2025), while the shape of 
the trade-off curve is sensitive to the environmental and socioeconomic 
conditions—e.g., a dry versus a wet year, or a quiet versus a busy 
year in terms of nautical traffic. As decisions must be made for a 
defined horizon—i.e. the lifetime of an intervention—future application 
of the framework should account for such sensitivity in hydrodynamic 
forcing and socioeconomic developments. For example, bed level de-
signs are typically made for the coming tens of years, as capital and 
maintenance dredging costs and underlying contracts are involved, 
thereby impacting stakeholders for this complete horizon. Therefore, 
future-proof decision-making cannot rely on a hindcast assessment 
of a single year—e.g., 2022. Instead, the trade-off curve should be 
probabilistic—i.e. an expected trade-off curve with an associated band-
width based on which a final curve can be established using risk 
analysis—incorporating uncertainty over the entire decision horizon, 
including that arising from climate change (e.g., sea level rise and more 
severe, prolonged droughts) and socioeconomic trends (e.g., increased 
freshwater demand and the use of more and/or deeper-draughted 
vessels). On the one hand, this necessitates a sensitivity analysis on 
model parameters and underlying assumptions and definitions of per-
formance indicators. On the other hand, this requires various realistic 
external boundary conditions for the underlying models—e.g., time 
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series of (extreme) discharges, various degrees of sea level rise, various 
fleet compositions, and changing water demand. A downside of this 
approach is the involved computational cost of having many simulation 
runs, as uncertainty propagates from the hydrodynamic model to the 
stakeholder impact assessment models. Therefore, fast models should 
be typically used for this, combined with a limited simulation period—
e.g., the duration of a drought, or the month of normative nautical 
traffic. Moreover, adaptive sampling machine learning techniques (e.g, 
Hendrickx et al. (2023b)) that dynamically explore the decision space 
could assist in downscaling the problem dimensions, focusing on the 
most profound uncertainties and most sensitive parameters.

5.2. Drought countermeasures

Despite the possible crude model assumptions and omission of sensi-
tivity and uncertainty, the modelling results and trade-off curve provide 
useful and transparent information for optimising the joint performance 
of stakeholders in the RMD. For example, the relative marginal impact 
on port performance for a 1.0 m shallower NWW (𝛥𝑧 = −1.0 m) 
could be beneficial for the port in reducing the dredging requirements. 
Moreover, while shallower bed levels seem to significantly improve the 
resilience of freshwater supply, a MBL of 11.2 m would not even be 
sufficient to protect all water boards in the RMD from water shortages 
during a severe drought such as in 2022 (𝛥𝑧 = −5.0 m in Fig.  7). Thus, 
additional measures to secure drinking water safety are required; the 
alternative water supply system in place in the Netherlands to cope 
with extreme drought conditions by relocating freshwater between 
water boards—a plan that was also successfully employed during the 
drought in 2022 (van der Heijden et al., 2024)—remains critical for 
the years to come, although this might not be a robust solution in 
the long term. This claim was validated with our freshwater supply 
model, as including the alternative water supply system would lead to 
no freshwater shortages.

In addition to—or instead of—such a system, more robust and 
permanent measures could be taken to enhance the resilience of the 
freshwater supply to climate change and socioeconomic developments. 
Regarding the freshwater availability, there are four components that 
can alleviate the stress during droughts: (1) increase the freshwater 
storage capacity (𝑉𝑐); (2) increase the maximum extraction rate (𝐸max); 
(3) reduce the freshwater demand (𝐷); and/or (4) move water intakes 
away from salt-sensitive regions. Note that these components should 
not be considered in isolation, but can be combined to establish a 
resilient freshwater management system. The last component is also 
what makes the Delfland and Hollandse Delta water boards relatively 
insensitive to the MBL of the NWW: these water boards extract the 
majority of their freshwater from the southern RMD—namely the man-
made, freshwater lake Haringvliet. Current plans to reconnect the 
Haringvliet with the North Sea by (partially) opening the Haringvliet 
sluices (Brevé et al., 2019; Reeze et al., 2022) can lead to increased 
salinisation (Kranenburg et al., 2023) and should therefore be carefully 
assessed (Hendrickx et al., in prep). In addition, other (nature-based) 
measures can be taken to reduce saltwater intrusion—i.e. Chen et al. 
(2025)—that may be less impactful for port performance.

5.3. Performance valuation

The Pareto front in Fig.  8 transparently and intuitively shows the 
trade-off between the port and freshwater performances arising from 
modifying the MBL and is useful in policy and decision-making. Given 
the front, the mathematically optimal solution can, amongst other 
methods, be achieved by maximising the square area below the Pareto 
front, the sum of the performance indicators, the point of maximum 
steepness of the Pareto front, or the minimal distance of the curve 
to a selected point optimum (e.g., Emmerich and Deutz, 2018). For 
example, in this study, an optimum of a bed level change of −2.0m 
is found for the collective trade-off curve. The optimum for individual 
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Fig. 9. Valued Pareto front based on arbitrary valuation functions using Eq. 
(9). The unvalued Pareto front is faded and presents the same data as in Fig. 
8.

water boards, however—e.g., Schieland & Krimpenerwaard and Rijn-
land, which are more impacted by the bed level of the NWW—the 
optimum shifts towards −3.0m. Note that these numbers are first esti-
mates, given the possible crude model assumptions, lack of uncertainty 
quantification, and incomplete decision space, and should, therefore, 
not be adopted yet.

To actually ‘‘use’’ the trade-off curve in policy and decision-making, 
it should include the valuation of the solution space by stakeholders 
and the bias of the decision-maker in terms of weighting factors of 
the performance indicators in terms of preference based on stakeholder 
influence or importance. Such weighting and valuation are subjective 
and part of the policy and decision-making process. In general, the 
valuation of each individual performance indicator is nonlinear, and 
can put limits on the allowable performance values. To maintain the 
intuitive visualisation of the Pareto front, the weighting and valuation 
can be included by means of weighting factors and valuation functions, 
respectively (Eq.  (9)): 

𝑝
(

𝑥⃗
)

= 𝑤𝑝 ⋅ 𝑣𝑝
(

𝑝
)

⋅ 𝑝
(

𝑥⃗
)

(9)

where 𝑝 is the valued performance indicator 𝑝 [–]; 𝑤𝑝 is a weighting 
factor of the decision-maker for each performance indicator 𝑝 [–]; 𝑣𝑝
the valuation function of performance indicator 𝑝 [–]; 𝑝 the (unvalued) 
performance indicator 𝑝 [–]; and 𝑥⃗ the design parameter(s).

A transformation of the collective Pareto front (Fig.  8), using val-
uation functions, is presented in Fig.  9. Note that these valuation 
functions are arbitrarily defined and intended as examples of how they 
transform the Pareto front. A minimum performance can be enforced 
by setting a very low valuation for performances below this minimum; 
e.g., in Fig.  9, the port performance and freshwater supply performance 
are required to be port ≥ 0.6 and f reshwater ≥ 0.8 respectively 
(approximately).

Although the valuation functions in Fig.  9 are both smooth, tipping 
points that are relevant for stakeholders may arise and can be reflected 
by discontinuities in the functions. As the definition of such a valuation 
function is subjective, political, and subject to the zeitgeist, we have 
only included example valuation functions in Fig.  9 and refer to Keeney 
and Raiffa (1993) and Greco et al. (2016) for methods to define 
such functions, which are intended to reflect the stakeholder interests 
through stakeholder engagement.
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Figs.  8 and 9 illustrate how insightful and intuitive the use of Pareto 
fronts is in policy and decision-making; they clearly show the trade-
offs associated with the policies and decisions at stake. These features 
make such visualisations also useful in communicating the policy and 
decision-making process with the public, who are generally not experts 
in the field but are highly affected by the policies and decisions being 
made. This is particularly useful in digital twins (Wannasin et al., 
2024), integrated assessment models (Pourteimouri et al., 2024), and 
serious games (den Haan et al., 2020, 2024).

Although we have limited ourselves to two performance indicators 
and one design parameter in this study, the presented approach—
i.e. the use of design parameters, performance indicators and a Pareto 
front—can easily be upscaled to multiple dimensions (e.g., Emmerich 
and Deutz, 2018). Note that with increasing dimensionality, visualising 
the trade-offs might become harder due to the human visual limit of 
three dimensions. Moreover, the construction of a complex multidi-
mensional Pareto front requires lots of Pareto points, and hence lots of 
model simulations. Therefore, an effective sampling method—e.g., an 
adaptive sampling approach—could be used to limit the number of 
(expensive) model simulations (Gramacy and Lee, 2009; Hendrickx 
et al., 2023a). Additionally, computationally efficient hydrodynamic 
and stakeholder models can be employed, which may come at the cost 
of precision and resolution. For example in this research, the idealised 
and simplified saltwater intrusion model of Biemond et al. (2024) 
could become useful in a fast prediction of the freshwater availability 
performance; the nautical traffic and freshwater supply models applied 
in this paper are deemed sufficiently computationally efficient.

At last, we would like to highlight the general applicability and 
usefulness of the trade-off method approach in other case studies. 
An example is the decision on partially opening of the Haringvliet 
sluices in which freshwater availability and ecology have to be traded 
off (Section 5.2; Hendrickx et al., in prep). Other examples may contain 
the future design and management of the highly urbanised and strongly 
stressed RMD and other worldwide deltas. Especially here, we foresee 
that the presented system-scale and objective approach would be a 
highly effective tool for policy and decision-makers in obtaining the 
most effective solutions given the most urgent of challenges.

6. Conclusion

In this study, we assembled a general framework to explore the 
socioeconomic implications of bed level change of the Rhine-Meuse 
Delta’s primary outlet channel, considering the severely dry year of 
2022. Thereby, we assessed the trade-off of the dissimilar, conflicting 
interests of the two major stakeholders in the area: (1) the Port of 
Rotterdam, located at the mouth of the delta, that uses the channel as 
its main deep waterway route; and (2) the water authorities extracting 
freshwater from the inland delta, i.e. the water boards. The frame-
work requires carefully selected objective, non-monetary performance 
indicators to quantify the trade-off using Pareto optimisation. These 
indicators were calculated based on two separate stakeholder impact 
assessment models, namely a nautical traffic model and freshwater 
supply model. The models were fed with the output of a hydrodynamic 
model and other operational data, such as vessel tracking data and 
properties of the main freshwater intake stations. Thus, a link was 
created between the physical system and the performance of the stake-
holders; by varying the bed level of the channel in the hydrodynamic 
model, we obtained the impact on the stakeholder performance indica-
tors. This resulted in a Pareto front showing that shallower bed levels 
deteriorate port accessibility, while improving freshwater availability 
(Fig.  8).

We have shown that the obtained Pareto fronts provide valuable 
insights into the trade-offs of interventions in any multidisciplinary 
setting. Although this study has limited its multidisciplinary assessment 
to two stakeholders, this approach can easily be extended to multiple 
dimensions—i.e. multiple stakeholders with multiple objectives. The 
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Pareto front is a visually intuitive way of showcasing the benefits and 
costs of various scenarios for different stakeholders. With the use of 
valuation functions, the Pareto front can be transformed to represent 
performance values, maintaining the intuitive visual representation of 
Pareto fronts (Fig.  9). These characteristics make Pareto fronts useful 
tools for policy and decision-makers, as well as for communicating with 
the public.
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