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1 Introduction

Researchers and government agencies have recently turned their attention toward
renewable energy, such as solar, wind, and ocean wave energy, as direct sources
of power for desalination of seawater [1, 12, 16, 18]. There is specific interest in
reverse osmosis (RO) [13, 14]. This is a membrane-based process used to separate
water from dissolved solids using high pressure as a driving force that is three to six
times more energy efficient than thermal desalination processes. As a way to reduce
cost and improve the efficiency of a wave-powered RO process, the reverse osmosis
process can be integrated into the hydraulic circuit of a wave energy converter’s
(WEC) power take-off (PTO) (the subsystem responsible for loading the WEC and
converting power) [3, 10, 18, 20, 29]. This avoids losses in the conversion of power
to and from mechanical and electrical power when pressurizing feedwater.

An example architecture for a wave-powered reverse osmosis system is shown in
Fig. 1. This system is capable of co-generating fresh water and electricity. This system
includes (1) a seawater compatible pump that is driven directly by the oscillating
WEC, (2) an RO membrane module receiving pressurized seawater from the WEC-
driven pump, (3) an energy recovery unit (ERU) that recovers available power from
the waste brine stream of the RO module and drives additional seawater to the RO
feed inlet, (4) a charge pump that drives an intake flow and provides an elevated
pressure at the WEC-driven pump inlet (to avoid cavitation), and (5) a hydraulic
motor and electric generator that produce electrical power for onsite electrical power
consumption and to regulate the mean pressure at the RO feed inlet. Additional
components for this system that are not shown are pressure relief valves (PRVs) used
to limit peak pressures.
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Fig.1 A wave-powered reverse osmosis (RO) system comprised of a flap-type wave energy con-
verter (WEC) and hydraulic power take-off operating with seawater as the working fluid to produce
fresh water (Figure adapted from [23, 24])

Conversion of wave energy is a considerable technical challenge. The wave energy
conversion process is a characteristically variable process. It involves absorbing
power under the force of slow, irregular waves with a high degree of variation.
For example, the ratio between the peak and mean power absorbed by a WEC has
been estimated to be anywhere between 7 and 58 to 1, depending on the system
design and load control scheme [15, 26]. In contrast, the conventional RO process is
characteristically steady, with changes to operation being made very slowly and only
as feedwater temperature changes or the membrane performance degrades. In fact,
several sources recommend that start-up and shut-down of RO systems should be per-
formed relatively slowly, with arate of change in pressure less than 70 kPa per second,
to avoid mechanical damage to the membrane and membrane housing [8, 17, 27].

The recommended limit to the rate of change in feed pressure is of particular inter-
est in this work because it is a dominant constraint in the selection of accumulator
volumes. This constraint is specified for start-up and shut-down without an exten-
sion to normal operation being made explicit by the literature. However, in normal
operation of conventional RO systems, the pressure is held nearly constant, so it is
understandable that an explicit statement would not be made. Furthermore, the value
of the constraint seems not to be substantiated in any literature. The lack of clarity
on this issue suggests that the constraint may be conservative, based on experience,
and/or that the underlying mechanisms of failure motivating the constraint are not
well understood. However, both [17, 27] claim that this constraint relates to mechan-
ical damage to the membrane and membrane housing and suggest compaction of the
membrane and cracking of the housing to be modes of failure.

Early work on wave-powered RO systems has dismissed this constraint. In the
work by Folley et al., the constraint was acknowledged but neglected for lack of
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substantiation in literature and based on an argument that more robust RO sys-
tem components would be produced if a wave-powered RO industry created the
demand [11].

Recently, work by Sitterly et al. [25] and Das et al. [7] have acknowledged a
potential for the pressure variations in wave-powered RO systems to harm RO mem-
branes. Both works studied the effect of pressure variation using an experimental
system with pressure being controlled. Sitterly et al. controlled pressures to match
numerical results of a wave-powered RO system model presented in [29]. As part of
their analysis, the authors compared the performance of the RO module before and
after the membrane elements were subjected to the pressure variation experiments.
They reported a decrease in membrane permeability of 7.4% and a decrease in water
flux of 18.4%. It is important to note that this change came after a standard break-in
procedure where membrane compaction is expected. The authors hypothesized that
the pressure variation drove additional compaction that would not have occurred
otherwise. The conclusion was that the pressure variation did not have significant
effects on the membrane performance and integrity. However, from a system-level
perspective, having membrane productivity decline 18.4% is substantial.

Dasetal. [7] controlled pressure in two ways: first as sinusoidal variations between
35 and 65 bar and then as rectified sinusoidal functions with pressure varying between
0 and 70 bar. Membrane integrity tests showed no significant change after the simple
sinusoidal pressure tests. However, after the more extreme rectified sinusoidal tests,
the membrane integrity tests showed a two to four times increase in the salinity of
the permeate suggesting significant degradation of the membranes’ integrity.

This paper addresses the design impacts associated with meeting the pressure rate-
of-change constraint on several alternative PTO architectures. Design performance is
evaluated by two design metrics: the total volume of accumulators deployed and the
amount of power lost during operation. The baseline architecture is also evaluated
without the rate-of-change constraint enforced. Each architecture is modeled math-
ematically and numerically simulated to estimate its performance. Grid studies are
used to find optimal values for the design parameters relevant to each architecture.

The proposed architectures are described in the following section, Sect.2. The
methods of this study are described in Sect. 3 and include the mathematical models,
the method of solving the models, and the procedure for optimizing and comparing
the design performance of each architecture. The results of the study are presented
in Sect. 4 and are followed by a discussion and suggestions for future work in Sect. 5.
Conclusions drawn from the study are presented in Sect. 6.

2 Proposed Power Take-Off Architectures

The baseline architecture for this design study, shown in Fig. 1, includes a first-order
low-pass filter in the form of a single high-pressure accumulator. A second-order low-
pass filter is easily constructed with the addition of a resistive element and a second
accumulator as shown in Fig. 2a. The resistive element could be a passive element
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Fig. 2 Proposed PTO architecture schematics: (a) a parallel-type power take-off architecture with
a second-order low-pass filter (b) and a series-type power take-off architecture (figure adapted from
[23])

or an actively controlled valve. The passive element accomplishes the formation
of a second-order low-pass filter while an actively controlled valve provides the
opportunity of controlling the flow to the RO feed inlet and thereby rate of change
in pressure. Both approaches reduce the total accumulator volume required to meet
the pressure rate-of-change constraint.

A third alternative is the series-type PTO architecture proposed in [23] and illus-
trated in Fig.2b. In this architecture, the hydraulic motor of the parallel-type archi-
tecture is placed in series with the WEC-driven pump and RO module. This way the
hydraulic motor, which can operate as either a motor or a pump, has direct control
of the flow reaching the RO feed inlet from the WEC-driven pump.

3 Methods

The goals of this work are to (1) understand how the selection of architecture influ-
ences the required accumulator volume and energy losses in the system when the
rate-of-change constraint is enforced and (2) understand how volume requirements
compare when the constraint is not enforced. The metric assumed for energy losses
is the average power losses associated with managing the pressure variation; specif-
ically, the losses from the activation of pressure relief valves at the outlet of the
WEC-driven pump and the feed inlet of the RO module, the power losses from the
hydraulic motor and electric generator, and throttling losses of the resistive element.
Numerical models of the system are used to simulate the system and perform a grid
search to identify optimal performing designs for each PTO architecture. The design
variables considered in the grid search (where applicable) are the total high-pressure
accumulator volume, the proportion of volume placed at the RO feed inlet (versus
the outlet of the WEC-driven pump), and the resistance of the resistive element.
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To identify the cost of the constraint to the design performance, the optimal design
performance for the baseline architecture is evaluated with and without enforcing
the constraint on pressure rate of change.

The hypothetical system being considered is one installed in the nearshore envi-
ronment at Humboldt Bay, CA and which is being driven by the Oyster 1, a bottom
hinged flap-type WEC (like the one illustrated in Fig. 1) designed and tested by
the former Irish company Aquamarine Power [2]. This selection of site and WEC
design builds on prior work on wave-powered RO [23, 28]. The displacement of the
WEC-driven pump and RO membrane area are selected based on the design study
presented in [23]. The parameters are selected from the parallel-type and series-type
PTO architecture having a fixed pump displacement and fixed RO membrane area
and are based on having the same RO membrane area and annual rate of freshwater
production.

A single sea condition is evaluated which is selected from the sea states specified
for the Wave-to-Water Prize competition [5]. The selected sea state from that set,
having a significant wave height of 2.64 meters and a peak period of 9.86 s, contributes
the most to the annual available wave energy and when taken as a corner condition
(maximum sea height and wave period), accounts for approximately half of the
available wave energy annually (this is based on data from a near shore buoy in
Humboldt Bay, CA for the rate of occurrence of sea states [28] with a weighting by
available wave power).

The following subsections present the mathematical models used to simulate the
WEC and proposed PTO architectures, the control methods, the method of solving
the numerical problem of simulating the system, and the procedures used to carry
out the design study.

3.1 Modeling

The WEC/PTO systems are modeled as being a dynamic system, described by a set of
ordinary differential equations. The WEC and PTO subsystem models are coupled.
The velocity of the WEC is an input to the PTO subsystem model and the reaction
torque of the WEC-driven pump is an input to the WEC subsystem model. The inputs
to the WEC subsystem model are the surface elevation of the ocean waves around
the WEC and excitation force of the waves on the WEC.

Wave Energy Converter Model The model of the WEC and the parameters used in
the study are identical to those developed by the authors in [23]. The state variables
describing the WEC subsystem are the position and velocity of the WEC, and a set
of states describing the forces on the WEC due to wave refraction.

The forces on the WEC include the wave excitation force, radiation damping,
a hydrostatic restoring force, and weight of the device. The wave elevation and
excitation force are constructed from the Pierson-Moskowitz spectrum [9] using the
superposition of 1000 sinusoidal signals having frequency dependent amplitudes
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and phase. The phase of each frequency component is additionally modified by a
uniformly distributed random value in the range [—m, 7 ]. Frequency components
are distributed based on an equal energy method such that each interval of the wave
elevation power spectrum has an equal area. The frequency dependent coefficients
for the amplitude and phase were obtained using the open source boundary element
method solver Nemoh [6], as was an impulse response function for the radiation
damping. The methods presented in [21] were used to identify a 3rd order system
model approximating the impulse response function.

Power Take-Off Model Each PTO architecture shares several components that are
modeled identically. The differences between the PTO models are in the parame-
ter values of the model (specifically the WEC-driven pump displacement and the
hydraulic motor displacement), the flow connections, and the control algorithms
applied.

A schematic showing the modeled variables and node connections for these PTO
architectures is given in Fig. 3. This schematic accounts for each architecture with
the optional configuration displayed with dashed-line boxes. For the baseline archi-
tecture, the added resistive element and additional accumulator associated with the
pressure p are excluded. For the parallel-type architectures, the hydraulic motor
discharges to the low-pressure branch. For the series-type PTO architecture, it dis-
charges to the RO feed inlet. The low-pressure branch, which includes the charge
pump and low-pressure accumulator, were included in the model but are not described
here because they have little effect on the behavior of the high-pressure branch. The
pressure of the low-pressure branch in every simulation was approximately constant
at 0.44 MPa.

The state variables for these PTO models are the pressures at nodes having com-
pressible volumes and the integral of the error for a proportional-integral pressure
regulating controller determining the shaft speed of the electric generator.

The derivatives of pressure states are a function of the capacitance of the node,
the net flow into the node, and changes to the fluid volume:

i _ N~ _dvi
= i = ) o — )

where p; is the pressure of node i, C; (-) is the nonlinear function describing the
capacitance of the node as a function of pressure, ¢;, and g, are flowrates into and
out from the node, respectively, and V; is the volume of the node.

The pumping chambers of the WEC-driven pump are modeled as volumes of
compressible fluid. The working fluid is assumed to be a mixture of seawater and
entrained gas with the properties given in Table 1. The seawater is assumed to be
linearly compressible while the entrained gas is modeled as an ideal gas compressed
isothermally. Therefore, the capacitance of these volumes is described by

Ci (pi)

2
5 2

Cri(pi) =
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Fig.3 Modeling schematic with optional configurations (i.e., with resistive element and additional
accumulator and parallel-type or series-type architecture) are indicated with dashed line boxes

Table 1 Working fluid parameters

Parameter Value Units
Density, p 1025 kg/m?
Viscosity, dynamic, 9.4-10 Pa:s
Bulk modulus, 8 2.2:10° Pa
Entrained air fraction (at 1 0.0001 -
atm), o

Atmospheric pressure 101300 Pa

where § is the bulk modulus of the liquid phase (i.e., seawater) and « is the volume
fraction of entrained air at the reference pressure, p,. The volume of each pumping
chamber is a function of the WEC position and is assumed to change proportionally
with the position of the WEC. The maximum extent of the WEC-driven pump is
assumed to be at £ /2 radians from the vertical position of the flap-type WEC. An
additional dead volume, equal to 10% of the total swept volume, is added to each
pumping chamber to account for non-swept volume such as porting and piping.
The accumulators are modeled as being ideal gas volumes being compressed

isothermally:
Pe,i
Cei (pi) = Vc,i7 3)
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where p. and V,; are reference values for pressure and volume of the gas at node i.
The flow through the resistive element of the pressure filter and the check valves
of the WEC-driven is modeled as flow through an orifice such that

Ap;
q; (Api) v,i [Apil

|Apil “4)
where &, ; is a flow coefficient for valve i, Ap; is the difference between the upstream
and downstream pressure. There is no flow through the check valves when the pres-
sure differential is below the cracking pressure and there is a pressure margin over
which the area of the valve increases with the pressure differential until it is fully
open. For the marginal regime, the flow coefficient for the check valves is assumed
to vary linearly with the pressure difference between zero and the maximum value.
Parameters for the check valves are given in Table 2.

The pressure relief valves are modeled with a flow coefficient varying linearly
with poppet position (assuming a force balance between static pressure acting on the
poppet faces and a linear spring, as was assumed in [23]) giving the flow rate

1
Cprv,i

3 1
4 = =— (PP = perip}) 5)

where, for valve i, p,,; is the cracking pressure and C,,, ; is determined by a desired
peak flowrate and peak pressure. The parameters used for the pressure relief valves
are given in Table 3.

Table 2 WEC-driven pump check valve parameters

Parameter Value Units
Cracking pressure 1-10° Pa
Margin to fully open 1.10° Pa
Flow coefficient, inlet 15.18 L/Pal’2
Flow coefficient, outlet 10.11 L/Pal’?

Table 3 Pressure relief valve parameters

Parameter Value Units
PRV at WEC-driven pump

outlet

Cracking pressure, pernpRV 20-10° Pa
Coefficient, Cpry 4 PRV 2.2361-10° Pa32.s/m?
PRV at RO feed inlet

Cracking pressure, pcr, f PRV 8.3-100 Pa
Coefficient, C .y, rPRYV 1.4405-10° Pa¥/2.s/m3
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Mechanical and flow losses of the hydraulic motor are modeled using the
McCandlish-Dory model [19] with constant coefficients and fixed displacement.
The flow rate through the pump/motor is modeled as

4w = Dunton (1 —a <cs APl Ay 1))) ©)
|| B

where D,, is the volumetric displacement per radian, w,, is the shaft speed in radians
per second, u is the dynamic viscosity of the working fluid. The torque of the motor
and generator are modeled as

T, = Dy ap (142 (¢, ! +C 7
|Ap|

The coefficients of Eqs. 6 and 7 are given in Table4.

The WEC-driven pump and electric generator are assumed to have a fixed effi-
ciency with values in Table 4. The WEC-driven pump displacement is derived from
results in [23]. The displacement of the hydraulic motor was chosen for the parallel-
type architecture based on a grid study considering the performance of the pressure
regulation and the power losses of the motor, generator, and pressure relief valves;
this study is presented in [22]. For the series-type architecture, it was chosen to
provide the flowrate required to achieve steady operation of the RO module at 8
MPa.

Table 4 WEC-driven pump, hydraulic motor and generator parameters

Parameter Parallel-type Series-type Units
WEC-driven pump

Displacement 0.23 0.163 m>/rad
Efficiency, mechanical 0.9 -
Hydraulic motor and

generator

Generator efficiency 0.9 -
Maximum speed 1750 rpm
Motor displacement, 1000 2300 cclrev
Laminar flow loss 3.0554-10°10 -
coefficient, Cy

Volume ratio, V, 1.103 -
Viscous torque loss 7.1755-10° -

coefficient, C,

Coulomb torque loss 0.0259 -
coefficient, C s
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Table 5 Reverse osmosis module and energy recovery unit (ERU) parameters

Parameter Value Units
Membrane area, S, 3,700 m?3
Permeability coefficient, 2.57-10°12 m3/(N-s)
A perm

Recovery ratio 0.25 -

ERU Volumetric efficiency 0.95 -

ERU Mechanical efficiency 0.95 -

The rate of permeate production by the RO module is modeled as

qp = SruAperm (Pf — Posm — pp) (8)

where p,sn is the osmotic pressure of the seawater solution, p,, is the pressure at
the permeate outlet, S,, is the total installed membrane surface area, and A ., is a
coefficient describing the permeability of the membranes. The seawater is assumed
to have an osmotic pressure of 2.275 MPa. The permeate outlet pressure is assumed
to be atmospheric pressure. The permeability coefficient is taken from [29], which
is based on results of the WAVE design tool offered by FilmTec for a particular
configuration of RO membrane elements [4].

The ERU is assumed to maintain a constant recovery ratio in the RO process of
25% (i.e., the ratio of permeate production to feedwater intake), which is achieved by
controlling the ERU shaft speed. Mechanical and volumetric losses from the ERU’s
hydraulic motor and pump are modeled with constant efficiency. The electric motor
makes up for the difference in torque between the hydraulic motor and pump. The
hydraulic motor and pump are assumed to have the same volumetric displacement.
Parameters used for the RO module and ERU are given in Table 5.

Control There are two control schemes implemented for the PTO subsystem. First,
the hydraulic motor and generator are used to regulate the RO feed pressure using a
feed-back control loop. Second, the flow coefficient for the active resistive element
is used to limit the rate of change in feed pressure. In this case, the flow coefficient
is prescribed by feed-forward control.

Proportional-integral control is used for pressure regulation. The error is the dif-
ference between the pressure at the RO feed inlet and the nominal set point. The
control signal is a nominal shaft speed for the generator. For the parallel-type PTO
architectures, only the proportional term is used. The proportional and integral terms
are both used for the series-type PTO architecture. The value for the proportional
gain in both cases is 5-10™* rad/s/Pa. The integral gain is 5-10° rad/s*/Pa.

The feed-forward control specifying the flow coefficient of the resistive element is
based on a model for the pressure node capacitance and the flowrates associated with
the RO module. In practice, the model would have to estimate these values and may
include an observer that is informed by sensor measurements. For this study, these
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values are calculated by reversing the calculations given above. The feed-forward
control identifies an ideal flow coefficient based on a positive rate of change in feed
pressure equal to the prescribed limit. The flow coefficient command is bound by an
upper bound attributed to the size of the valve. The ideal flow coefficient is

pn—pr Cr (Pf) +4qr —qErU.f

|pn — Pyl Ph—Df

9)

kv,ideal =

3.2 Numerical Solution

These models are solved using the Euler method with a time step of 5-10° seconds.
This time step was selected based on convergence of a mass and energy balance.
Similarly, the length of time simulated is based on a convergence study on the power
captured by the WEC and metrics of pressure variation (i.e., mean, minimum, maxi-
mum, and variance). The simulations are 2250 s long with only the last 2000 seconds
contributing to the performance calculations.

3.3 Design Studies

The PTO architectures are compared based on power losses and the total accumulator
volume. The Pareto front is approximated using a multi-variable grid study. The
pressure rate-of-change constraint is enforced through eligibility to the Pareto optimal
set.

The variables of each grid study are specified in Table 6. Total volume refers to the
total volume for the high-pressure accumulators. The distribution of volume between
the accumulator upstream and downstream is indicated by the proportion of the total
volume placed at the RO feed inlet. Along with the range of values, the number of
grid points and the distribution scheme for the grid points are specified. Two grid

Table 6 Grid study parameters: bounds, number of grid points and spacing scheme

PTO architecture Total volume Portion at RO feed Flow coefficient
(L) (L/kPal’?)
Baseline 500-30,000 (80/log) | —

Passive element, with | 5,000-15,000(10/1og) | 0.2-0.35(10/equal) 0.1-15(40/10g)
constraint

Passive element, 1,000-15,000(80/1og) | 0.05-0.9(10/equal) 0.1-30(20/10g)
without constraint
Active element 5,000-15,000(10/1og) | 0.01-0.99(40/equal) | 40(1/-)

Series-type 1,000-15,000(20/1og) | 0.01-0.95(40/10g) -




250 J. Simmons and J. Van de Ven

point distribution schemes are used; a constant spacing between grid points and a
log-scale spacing.

4 Results

In this section, results are presented from the grid study for the baseline case, a
comparison of the Pareto optimal performance results for each PTO architecture, and
time-series results for the proposed PTO architecture with representative selections
of design parameters.

Grid study results for the influence of accumulator volume on the peak rate of
change in feed pressure and mean power loss for the baseline PTO architecture are
given in Fig.4. The mean power losses include the pressure relief valves and the
hydraulic motor and generator and are normalized to the mean power capture by the
WEC. The lowest total high-pressure accumulator volume meeting the constraint
on the pressure rate of change is 17,600 liters. Above 3,000 liters of accumulator
volume, power losses are near constant at about 2.8%. The pressure relief valves are
not used in this range, only the hydraulic motor and generator contribute to these
losses. Below 3,000 liters, the pressure relief valve at the RO feed inlet is activated
and increases the losses up to 5.5% with 500 liters of accumulator volume.

The Pareto optimal performance for all the PTO architectures is given in Fig.S5.
This figure shows the power losses as a function of the total accumulator volume.
Results for the baseline architecture are given without regard for the pressure rate-
of-change constraint (indicated by “no constraint” in the legend). However, the min-
imum volume needed to meet the constraint is indicated with a vertical dash-dotted
line.

These data show a clear ranking in the performance of the architectures. First, the
parallel-type architecture with the additional resistive-capacitive network performs
better with an active element than a passive element. Second, for accumulator vol-
umes less than 8,000 liters, the series-type architecture outperforms the parallel-type
architectures. However, above about 8,000 liters, the power losses are greater for the
series type architecture; this is due to the losses of the hydraulic motor being greater
in the series configuration, at 3.1%, than in the parallel configuration at 2.8%. Third,
when the pressure rate-of-change constraint is not enforced, the baseline outperforms
all cases where the constraint is enforced.

To compare required accumulator volume between the architectures, a target limit
value of 5% loss is considered, which is just less than double the power loss of the
baseline architecture with 17,600 liters. At 5% combined power loss, the parallel-type
architecture requires 9,090 liters with a passive resistive element and 7,920 liters with
an active element. The series-type architecture requires 4,370 liters. Respectively,
these values account for reductions in the required volume from the baseline of 48, 55,
and 75%. When the pressure rate-of-change constraint is not observed, the baseline
architecture requires 670 liters to achieve 5% combined power loss. This is 96% less
volume than is required to meet the rate-of-change constraint.
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Permeate production has been left out of this analysis since, by design, the per-
meate rate should be consistent for all cases. This is confirmed by the results for
each design meeting the 5-% combined loss. The baseline produced 1870 m?/day
when meeting the constraint and 1890 m?®/day without. The parallel-type produced
1860 m*/day with the passive pressure filter and 1900 m*/day with the active pressure
filter. The series-type produced 1850 m®/day. All values are within 3% difference.

Time-series results related to pressure variation illustrate the behavior of these
systems. These are presented for the designs meeting the 5-% combined loss. First,
results for the parallel-type architecture with a passive resistive element and 9,090
liters of total volume are given in Fig. 6. The other design parameter values for this
case are a flow coefficient of 4.06 L/s/kPa'’? and 28.3% of the accumulator volume
at the RO feed inlet. These results show (1) pressure at the two accumulator banks,
(2) the behavior of the hydraulic motor responding to the difference between the
nominal RO feed pressure and the actual pressure, and (3) the rate of change in feed
pressure compared to the target limit of 70 kPa/s. Two observations are notable. First,
there is only a small difference in pressure between the two accumulators (i.e., about
0.14 MPa on average). Second, the rate of change in pressure approaches the peak
of 70 kPa/s for only a small fraction of time within the 2000 second simulation. For
comparison, the 97th and 99th-percentile values of the rate-of-change magnitude are
indicated and are 38 and 48 kPa/s, respectively.

Results for the parallel-type architecture with an active resistive element and 7,920
liters of total volume are given in Fig.7. This design has 94.7% of the accumulator
volume at the RO feed inlet. These results include (1) the pressure at the two accu-
mulators, (2) the rate of change in feed pressure, and (3) the flow coefficient of the
resistive element compared to the value determined from the feed-forward control
law. A notable observation is that several instances are shown where the pressure
upstream of the resistive element peaks to extreme values, yet these values are still
well below the pressure relief valve setting of 20MPa. Another is that the rate of
change in feed pressure and the valve coefficient command signal have higher fre-
quency content that is not seen with the passive element. Finally, the feed-forward
command signal for the flow coefficient has a mean value (543 L/s/kPa'’?) that is an
order of magnitude greater than the maximum value (saturation limit) of 40 L/s/kPa'/?
that was chosen.

Finally, time-series results for the series-type architecture having 4370 liters of
total accumulator volume are given in Fig. 8. This design has 1.12% of the accumu-
lator volume placed at the RO feed inlet. These results include the pressure at the
RO feed inlet and the pressure upstream of the hydraulic motor. The rate of change
is not presented because it is near zero, being under direct control by the hydraulic
motor. The RO feed pressure is controlled well and is nearly constant while the
upstream pressure varies significantly. It is notable that the upstream pressure falls
below the RO feed pressure for several periods within the simulation. In these cases,
the hydraulic motor is in a pumping mode.
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Fig. 6 Time-series results related to pressure variation for the parallel-type architecture with a
passive resistive element: pressure and hydraulic motor flow rates (a) and rate of change in RO feed
pressure (b)

5 Discussion

The results of this study suggest the series-type architecture is a superior design to
the parallel-type architecture with respect to controlling the pressure variation at the
RO module. This is in addition to this architecture using a 29% smaller WEC-driven
pump, based on the results of the study presented in [23]. However, if the parallel-type
architecture is chosen, adding a resistive-capacitive network to form a second-order
low-pass filter can reduce the total accumulator volume by about half.

The results of this study also show that there is a significant cost associated with
enforcing the 70 kPa/s constraint on the RO feed pressure rate of change. Treating
the constraint as a hard limit in this study showed that an order of magnitude more
accumulator volume is required than would be deployed otherwise. Yet the need for
this constraint appears to be not well understood. Future work is needed to clarify
what should be the constraints placed on the variation in pressure for wave-powered
RO systems. Clarity on this issue will contribute significantly to our ability to design
a robust and cost-effective system.
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A specific recommendation would be to clarify whether the rate of change in
pressure contributes to mechanical failure or just degraded performance, whether that

mechanism is accumulative, and to what degree. It

was noted that the portion of time

where peak rate of change is observed for the parallel-architecture is relatively small
and that the 97th and 99th-percentile values for the rate of change are significantly
lower than the peak. This highlights the fact that taking the limit of 70kPa/s as a
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Fig. 8 Time-series results for pressure for the series-type PTO architecture

hard limit may be overly conservative. If a mechanism of failure or performance
degradation is cumulative, a probabilistic distribution for the rate of change may
be a more appropriate feature to consider in the design of these systems. If so, the
system may tolerate a greater degree of pressure variation and require significantly
less accumulator volume than observed in this study.

A trend in how accumulator volume is distributed in the system is illustrated by
the study. Although the data are not given for all Pareto optimal results, the designs
selected for comparison are representative of the trends between each architecture.
Due to the direct control of flow at the RO feed inlet with the series-type architecture,
very little accumulator volume, (i.e., 1.12%) is placed at the RO feed inlet. In contrast,
28.3% of the volume is placed at the RO feed inlet in the parallel-type architecture
with the passive resistive element and 94.7% with the active resistive element. The
active resistive element case is at the other extreme from the series-type PTO. This
may be driven by the cases where the rate of change is negative, as in Fig. 7b at about
1700s. In these cases, the resistive element is unable to force an increase in flow.
This is where the active resistive element is limited; it is capable of retarding flow
but not driving flow.

There may be room to further reduce the accumulator volume required by these
systems. This study has assumed an accumulator charge pressure of 4 MPa regardless
of the use case. The capacitance of an accumulator is greatly affected by charge
pressure with it being more advantageous to have the charge pressure close to the
operating pressure. Attention to this margin may yield a reduction in the required
volume. This is especially notable for the series-type architecture where the upstream
pressure is expected to be greater than the RO feed pressure. However, there likely
needs to be a significant margin to accommodate the high level of flow and pressure
variation in these systems. Another opportunity for reduced accumulator volumes is
with higher working pressure limits since the pressure relief valves drive the increased
power losses at low accumulator volumes.

A limitation of this study is that the design of this system was only examined
for a single sea condition. The sea condition that was selected was argued to be a
reasonable corner condition, but there is a motivation to extend that corner condition
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to higher energy sea states. This would require greater accumulator volumes than
found in this study because of the higher peak power input to the system. Generally,
the accumulator volume requirement is dominated by relatively infrequent sea condi-
tions. A trade-off between production and component size requirements needs to be
negotiated. This adds further motivation for clarifying and justifying the constraint.
If the constraint were to be relaxed, this trade-off could be shifted toward higher
production and lower accumulator volume requirements.

6 Conclusions

This study used numerical models to simulate the dynamics of a wave-powered RO
system with a variety of power take-off architectures. A constraint found within the
RO industry for the operation of an RO system is that the rate of change in feed
pressure should not exceed 70 kPa/s. However, it is not clear what the mechanism
of failure is that motivates the constraint. This study highlights the significance of
this constraint in the design of a wave-powered RO system and the influence the
power take-off architecture has on meeting this constraint. The results of this study
showed that the constraint on the rate of change in feed pressure requires an order of
magnitude greater high-pressure accumulator volume for the baseline system than
if the constraint was not enforced. Furthermore, improvements over the baseline
architecture were demonstrated for three proposed architectures. The study found
that the addition of a resistive-capacitive network in the hydraulic circuit reduced
the required high-pressure accumulator volume by 48% when the resistive element
was passive and 55% when the resistive element was actively controlled through
feed-forward control. The study also found that a series-type architecture, where
a hydraulic motor is placed in series with the RO module, provides a reduction
of about 75% in required accumulator volume while also requiring a 29% smaller
WEC-driven pump.

7 Data Availability

Custom software and data used in this work are available at: https://github.com/
novaTehnika/2023-DynPTOModelDesignStudies/releases/tag/publications2024
(accessed 29 April 2024).
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