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Wave-driven desalination systems are an innovative solution to the global freshwater crisis, leveraging
the complementary characteristics of seawater reverse osmosis and wave energy converters. However, the
high costs of this system pose a significant barrier to widespread adoption. Optimization can help these
systems reach a more competitive levelized cost of water, but the highly coupled nature of the system
necessitates a multidisciplinary design optimization approach. This paper presents a holistic, multidisciplinary
design optimization framework for wave-driven desalination system design, integrating models for wave
energy converter hydrodynamics, power take-off transmission, seawater reverse osmosis constraints, and
economic analysis. This study demonstrates the impact of multidisciplinary design optimization for wave-driven
desalination systems, resulting in a 69.5% reduction in levelized cost of water within this modeling framework
compared to a nominal design. We demonstrate that multidisciplinary design optimization outperforms two
different sequential design approaches, yielding lower levelized costs of water and substantially different
optimal designs. The multidisciplinary design optimization results suggest major design changes compared
to designs found in the literature. Notably, smaller wave energy converters and larger pistons, along with
smaller accumulators and larger seawater reverse osmosis plant installations, are preferred within this modeling
framework. These design trends are consistent across a range of sea states, suggesting potential generalizability
beyond a single location. This study demonstrates the importance of holistic modeling and co-design for wave-
driven desalination systems and establishes an effective optimization framework for future studies to build
upon.
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1. Introduction can directly supply via hydraulic power take-off (PTO) systems, en-

abling wave-driven desalination [7]. This direct-drive approach avoids

The global freshwater crisis necessitates innovative solutions for
clean water production. Demand for freshwater is anticipated to grow
by over 40% by 2050, while droughts, urbanization, and uneven wa-
ter distribution further strain existing supplies [1]. Seawater reverse
osmosis (SWRO) is a proven method for desalination, but is energy
intensive, typically requiring 2-4 kWh/m? of freshwater produced [2].
This results in significant energy costs, accounting for 25%—-40% of
typical total freshwater production expenses [3]. When powered by
fossil fuels, it further exacerbates global water scarcity challenges [4].
Ensuring sustainability, therefore requires SWRO powered efficiently
through renewable energy sources.

Various renewable energy sources, such as wind [5] and solar [6],
have been explored for powering SWRO. Wave energy converters
(WECs) are a particularly promising option due their natural co-
location with coastal SWRO plants. Beyond sharing a marine envi-
ronment, WECs and SWRO plants have complementary operational
characteristics [3]. SWRO requires high-pressure seawater, which WECs
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intermediate electricity generation, potentially improving overall sys-
tem efficiency and reducing system complexity. Despite wind and
solar energy’s greater level of technical maturity and lower costs, this
potential direct-drive approach makes wave powered SWRO worth
studying.

Despite their potential, WECs face significant challenges limiting
their widespread adoption [8]. These challenges include maintaining
PTO efficiency over a broad operating spectrum, ensuring survivability
and long-term reliability in harsh marine environments, and reduc-
ing high system costs, among many others. While survivability and
reliability remain active areas of materials and structural research,
design optimization can be leveraged to improve system efficiency
and economic viability. Multidisciplinary design optimization (MDO)
offers a systematic framework for addressing this challenge by con-
sidering multiple subsystems simultaneously and optimizing overall
performance rather than isolated components [9]. While widely used
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in industries such as aerospace, MDO has only recently gained traction
in the WEC community.

Control co-design (CCD), a subset of MDO that jointly optimizes
system design and control strategy, has received growing attention
in this field. Pefia-Sanchez et al. (2022) used CCD to show that PTO
sizing is a non-linear design problem [10]. Rosati and Ringwood (2023)
applied CCD to an oscillating water column WEC and found PTO sizing
to be crucial for minimizing levelized cost of energy (LCOE) [11].
Michelén Strofer et al. (2023) achieved a 22% increase in electrical
power output using CCD, demonstrating the importance of impedance
matching for WEC PTOs [12]. Grasberger et al. (2024) reported a 60%
reduction in LCOE using MDO when compared to traditional design
methods [13].

MDO is particularly effective for these problems due to strong inter-
actions between subsystems. Garcia-Rosa and Ringwood (2016) show
that LCOE-optimal WEC and PTO design highly sensitive to control
strategy, underscoring the importance of CCD [14]. Coe et al. further
explored these interactions through impedance matching studies. Coe
et al. (2021) demonstrated that while well-established control tech-
niques, (e.g., causal feedback control and impedance matching), are
effective for WEC control, they depend on a well-designed PTO system
that properly shapes system impedance [15]. Coe et al. (2025) extended
this work by applying impedance matching directly to PTO design [16].
Although these studies focus on rack-and-pinion style WEC PTOs for
electricity generation, impedance matching principles are also relevant
to hydraulic PTOs with rectifying behaviors [17], such as those used in
wave-driven desalination systems.

These MDO and impedance matching studies highlight the need
for holistic models that incorporate wave dynamics, PTO performance,
and control strategies in optimizing electricity-generating WECs. How-
ever, these approaches have not yet been extended to wave-driven
desalination systems, leaving a critical gap in research.

Yldnen and Lampinen (2014) explored pump sizing and operating
pressures in wave-driven desalination systems, but did not account for
transient dynamics or the resulting impact on WEC performance [18].
Yu and Jenne (2017) conducted a techno-economic analysis of desali-
nation plant capacity sizing trade-offs, but considered this decision in
isolation, limiting the completeness of the trade-off exploration [19].
Their follow-up work (2018) modeled additional PTO components such
as accumulators and pressure relief valves, but only in binary terms
(either included or not), without optimizing their sizing [20]. Brodersen
et al. (2022) compared PTO architectures for a batch process wave-
driven desalination system, but did not perform design optimization or
sizing studies [21]. Suchithra et al. (2022) carried out sequential sizing,
but without capturing system interactions in the design process [22].
Simmons and Van de Ven (2023) examined how PTO architecture
affects freshwater production and flow smoothing, but focused solely on
PTO design without co-optimizing the WEC design [23]. Although these
papers present holistic models that account for the coupled dynamics
of wave-driven desalination systems, they do not leverage them within
an MDO framework.

When optimizing WEC systems, it is important to account for sea
state variability. Robertson et al. (2022) showed that optimal WEC ge-
ometry depends strongly on the incident wave spectrum [24]. Because
wave conditions vary even at a single location, designs should be evalu-
ated across a range of sea states. Many studies adopt this approach; for
example, Stroefer et al. (2023) use a weighted average of performance
across multiple sea states as the objective function [12]. In contrast, this
study optimizes the design for various sea states individually, providing
clearer insight into how sensitive of the optimal design is to sea state.

This paper addresses these gaps by introducing a holistic multidis-
ciplinary design optimization framework for wave-driven desalination
system design. While MDO is well established and has been applied
broadly in energy systems, prior applications to wave energy have
largely focused on electricity-generating WECs, and prior wave-driven
desalination studies have not yet leveraged MDO. This paper formulates
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Fig. 1. Simple wave-driven desalination system concept sketch.
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Fig. 2. Hydraulic circuit diagram of the wave-driven desalination system.

the wave-driven desalination system as a coupled co-design problem
in which WEC hydrodynamics, power take-off transmission, seawater
reverse osmosis operating constraints, and economic performance are
optimized simultaneously. This coupling is important because design
choices that improve wave energy capture do not necessarily minimize
desalinated water cost once PTO behavior, RO feasibility constraints,
and sea-state-dependent operation are included. The core contributions
of this work are therefore: (i) an integrated MDO formulation and mod-
eling workflow for system-level co-design of wave-driven desalination
systems; (ii) a quantitative demonstration of the value of simultaneous
co-optimization relative to more sequential or decoupled design ap-
proaches; and (iii) identification of robust design trends across a range
of representative sea states, providing insight into how optimal WDDS
configurations depend on wave-resource conditions. In Section 2, the
formal MDO problem formulation is presented, defining the design
space and providing an overview of the holistic model. Section 3 details
the disciplinary models. Section 4 presents the optimization study
results, which are further discussed in Section 5. Finally, conclusions
and study limitations are presented in Section 6.

2. Problem formulation

Fig. 1 illustrates a simplified wave-driven desalination system,
where an oscillating surge wave energy converter (OSWEC) drives a
hydraulic cylinder to pressurize seawater and supply an onshore SWRO
desalination plant, producing freshwater without significant external
energy input. While Fig. 1 provides a high-level overview, it omits
several hydraulic components included in this study. Fig. 2 presents the
full hydraulic circuit, which incorporates an accumulator for pressure
smoothing over short time-scales, a pressure relief valve to prevent
exceeding SWRO plant capacity, a brine throttle valve to regulate
recovery ratio, and directional valves. Mi et al. (2023) experimentally
tested a similar system, demonstrating feasibility, although their system
did not include a pressure relief valve [25]. While alternative config-
urations are possible, such as the use additional storage in place of a
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Fig. 3. xDSM diagram of the wave-driven desalination system optimization problem. Note Psawater> Pmembrancs Pwaves> @4 Pplane T€PTesent vectors of parameters
related to the membrane, seawater, sea state, and desalination plant architecture respectively.

pressure relief valve or the incorporation of energy recovery devices
to recycle energy from the brine stream, the present configuration was
selected as a relatively simple platform for evaluating representative
design trade-offs in wave-driven SWRO systems. In addition, this work
does not consider site selection and instead assumes a deployment
site that satisfies the bathymetry, water depth, and distance-from-shore
constraints associated with a nearshore fixed-bottom installation.

2.1. Multidisciplinary design optimization framework

The optimization problem in this study is formally defined as:

Minimize LCOW(x,p; i)
by varying x
subjectto g<0
while solving R(x,p;2) =0

for o

where LCOW (levelized cost of water) is the objective function (dis-
cussed in Section 3.4). The design vector, x, contains variables related
to WEC, PTO, and SWRO plant, summarized in Table 1. p contains pa-
rameters related to environmental conditions and fixed design choices
(shown in Appendix A). & represents the coupled variables solved for
by R, the governing equations of the various disciplinary modules:
geometry, seawater desalination, hydrodynamics, rigid body dynamics,
hydraulics, and economics. The problem is subject to inequality con-
straints (g) on piston motion and pressure, enforced within the system
dynamics module (rigid-body dynamics and hydraulics submodules),
which is further described in Section 3.3.

Fig. 3 presents a graphical representation of the MDO problem using
an Extended Design Structure Matrix (xDSM) [26]. The diagram uses
gray lines to illustrate the flow of information between the disciplinary
modules (green boxes), optimizer (blue stadium), and internal solver
(orange stadium), while gray parallelograms indicate module inputs
and outputs. The white parallelograms show optimizer level inputs and
outputs.

A summary of the design space is shown in Table 1. WEC variables
consist of the width, w [m], thickness, ¢ [m], and mass, m [kg], of the
OSWEC. PTO variables include the OSWEC hinge to PTO joint length,
¢, [ml, piston area, A, [m2], accumulator volume, Vace [m3], and
accumulator pre-charge pressure, P, [MPa]. Finally, the SWRO plant
variable is the plant capacity, QO [m3/day]. Many of these variables
can be visualized in Fig. 4.

Some design parameters are excluded from the design space. WEC
height, draft and mechanism variables £, and #; are fixed to reduce

p.max

Table 1

Design Variables, including nominal values [20]. Bounds with citations use
the same bounds as the cited work, otherwise, bounds are set by engineering
judgment.

Variable Nominal value Lower bound Upper bound
w 18 m 4 m [13] 24 m

t 2m 0.8 m [13] 3m

m 127 x 10° kg 50 x 10° kg 500 x 10° kg
¢, 2m 0.1 m 4 m

A, 0.26 m? 0.1 m? 1 m?

Ve 4 md 0.01 m? 6 m?

P 3 MPa 3 MPa 6 MPa

Q) max 3150 m®/day 1000 m®/day 10000 m®/day

the dimensionality of the design space dimensionality, since the re-
maining variables provide sufficient control of the system’s dynamic
characteristics. WEC thickness adjusts the stiffness of the WEC with
minimal impact on other dynamic properties, while WEC mass controls
the WEC’s inertia. Although width affects WEC stiffness, inertia, and
excitation force, stiffness and inertia can already be tuned indepen-
dently through thickness and mass, allowing width to primarily adjust
the excitation force and damping. This combination provides sufficient
control over the WEC’s dynamic response. The mechanism variables
only affect the effective mechanical advantage of the pumping mech-
anism; therefore, only the most sensitive parameter, ¢}, is included in
the design space.

This study uses parameters similar to those used by Yu and Jenne
(2018) [20]. Full tables of parameters, including environmental condi-
tions, fixed design variables, and economic parameters, can be found
in Appendix A. Constraints are applied to device stroke length, maxi-
mum hydraulic circuit pressure, and minimum piston cylinder pressure.
These are all enforced in the system dynamics module, Section 3.3.

Due to the absence of accessible gradients in the hydrodynamics
and system dynamics modules, a genetic algorithm (GA) is utilized.
Table 2 contains the GA hyperparameters used. Since premature con-
vergence was a major issue in the optimization process, an aggressive
immigration strategy is used, where every 50 generations, 75% of the
population is replaced with new randomly generated individuals. This
strategy is effective at preventing early convergence, but it increases
the computational cost of the optimization process.

2.2. Sequential design optimization approach
MDO can be a computationally intensive task, which limits its

potential applications. To quantify the importance of MDO for this
specific application, a comparison is made between MDO and two
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Fig. 4. WEC (a) and mechanism (b) dimensions. Note that & represents the WEC height, which is a parameter rather than a design variable.

Table 2
Genetic algorithm hyperparameters.
Parameter Value Units
Population size 400 -
Mutation rate 0.2 -
Crossover rate 0.8 -
Number of elites kept 1 -
Tournament size 2 -
Bits per variable 8 -
Immigration interval 50 generations
Immigrant population size 300 -
(A) WEC %prtlLrglozf? PTO PTO Optimize SWRO
I for LCOW
(w/ no SWRO)
Opimize Isolated WEC
for LCOKE WEC
Sﬁt[gg\zSWRO Optimize PTO
(B) WS (w/ nominal PTO) SVIRL ™ |for L COW

Fig. 5. Flow charts for the sequential design optimization approaches.

sequential design optimization (SDO) approaches, shown in Fig. 5. In
SDO, the design of each subsystem (WEC, PTO, and SWRO plant) is
optimized sequentially. The WEC is optimized first, as this reflects the
trends of design studies in WEC literature, notably Suchithra et al.
(2022), who do this for a wave-driven desalination system [22]. To
optimize the WEC design, we optimize for the levelized cost of WEC
kinetic energy (LCOKE) [$/kWh] when excited at the peak period and
disconnected from PTO. The only costs associated with this are the
WEC costs. To optimize the PTO and SWRO plant designs, we take two
approaches. The first approach (A) optimizes the PTO for levelized cost
of flow (LCOF) [$/m3] with the SWRO plant (membrane and pressure
relief valve) replaced by a throttle valve. This results in optimizing the
PTO to deliver the maximum feed flow into the SWRO plant at the
lowest PTO cost. This “optimized” PTO is then used in the optimization
of the SWRO plant, which optimizes the SWRO plant design for LCOW.

The second approach (B) chooses a nominal PTO design from liter-
ature [20] and optimizes the SWRO plant design for LCOW using this
fixed PTO design. This optimal SWRO plant design is then fixed while
optimizing the PTO design for LCOW.

2.3. Sensitivity analysis

The optimal design of the wave-driven desalination system is ex-
pected to change with different sea states. Since one of the goals of
this study is to explore areas of potential design improvement through
MDO, it is therefore important to see if the same design trends are
recommended in a variety of sea states. To this end, optimizations are
performed for 20 different sea states, which can be found in Appendix
B.

To balance representativeness and computational tractability, the
representative sea states were defined as the centroids of 20 sea-state
clusters obtained using K-means clustering [27]. Hourly significant
wave heights and peak periods observations from 2015-2024 are col-
lected from the National Oceanographic and Atmospheric Administra-
tion (NOAA) National Data Buoy Center (NDBC) [28] for five buoys
spanning a different regions: Guam (52200), Hilo HI (51206), Santa
Monica Bay (46221), San Juan PR (41053), and Georges Bank (44011).
For each location, K-means clustering is performed on the significant
wave height and peak period data to create 10 representative sea states
for the region. These 50 representative sea states are then clustered
again using K-means clustering to create the 20 final sea states used
in the sensitivity study. For simplicity, we do not consider differences
in bathymetry, depth, distance to shore, or different spectra shapes
that these different locations might include. While these would be
important considerations in a siting study, this sensitivity study is more
just interested in understanding the impact different sea states could
have on the MDO optimal design.

3. System modeling

Building upon DeGeode and Haji (2025) [29], the xDSM in Fig. 3
shows the five primary disciplinary modules: Geometry, which maps
WEC design variables to geometric properties; Desalination, which
calculates the system dynamic properties of the SWRO plant; Hydrody-
namics, which determines various hydrodynamic coefficients; System
Dynamics, which solves the coupled dynamics of the wave-driven
desalination system; and Economics, which calculates the LCOW of
the system. The Geometry module is straightforward and not discussed
further. The remaining four modules are detailed in the following
subsections.

3.1. Desalination module

The desalination module determines key SWRO plant parameters for
a single-stage plant. It considers the capacity of the plant in addition
to membrane parameters and seawater composition. The governing
equation for the reverse osmosis (RO) process is:

0, =A,A,(AP — Ax), (€D)]

where Q, [m3/s] is the permeate flow rate, 4,, [m3/N-s] is the water
permeability coefficient, A4, [m2] is the total membrane area, AP
[Pa] is the pressure difference across the membrane, and Az [Pa] is
the osmotic pressure difference across the membrane. This osmotic
pressure difference is calculated using:

7 =iCRT, 2

where i [-] is the number of ions produced per molecule of solute, C
[mol/m3] is the concentration of the solute, R [J/K-mol] is the ideal
gas constant, and T [K] is the temperature [30]. For simplicity, 4 is
set as the osmotic pressure of the seawater minus the osmotic pressure
of the target permeate concentration. A better model would consider
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the time variant concentrations on both sides of the membrane, but is
outside the scope of this study.

The water permeability coefficient (4,,) is set to a constant value,
matching the work by Yu and Jenne (2018) [20]. Sitterley et al. (2025)
found that using a water permeability coefficient that varies with feed
condition improves the accuracy of transient SWRO models [31], but
at the fidelity level of this study, a constant value is sufficient. This
constant value is dependent upon membrane selection; for this paper,
we use the same membrane as Yu and Jenne (2018), the SW30HR-380
Dry from DuPont [32]. Membrane area A,, is set by calculating the
amount of SW30HR-380 area required to meet the SWRO plant capacity
design variable, O

Qp,max

A, = ——A, 3
m QO 0 ()

where O, and A are the single-unit production and membrane area for
the SW30HR-380 membrane, found on the datasheet [32], and included
in Table A.5.

For convenience a membrane resistance (R, [MPa-s/m3]) is defined
as:

p.max*

1
R, =
" AwAm

4

this is then used to determine the pressure relief valve set point, Pygjier
[MPa]:

Prelief = Qp,mame + Am %)

This equation ensures that if the flow exceeds the plant capacity, the
pressure relief valve will open.

To force flow to pass through the membrane, resistance is required
on the brine side. For this study, a simple throttle valve provides this
resistance, but an ERU could also be used. The resistance of the throttle
valve R, [MPa-s/m3] is calculated as:

P
Rt — relief 6)

Qpmax(— = 1)

)

where 7o [-] is the recommended recovery ratio of the SW30HR-380
membrane given the seawater composition, as determined using WAVE,
Dow Chemical Company’s water-treatment process design tool [33].
This equation ensures that when operating at full capacity, the rec-
ommended recovery ratio is used. When operating below capacity, the
recovery ratio will be lower. Although a controlled brine valve could
be implemented to regulate either recovery ratio or pressure more
directly [34], a fixed valve configuration is adopted in this study to
maintain model simplicity.

Beyond the assumptions of constant membrane permeability and
osmotic pressure difference, the desalination model neglects concentra-
tion polarization, fouling, and membrane degradation under unsteady
operating conditions. While these phenomena may affect system per-
formance and longevity, their exclusion is consistent with the level
of fidelity typically employed in systems-level analyses. Among these
effects, membrane degradation under unsteady loading may be partic-
ularly important, although additional research is needed to establish its
magnitude and governing mechanisms [35].

3.2. Hydrodynamics

Falnes and Kurniawan (2020) define the oscillating WEC equation
of motion as [36]:

Ig:fe_fr_fb_fu_ff_fu (7)

where I [m or kg-m?] is the inertia of the WEC, & [m or rad] is the
body motion, f, [N or N m] is the excitation force/moment due to
incident waves, f, [N or N m] is the radiation force/moment due to
the WEC’s oscillations, f, [N or N m] is the hydrostatic force/moment
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balancing buoyancy and weight, f,, [N or N m] is the drag force/mo-
ment arising from nonlinear viscous effects, fy [N or N m] captures
the friction forces/moments, and f, [N or N m] is the PTO force/mo-
ment, representing the force applied by the WEC’s power conversion
system. The PTO force/moment (f,) is modeled in the system dynamics
module, Section 3.3. This study assumes linear potential flow (linear,
irrotational, inviscid flow) and omits the drag (f,) and friction effects
(f7) from the WEC equation of motion. This simplification is also
adopted by Grasberger et al. (2024) [13] and is prevalent in the wave
energy converter optimization literature, despite known limitations
when modeling large-amplitude motions.

The hydrostatic force/moment accounts for the combination of
buoyancy and weight and is defined as:

fb = Khsf! (8)

where K,; [N/m or N m/rad] is the hydrostatic stiffness matrix. The
radiation force/moment accounts for the waves generated by the WEC’s
motion and is defined by the Cummins equation [37], which accounts
for fluid memory effects:

1 [«
£t = —A @) - / [3 / B(w)cos(wt — wr)dw| E(r)dT, (©)
o L7 Jo

where A, [kg or kg-m?] is the added mass matrix at infinite frequency
and B(w) [N-s/m or N m-s/rad] is the radiation damping matrix, a
function of frequency, w [rad/s]. The excitation force/moment accounts
for the force/moment on the WEC due to the incident waves and is
defined as:

fo = F(w)exp (iot) A,pupes 10)

where F,(w) [N/m or N m/m] is the excitation force/moment amplitude
operator and A,,,,. [m] is the wave amplitude.

In this study, we will use irregular waves, modeled in the rigid body
dynamics module discussed in Section 3.3. The wave amplitudes are
determined from the sea state, in this study, we use Pierson-Moskowitz
wave spectra, which are described by the following equation:

1075 H? 4
S(w)=T—Sexp< 207 > an

4S T4t
P p

where S(w) [m2-s] is the wave spectral density as a function of fre-
quency, o [rad/s] [36]. Two parameters define the sea state: a sig-
nificant wave height (H,) and peak period (T, ) The significant wave
height is the average wave height (24,,,,.) of the top one-third of the
waves in the sea state, and the peak period denotes the period asso-
ciated with the maximum spectral energy density. Pierson-Moskowitz
wave spectra with 12 m water depth are used for all sea states in the
sensitivity study, despite the potential for different spectra shapes and
water depths at different locations. While differences in these would
be expected at different locations, since this is not a true site selection
study and instead just an analysis of the sensitivity of optimal design
to sea state this is sufficient.

This formulation reduces the WEC hydrodynamics to four key co-
efficients: the hydrostatic stiffness (K,,,), added mass (A(w)), radiation
damping (B(w)), and excitation force/moment amplitude operator (F,),
with the wave spectrum being defined by parameters. These coeffi-
cients are determined using Capytaine [38], an open-source boundary
element method (BEM) solver. BEM solvers are well-suited for wave—
structure interaction analysis because they require meshing of the
structure-fluid interface only. Computational fluid dynamics solvers
require meshing of the entire fluid domain; this makes BEM solvers
significantly less computationally expensive [39], but depends on the
validity of the linear potential flow assumptions.

This study approximates the OSWEC as a rectangular prism, with
one degree of freedom (pitch about the bottom hinge). Although this
is a simplification, similar simplifications are common in other high
level early stage WEC design optimization studies. For each design
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Fig. 6. Simscape model of the hydraulic circuit.
evaluation, a new mesh is created, and the BEM solver finds the Membrane

hydrodynamic coefficients across 20 frequencies, specified in Table A.8.
The number of panels used in the mesh is scaled by OSWEC size to
ensure enough panels are used to capture the hydrodynamics of larger
devices, while not using an excessive number of panels for smaller
devices. The equations used to determine the number of panels in the
mesh are shown in Appendix C.

3.3. System dynamics

The system dynamics module solves the coupled dynamics of mul-
tiple disciplines (rigid body dynamics and hydraulics) simultaneously.
The interaction between these two subdisciplines is shown in the xDSM
in Fig. 3. These two disciplines are coupled using Simulink, with
the piston motion from the rigid body dynamics module driving the
hydraulic circuit in the hydraulics module, and the PTO force (f,)
from the hydraulics module feeding back into the rigid body dynamics
module. MATLAB’s ode4 solver, a fourth-order Runge-Kutta solver,
with a 0.1 s time step, is used.

The rigid body dynamics module considers the OSWEC dynamics
as well as the dynamics of the mechanism connecting the WEC to
the piston. The OSWEC dynamics are governed by Eq. (7), with the
various hydrodynamic coefficients determined through the BEM solver,
as discussed in Section 3.2. WEC-Sim [37], an open-source software
developed by the National Laboratory of the Rockies (NLR) and Sandia
National Laboratories, uses these coefficients to solve the WEC dynam-
ics in the time domain, when provided wave spectrum information.
The mechanism is modeled using the Simscape multibody toolbox,
modeling the kinematics and dynamics of the mechanism. This model
relates the OSWEC pitch motion to the linear motion of the piston, as
well as the force on the piston to the torque at the OSWEC hinge.

The hydraulic circuit (Fig. 2) is modeled using the isothermal liquid
domain from the Simscape fluids toolbox. This domain is well-suited for
modeling hydraulic systems. A high-level view of the Simscape model
is shown in Fig. 6 showing the key components of the hydraulic circuit.
The Piston Cylinder models the piston and directional valves. Flow out
of the Piston Cylinder then passes through the accumulator, pressure
relief valve, the RO Subsystem (which models the SWRO membrane),
and finally the throttle valve on the brine side. The Piston Cylinder
is modeled similarly to the model used by Yu and Jenne (2018) [20].
With a single double-acting hydraulic actuator connected to a series of
three-way valves. The opening of the three-way valves is dictated by the
direction of the piston motion to ensure flow is properly flowing into
the cylinder from the ocean and out of the cylinder into the hydraulic
circuit and SWRO membrane. Our model replaces the legacy Hydraulic
domain used by Yu and Jenne with Simscape’s newer Isothermal Liquid
domain, a modernization that improves accuracy and robustness [40].

The RO Subsystem model is shown in Fig. 7. The check valve pre-
vents forward osmosis, and the membrane resistance block combined
with the osmotic pressure block creates a Simscape representation of
Eq. (1).

A major limitation of the system dynamics model is that it simulates
only a single sea state over a 1800 s time period. Although this
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Fig. 7. Simscape model of the RO membrane.

duration is sufficient to obtain accurate performance metrics for a given
sea state, it does not capture longer-term dynamics associated with
transitions between sea states over an annual cycle, nor operational
procedures such as start-up, shut-down, maintenance, and extended pe-
riods of low energy availability. Given the model fidelity and associated
computational cost, however, simulating continuous annual operation
across varying sea states is impractical within the scope the present
optimization study. Future work should therefore either evaluate the
annual performance of a small number of candidate designs using a
high-fidelity model or employ a lower-fidelity framework that enables
long-term operational dynamics to be incorporated directly into the
optimization.

3.4. Economics

Our objective function is levelized cost of water (LCOW) [$/m3],
an adaptation of the levelized cost of energy (LCOE) [$/kWh] function
used by the U.S. Department of Energy [41],

(FCR x CAPEX) + OPEX

AWP ’
where the fixed charge rate, FCR, is set to 10.8% as assumed by Alison
LaBonte et al. (2013) [41]. Annual water production (AWP) [m3/yr] is
calculated by scaling the results of the system dynamics simulation to a
yearly basis. The costs are then split into capital expenditures (CAPEX)
[$] and annual operating expenses (OPEX) [$/yr].

To determine both CAPEX and OPEX, expenses are broken down
into three cost models: WEC, PTO, and SWRO plant. These cost models
are not intended to provide exact cost estimates. Rather, they are used
to quantify the relative costs of different designs to guide the opti-
mization process. Although these cost models are not comprehensive,
they serve as a tool to highlight the impact of MDO for wave-driven
desalination systems. Each cost model is discussed in the following
sections. Note that all costs are reported in 2025 USD.

WEC cost modeling is challenging due to limited real-world data,
limiting accuracy. Despite this challenge, a practical cost model that
captures key trends for design comparison is possible. In this study, we
follow the approach used by Grasberger et al. (2024) [13]. This model
defines cost as a function of the float’s surface area:

A A
COSt:Cl,ref<Axf>+C2,ref <1+log<A"f>>, 13)
re, re,

where A, [m?] is the float surface area and Aer [m?2] is the reference
float surface area. Clref [$] and Crer [$] are the costs of the reference

LCOW = (12)
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Fig. 8. Comparison of model results to Yu and Jenne (2017) [19]. All costs are reported in 2025 USD.

float associated with the two terms. Structural components are captured
in the linear term, while other expenses that are less dependent on
size are captured in the logarithmic term. This cost model is depen-
dent on accurate reference costs to make meaningful comparisons. For
our study, reference costs are taken from NLR’s Reference Model 5
(RM5) [42]. The costs from this reference model are tailored to our
study by excluding the costs of the electrical PTO system, which is
irrelevant in this study. Deployment and installation costs are likewise
omitted because the design variables that most strongly affect these
costs, including water depth, bathymetry, distance from shore, are held
constant as parameters. Consequently, these costs act as a uniform
offset across all candidate designs and do not affect the optimization
outcome.

At small WEC sizes (when the float surface area is less than a tenth
of the reference area), the logarithmic term becomes negative, which is
unrealistic. To avoid this, a minimum C, cost is used when the equation
drops below this threshold. For this study, this minimum C, cost is set
to $0 for both CAPEX and OPEX.

The PTO cost covers the hydraulic cylinder and accumulator. The
accumulator cost is estimated as a function of accumulator volume
(V,ec), given by the following equation (RZ = 0.9998):

cc

Cost = 1.621 x 1077286, a4

where the constants are tuned to approximate supplier quotes [43].
The hydraulic cylinder cost is a function of the required amount of
steel:

Cost = Cy16p316Va16(1 + L), (15)

where C314 [$/1b] is the unit cost of 316 stainless steel, p3;¢ [Ib/in3]
is the density of 316 stainless steel, V314 [in®] is the volume of 316
stainless steel required, and L [-] is a labor multiplier. The volume
required is the sum of the required volumes for the various parts of the
cylinder: the cylinder barrel (Voyjinger) [in1, the end caps (Vop) [in®],
the piston head (Vpiston) [in3], and the piston rod Viod) [in3].

V316 = chlinder + 2Vcap + Vpiston + Viod» (16)

The thicknesses of the cylinder barrel and end caps are calculated
according to the ASME Boiler and Pressure Vessel Code [44]. The
piston head uses the same thickness as the end caps, while the piston
rod diameter is set to avoid buckling and tensile/compressive failure.
The required stroke length, which is needed for the cylinder volume
calculation, is determined from the system dynamics simulation. The
labor multiplier was tuned to match trends from quotes received [45].

SWRO plant cost models on the scale of this paper (producing
thousands of m3/day) are scarce and poorly documented. Most well-
documented cost models focus on large-scale plants (hundreds of thou-
sands of m3/day). For example, Haefner and Haji estimate costs of
SWRO plants ranging from 75,000 to 7,880,000 m3/day [46]. Models
intended to be used at these scales are not suitable for this study. Stud-
ies that examine plants of comparable size typically lack transparent
cost models. Bilton et al. (2011) [47] and Yu and Jenne (2017) [19]
both present studies that leverage constant multipliers to estimate the
cost based on the plant capacity that are sourced from the Desali-
nation Economic Evaluation Program, but the program itself is not
transparent [48].

This study uses a transparent cost model for small-scale SWRO
plants. Voutchkov’s Desalination Project Cost Estimating and Manage-
ment [49] (see CAPEX in Section 4 and OPEX in Section 5) provides cost
curves spanning a wide range of plant capacities. By choosing among
different sets of curves, the model can represent different plant archi-
tectures, which adds flexibility. In this study, each curve is fitted with a
power function to avoid unrealistic behavior at the low-capacity end of
the range. Tables containing all the parameters characterizing the cost
curves can be found in Appendix D. These cost curves incorporate costs
associated with conventional intake infrastructure and plant operation
but do not capture potential deviations attributable to the WEC-driven
nature. The omission of intake-related cost adjustments is not expected
to affect the optimization results, as the distance from shore is fixed
across all candidate designs. However, difference in operating costs
associated with WEC-driven desalination may influence the optimal
solution and represent an important area for future research [35].

3.5. Model validation

Experimental data for wave-driven desalination systems of compa-
rable architecture and scale are currently unavailable. Consequently,
validation is limited to comparisons with established techno-economic
studies. Our full model is validated against the results of Yu and Jenne
(2017), who present a techno-economic analysis of a wave-driven
desalination system with an architecture similar to that considered
here [19]. The model is evaluated using a comparable design and sea
state. To ensure consistency with the assumptions of Yu and Jenne
(2017) [19], who based their cost model on an array of 100 WECs,
the OPEX model coefficients (C,,., and C,,. ) are adjusted in the
validation study to reflect the same deployment scale. This assumption
significantly reduces the OPEX per WEC. The comparison of results is
shown in Fig. 8. Some notable differences are that our model predicts a
significantly higher SWRO plant cost; however, given the level of detail
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Fig. 9. Power time series of feed flow, pressure relief valve, brine flow, and permeate stream for the MDO-generated design in the case study.

Table 3

Optimized design vector compared to nominal design from literature [19], the
optimal design from DeGoede and Haji (2025) [29] (which was used as the
initial design in this optimization), and the SDO results.

Variable Nominal [19] SDO A SDO B Initial [29] MDO

w 18 m 4.0 m 4.0 m 11.3 m 4.07 m

t 1.8 m 251 m 251 m 1.99 m 0.83 m

m 127 x 10> kg 71 x 103 kg 71 x 10°> kg 396 x 10> kg 219 x 10 kg
2 1.9 m 1.38 m 3.83 m 3.25 m 2.68 m

A, 0.26 m? 0.855 m?2 0.404 m? 0.859 m? 0.746 m?2
Viee 6 m3 0.29 m3 2.41 m3 4.57 m3 2.45 m3

P, 3.00 MPa 5.92 MPa 5.91 MPa 5.95 MPa 5.73 MPa
Qpmax 3100 m3/day 6753 m3/day 1000 m3/day 4882 m3/day 6612 m3/day
LCOW  $3.97/m° $2.39/m3 $2.17/m3 $1.68/m3 $1.21/m3

in our SWRO plant cost model, we have confidence in this result. Our
model also predicts cheaper WEC costs, this is due to the absence of
PTO and deployment/installation costs in our WEC cost model, which
are included in the WEC cost in Yu and Jenne (2017) [19], but given the
desalination PTO cost model is separate, and deployment/installation
costs are less device dependent, these costs should be omitted for the
purposes of this study.

4. Results

The results of this study are presented in two parts. First, a case
study is presented, optimizing the system design for a single sea state.
This case study is used to investigate the impact of MDO by comparing
the results to two different SDO approaches. Next, the results of the
sensitivity analysis are presented, showing how the optimal design
changes in different sea states.

4.1. Case study: MDO vs. SDO

For our case study, optimization is performed under a single sea
state defined by a Pierson-Moskowitz spectrum with a significant wave
height of 2.64 m and a peak period of 9.86 s, matching one of the
conditions used by Yu and Jenne (2018) [20]. The MDO optimization is
initialized using the design reported by DeGoede and Haji (2025) [29].
While this design was previously identified as optimal, it exhibited
premature convergence behavior, motivating its use here as a non-ideal
starting point. The optimization converges after 345 generations, yield-
ing a design with an LCOW of $1.21/m?, a 69.5% improvement over
the nominal design from literature [19] under the assumptions adopted
in the present modeling framework. The corresponding optimal design
vector is provided in Table 3.

Pressure
Relief Valve

Brine

Permeate

Fig. 10. Breakdown of feed-flow energy in the SWRTO PTO showing the
fraction of energy discharged through the pressure relief valve, dissipated in
the brine-side throttling valve, or transferred through the SWRO membrane.

The power flowing through different sections of the SWRO PTO is
shown in Fig. 9. The figure shows the pressure relief valve dissipating
energy when the capacity of the SWRO plant is exceeded, as well as an
extended period during which the system operates at lower power and
the pressure relief valve remains closed. An integrated energy pie chart
is shown in Fig. 10. This chart more clearly illustrates the distribution
of energy usage and highlights two major areas, pressure relief valve
and brine flow, where energy efficiency could be increased through an
alternative PTO design. Notably these plots show that 36.4% of the
energy entering the system as pressurized seawater leaves the system
before reaching the SWRO membranes. A naive response to this result
would be to increase the accumulator volume as this would smooth out
some of the high energy flow pulses increasing the fraction of seawater
energy reaching the membrane. However, the optimizer suggests that
this design featuring a smaller accumulator is preferred, meaning the
smaller accumulator improves the match between WEC and PTO.

The MDO results suggest some major design changes compared to
the nominal design from literature [19]. The optimal design has a 77%
smaller WEC width (4.07 m vs. 18 m), a 54% smaller WEC thickness
(0.83 m vs. 1.8 m), and a 72% heavier WEC mass (219 x 10° kg vs.
127 x 103 kg). The optimal design also has a 187% larger piston area
(0.746 m? vs. 0.26 m?) and a 41% larger #, link length (2.68 m vs.
1.9 m), a 59% smaller accumulator volume (2.45 m3 vs. 6 m3), a 91%
larger accumulator precharge pressure (5.73 MPa vs. 3.00 MPa), and a
113% larger SWRO plant capacity (6612 m®/day vs. 3100 m3/day).

For comparison, the SDO cases are also summarized in Table 3. Both
SDO approaches are given the nominal design reported in the litera-
ture [19] as an initial design. This choice ensures a consistent baseline,
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Fig. 11. Parallel axis plot showing the optimal design variables and LCOW for the MDO and SDO approaches compared to the nominal design from literature [19].
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Fig. 12. Box and whisker plot showing the distribution of optimal design variables and LCOW across 20 different sea states. Green lines represent the mean,
blue boxes represent the quartiles, black lines represent the non-outlier limits, and circles represent the outliers.

as the design from DeGoede and Haji (2025) [29] (the initial design in
the MDO optimization) was obtained via MDO starting from the same
nominal configuration. These results are represented graphically in Fig.
11.

The SDO results demonstrate some patterns. The WECs optimized
for LCOKE in isolation also have small widths, but 202% larger thick-
nesses (2.51 m vs. 0.83 m) and 68% smaller masses (71 x 103 kg vs.
219 x 10% kg) than the MDO design. Depending on the SDO approach,
the suggested design for the PTO and SWRO plant is different. In
SDO approach A, the optimal design has an 88% smaller accumulator
volume (0.29 m3 vs. 2.45 m?) despite a similarly sized SWRO plant
(6753 m3/day vs. 6612 m3/day) compared to the MDO design. In
SDO approach B, the optimal design has a 46% smaller piston area
(0.404 m? vs. 0.746 m?) and an 85% smaller SWRO plant capacity
(1000 m3/day vs. 6612 m3/day) than the MDO design. Additionally,
while the SDO approaches did find designs with improved LCOW
compared to the nominal design from literature [19], they were not
as effective as the MDO approach, with LCOWs of $2.39/m3 and
$2.17/m3 for SDO approaches A and B, respectively, compared to
$1.21/m?® for the MDO design.

4.2. Sensitivity analysis results
The MDO results for a variety of sea states are shown in Fig. 12.

Each optimization was given the optimal design from DeGoede and Haji
(2025) [29] as an initial design. The optimal system designs always

have smaller WEC widths, larger piston areas, smaller accumulators,
and larger SWRO plant capacities, when compared to the nominal
design. Additionally, the low variation in LCOW across sea states
suggests that although each sea state produces a distinct optimal design,
the resulting trade-offs in system configuration converge to a similar
overall cost of water.

5. Discussion

The first notable result is the large reduction in LCOW achieved
through MDO. The optimized design reaches $1.21/m3, a 69.5% im-
provement over the nominal design from literature [19] under the
assumptions adopted in the present modeling framework, support-
ing the MDO framework as an effective framework for wave-driven
desalination system design.

The case study also shows that MDO significantly outperforms the
two SDO approaches for this application. The SDO approaches opti-
mize the WEC in isolation, maximizing kinetic energy capture without
accounting for PTO and SWRO interactions. While WEC widths are
similar, thickness and mass differ substantially, leading to very different
WEC impedance characteristics. The thicker (2.51 m vs. 0.83 m) and
lighter (71 x 10°> kg vs. 219 x 10° kg) WECs from SDO improve
impedance matching in isolation but perform poorly when coupled with
the PTO and SWRO system.
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The two SDO approaches also produce different PTO and SWRO
designs. In SDO approach A, a small accumulator (0.29 m3) pre-
serves the isolated WEC impedance but requires a large SWRO plant
(6753 m3/day) to avoid wasting feedwater, resulting in a high LCOW
($2.39/m3), nearly twice as high as the MDO design ($1.21/m?3). In
SDO approach B, a large accumulator (6 m3) reduces energy capture
and flow variability, driving the SWRO plant to its minimum allowed
(1000 m3/day) and requiring a smaller piston area (0.404 m?). Despite
a smaller SWRO plant capacity and improved isolated WEC perfor-
mance, this design still yields a higher LCOW ($2.17/m?) than the MDO
design ($1.21/m3).

Compared to the nominal design [19], the results suggest notable
design shifts, though these must be interpreted cautiously without fully
accounting for sea state variability. Trends across sea states indicate
smaller WEC widths and larger piston areas, suggesting the nomi-
nal design suffers from a torque mismatch, with the wave excitation
exceeding PTO torque. Therefore, smaller WECs (which experience
lower wave excitation torques) paired with larger piston areas (which
produce higher PTO torques) are more effective. This aligns with
the nominal design’s origin in the RM5 [42], which targets much
higher pressures (28 MPa) than required by the SWRO membrane only
demands (~5 MPa).

A second trend in the MDO results is the pairing of smaller accu-
mulators with larger SWRO plant capacities, revealing an important
trade-off between flow smoothing and freshwater production. Larger
accumulators have traditionally been favored because they reduce flow
variability delivered to the SWRO plant and allow excess flow to
be stored rather than lost when the plant reaches its fixed capacity.
Because SWRO plant capacity is a major cost driver [19], this smooth-
ing can make larger accumulators appear economically attractive by
reducing the required plant size and increasing capacity utilization.
This perspective, however, considers only the desalination system and
neglects the influence of accumulator size on PTO dynamics. In the cou-
pled WEC-PTO-SWRO system, accumulator size affects PTO impedance
and therefore alters WEC energy capture. The MDO results indicate
that smaller accumulators improve impedance matching and increase
absorbed wave energy, despite requiring larger SWRO plant capacities
to accommodate the resulting flow variability as well as increased en-
ergy losses through the pressure relief valve. Fig. 10 shows that 36.4%
of the energy captured by the WEC PTO is lost to the pressure relief
valve and while these losses could easily be reduced by increasing the
accumulator size, the optimizer finds this seemingly inefficient design
to be better. The optimized designs therefore suggest that the benefits of
increased energy capture outweigh the additional cost of larger SWRO
plants and energy lost to the pressure relief valve. More broadly, these
findings highlight the importance of accounting for system-level inter-
actions and suggest that designs with less aggressive flow smoothing
may be preferable in integrated wave-driven desalination systems.

These trends are only revealed through MDO, which captures the
coupled dynamics of the WEC, PTO, and SWRO plant. This underscores
the importance of integrated MDO framework for designing wave-
driven desalination systems, as key tradeoffs and system-level optima
emerge only when all subsystems are considered together. Of course,
the actual annual performance of these devices is likely to differ from
the model’s predictions, particularly due to the impact variations in sea
states over time will have on SWRO plant operational costs and annual
water production.

6. Conclusion

This study presents an MDO framework for designing wave-driven
desalination systems. For the representative case study, MDO reduced
LCOW from $3.97/m? for the nominal design to $1.21/m?3, correspond-
ing to a 69.5% reduction within the assumptions of the present model-
ing framework. The MDO solution also substantially outperformed the
two SDO approaches, which yielded LCOW values of $2.39/m3 and
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$2.17/m3, respectively. Sensitivity analysis across 20 sea states from
five locations further showed that MDO consistently recommends key
design shifts within this modeling framework including smaller WECs,
larger piston areas, smaller accumulators, and increased SWRO plant
capacity. These trends emerge only when using a holistic, coupled-
system model underscoring the value of MDO for this application.

This study is not without limitations. Although Sitterley et al. (2022)
suggest transient SWRO operation is feasible [35], uncertainties remain
regarding long-term membrane performance and lifespan. Additionally,
the cost models used in this study are intended to capture key trends
for design comparison rather than provide precise estimates. It would
be valuable to investigate the sensitivity of optimal designs to economic
parameters, in order to quantify how robust the observed design trends
are to uncertainty in the cost model. It would also be valuable to
investigate how alternative PTO designs affect these results. In the
case study, the MDO suggested design saw only 27.9% of the input
energy reach the permeate stream, suggesting significant opportunities
for efficiency improvements through the incorporation of energy re-
covery devices on the pressure relief valve discharge and brine flows.
Temporal variability in sea states over an annual cycle is also neglected;
future work should therefore consider either non-optimizing annual
performance assessments, or lower-fidelity models that can capture
these dynamics, as they are expected to influence both SWRO plant
operation and AWP. Despite these limitations, the framework offers
a strong foundation for improving wave-driven desalination system
design. Further advances in control strategies, transient desalination
modeling, and physical implementation will be key to accelerating the
development and deployment of these systems as a sustainable response
to the global water crisis.
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