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 a b s t r a c t

Boundary Element Method (BEM) solvers play a key role in industrial-level marine device research. Despite 
relying on simplified hydrodynamic models, their computational efficiency and well-established validation has 
resulted in the widespread adoption of these software tools. These solvers have been created by different authors 
who, in some instances, have used different approaches to achieve the same objectives, which can lead to unex-
pected discrepancies in results obtained from different solvers. Some of these differences may not be apparent 
to the general user. To support an informed selection of software, this work presents a comprehensive review of 
several widely-used solvers. Their performance was assessed across diverse marine devices using specific met-
rics, enabling a thorough comparison of key parameters. It has been observed that the most accurate results are 
obtained by WAMIT and ORCAWAVE, closely followed by HAMS and CAPYTAINE. On the other hand, the most 
computationally efficient solvers are WAMIT, NEMOH and AQWA, followed by HAMS. As this study is open to 
the scientific community, all comparative models and pre- and post-processing routines have been shared openly 
to facilitate the reproducibility of the results, and future iterations of the study, as new versions of the compared 
software are released.

1.  Introduction

The oceans are a complex environment where important economic 
activities, such as the transport of goods and the extraction of natural 
resources, take place. These activities are being expanded with the de-
velopment of floating wind and wave power plants. In order to design 
devices that perform these activities, it is necessary to predict the loads 
that they will be subjected to under different operating conditions and 
in the geographical locations where they will perform their tasks. The 
numerical models that, due to the precision and industrial quality of 
their results, best meet these requirements are simulations using Com-
puter Fluid Dynamics (CFD), in particular models based on the Navier-
Stokes equations (Penalba et al., 2017a). However, the computational 
expense of such models drive developers to use other, less accurate mod-
els. Such models can, with suitable adjustments, sufficiently reproduce 
the required wave and loading situations. For this task, potential flow 
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models, based on the Boundary Element Method (BEM), have proven 
their quality and efficiency.

Solving the seakeeping problem, a key issue in hydrodynamics, is 
the overall objective of a BEM solver. This problem is concerned with 
bodies that are fixed, or moving at a forward speed, while being sub-
jected to sinusoidal waves. Such bodies may be partially submerged 
(floating) or entirely submerged in fluid of infinite or limited depth. The
three-dimensional radiation-diffraction problem results from the prob-
lem’s mathematical formulation (Newman, 1977; Liang and Chen, 
2025).

There are numerous software packages that perform the previously 
outlined functions, so the researcher or engineer must choose the most 
appropriate tool to support the device being designed. To help in this 
decision, several studies have been published on this topic. In order not 
to implicitly give more importance to some software over others, and 
since in most cases, the original meaning of the acronyms has lost its 
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Romans

𝐀 added mass matrix  [kg, kgm2]
𝐁 radiation damping matrix  [kg/s2, kgm2/s]
𝐂 stiffness matrix  [kg/s, kgm2/s2]
𝐷 number of devices
𝑒 error ratio
𝑗 imaginary unit
𝐾 impulse response function matrix  [kg/s2, kgm2/s]
𝐌 inertia matrix  [kg, kgm2]
𝑛 number of frequencies
𝑁 number of degrees of freedom
𝑃 number of panels
Re Reynolds number
𝑡 time  [s]
𝑇 period  [s]
𝑦 generic hydrodynamic parameter

Greek symbols

ζ damping ratio
θ wave heading  [deg]
ρ water density  [kg/m3]
ω angular frequency  [rad/s]

Subscripts

0 zero frequency
∞ infinite frequency
crit critical
𝑖 degree of freedom
𝑘 index of a device
ref reference hydrodynamic parameter

Acronyms

BEM Boundary Elements Method
BVP Boundary Value Problem

CAD Computer Aided Design
CFD Computational Fluid Dynamics
CLI Command Line Interface
DLL Dynamic-Link Library
DNV Det Norske Veritas
ECN École Centrale de Nantes
EWTEC European Wave and Tidal Energy Conference
GMRES Generalized Minimal Residual Method
GPL General Public License
GUI Graphical User Interface
IEA International Energy Agency
IRF Impulse Response Function
IST Instituto Superior Técnico
LHEEA Laboratoire de recherche en Hydrodynamique, 

Énergétique et Environnement Atmosphérique
MARIN Maritime Research Institute of the Netherlands
MASK Manoeuvring and Seakeeping Basin
MEC Marine Energy Converters
MIT Massachusetts Institute of Technology
MKL Math Kernel Library
NREL National Renewable Energy Laboratory
NRMSE Normalized Root Mean Square Error
NURBS Non-Uniform Rational B-Splines
ORE Offshore Renewable Energy
OSWC Oscillating Surge Wave Converter
OWC Oscillating Water Column
PDE Partial Differential Equations
PTO Power Take-Off
QTF Quadratic Transfer Functions
RAE Relative Absolute Error
RAM Random-Access Memory
RAO Response Amplitude Operator
RMS Root Mean Square
RMSE Root Mean Square Error
ROPAX Roll-On/roll-off Passenger
UCD University College Dublin
WEC Wave Energy Converter
XCORR Cross Correlation

significance, the names of all the software used are included in upper 
case.

Naciri and Sergent (2009) includes a benchmark study for a stan-
dard Liquefied Natural Gas Carrier (LNGC), where seven commercial 
diffraction/radiation software were used for the comparison (AQWA, 
Delfrac (Jonge et al., 2008), Diffrac (Buchner et al., 2001), Diodore, 
Hydrostar (Chen, 1993), Wadam and WAMIT). First and second order 
calculations, including far field mean drift and near field wave drift 
Quadratic Transfer Functions (QTF), were performed. In that work, the 
results compared included some of the terms of the hydrostatic stiffness 
matrix, the free decay periods and damping ratio for heave, roll and 
pitch, a visual comparison of first order excitation force magnitude and 
phase, the mean wave drift load in surge, sway and yaw, and the effect 
of slowly varying the wave drift load QTF. The results for first order pa-
rameters were similar despite differences in meshing between solvers. 
Mean wave drift loads with the far-field method were quite consistently 
predicted by all the solvers, except at isolated frequencies, but the re-
sults calculated with near field method showed significant differences 
between solvers.

The study described in Silver et al. (2008) includes an evaluation 
of various multibody ship motion prediction codes, those being Mvs-
Csc, Mvtds, AQWA, ShipMo3D (Mctaggart, 2011), AEGIR (Kring et al., 
1999), and LAMP-Multi (Large Amplitude Motions Program) (Weems, 
2007). Data from a test conducted at the Maritime Research Institute of 

the Netherlands (MARIN) were correlated with the results of the indi-
vidual codes. The cases studied focused on the dynamic analysis of two 
ships positioned parallel to each other. The parameters used to com-
pare the results were the amplitude and phase of the Response Ampli-
tude Operator (RAO) and the added mass. The comparison was done 
by visual similarity between the graphs of each parameter against wave 
frequency. In addition, a percentage difference between the model test 
results were also computed by taking the difference between the pre-
dicted RAO amplitude and phase at each frequency and the model test 
results. The resulting value for the amplitudes were then normalized by 
dividing the resulting difference by the largest value of amplitude over 
all headings and frequencies from the model test. The phase difference 
was normalized by dividing the result by 360. The final results are then 
multiplied by 100 to yield the percentage difference. Also an average 
of the absolute values of the percentage differences across the frequen-
cies was obtained. The results of this evaluation showed a variability 
in the results of 10–20% in general, a value which increasing greatly in 
certain cases. In general, it was also observed that codes with a more so-
phisticated methodology for motion prediction yielded better prediction 
results by a small margin. The computational effort was not compared 
in that work.

The previous report (Silver et al., 2008) was extended to in-
clude WAMIT in Silver and Hughes (2010), comparing those results 
with MOSES, AQWA (zero-speed Green’s function), LAMP and AEGIR
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(Rankine panel methods). A qualitative comparison table was created 
which included different simulation capabilities for each solver. Further, 
a model test of two ships in close proximity was performed in the US 
Navy’s Manoeuvring and Seakeeping Basin (MASK), with one of them 
free to pitch, heave and roll. Five regular and seven irregular wave con-
ditions were selected for the basis of the evaluation. The quantitative 
comparison method was similar to that used in Silver et al. (2008). The 
deviation in heave motions in time domain from each of the simulations 
was shown to be lower than 25%.

Another study which considered ship modelling was presented 
in Gourlay et al. (2015), which compared the results obtained for the 
analysis of cargo ships in shallow water, using the BEM solvers AQWA, 
GL RANKINE (Söding, 2009), MOSES, OCTOPUS, PDSTRIP (Bertram 
et al., 2006) and WAMIT, with experiments realised at the Flanders Hy-
draulics Research. Comparisons in this work included zero and forward-
speed cases, the parameter for comparison is the RAO, and the metrics 
was the average over all frequencies. To assure consistency in the rep-
resentation, the same model of each of the models were used in each 
solver, although different ways to generate the mesh were used for dif-
ferent solvers. Due to this, the design, and the number of panels for each 
mesh of the same ship, is different. No viscous damping was applied to 
RAO calculation. The benchmarking showed reasonable agreement of 
numerical predictions with model test results for heave and pitch over 
the entire range of wave frequencies studied, with a range of errors up 
to approximately 20%.

The work described in Gourlay et al. (2015) was further extended 
in Parisella and Gourlay (2016) to consider NEMOH solver, comparing 
the results obtained from NEMOH with those from WAMIT. In addition 
to using the RAO as the comparison parameter, the added mass, radia-
tion damping and excitation forces were also used. Although no metrics 
are provided, the results show good agreement using a visual compari-
son.

A number of comparative studies focussing on BEM results for wave 
energy devices have also been carried out, including (Penalba et al., 
2017b) which modelled some real Wave Energy Converter (WEC) de-
vices using simplified geometric representations. In that work, a sub-
merged axisymmetric point absorber (SAPA, similar to CETO), a two-
body point absorber (2BPA, similar to OPT PowerBuoy), an Oscillating 
Surge Wave Converter (OSWC, similar to Aquamarine Oyster), and a 
floating Oscillating Water Column (OWC, similar to the IST Sparbuoy) 
were considered. The quantitative parameters used for that compari-
son were the added mass, radiation damping, exciting force and Im-
pulse Response Function (IRF), the solvers used in the comparison were 
NEMOH and WAMIT. The parameters used for the comparison are the 
cross-correlation and Root Mean Square (RMS), and the metrics are the 
cross correlation correlation, the maximum correlation, and the RMS 
ratio. A thorough comparative results table was generated. In general, 
NEMOH’s results were found to be similar to those of WAMIT, except 
in problems containing the interaction between two bodies, or an oscil-
lating column of water. In terms of computational speed, NEMOH was 
shown to be significantly slower specially for the case with the higher 
number of panels. All files used in the generation of the results of this 
study were made publicly available.

A comparative study between AQWA, ORCAWAVE and NEMOH, was 
carried out in the thesis (Mon, 2021), with a focus on ship design. A mesh 
convergence analysis was performed in AQWA-FER, taking as a target 
the results of the finest mesh, and using as a comparison parameter the 
relative error in the movements of the device with an irregular wave 
for the six degrees of freedom obtained in a frequency domain analysis. 
The chosen mesh has a difference of less than 1% compared to the finest 
mesh. This mesh was imported into ORCAWAVE, and NEMOH. Neither 
the meshes used, nor the numerical results of the study, were included. It 
was, however, stated that the results for the hydrodynamic coefficients 
and RAO from each of the three solvers were similar.

In Ref. Sheng et al. (2022), a comparative study between WAMIT, 
NEMOH and HAMS was performed. In that study, WAMIT results were 

those considered the most reliable and hence formed the basis for the 
comparison. That research examined three simple floating structures, in-
cluding a vertical cylinder with circular cross-section, the same cylinder 
with a thin heave plate in its lower end, and a vertical cylinder with an 
octagonal cross-section ending in an inverted conical shape at the top. 
The parameters compared were the added mass, radiation damping, ex-
citing forces and displacement RAO. Due to the simplicity of the geome-
tries, the degrees of freedom analysed were surge, heave and pitch. The 
criterion for comparison of the results is visual. There is no indication 
that any mesh convergence analysis was carried out. The results for the 
first cylinder were very similar between the three solvers. The results be-
tween HAMS and WAMIT with and without dipoles were very similar, 
but NEMOH obtained different results. However, for the third geometry, 
the results for all the solvers were very similar. In order to analyse the 
robustness of the solvers for cases with damaged meshes, two anomalies 
are considered in the second geometry: a truncated mesh and a verti-
cally overlapped mesh. While the first anomaly did not cause problems, 
the second caused NEMOH’s results to be very different from those of 
other solvers. In the speed comparison, HAMS was slightly faster than 
WAMIT, but NEMOH was about four times slower than WAMIT. The 
meshes used in this study have been made publicly available.

Finally, Raghavan et al. (2022) conducted a comparative study on 
BEM solvers WAMIT, NEMOH and HAMS, for a cylindrical point ab-
sorber and an oscillating surge device, both WECs. The effect of the 
irregular frequency elimination procedure included with HAMS and 
WAMIT was evaluated. The added mass, radiation damping, exciting 
forces, and RAO, were used for visual comparison. As in earlier studies, 
that study considered WAMIT results the most reliable, and hence the 
results from WAMIT form the basis for the comparison. The numerical 
results, except for the irregular frequencies, were quite similar between 
the three solvers. The computational speed of HAMS, due to its effi-
ciency and parallelisation capacity, was similar to that of WAMIT.

The main contributions of this work are as follows:

• Large-scale benchmark: An in-depth analysis of many first order 
radiation-diffraction zero-velocity Green’s function software tools, 
which are used to model a variety of floating devices, totalling close 
to 1000 cases.

• Metrics-based conclusions: The results obtained are analysed and 
compared using multiple parameters and metrics, to highlight the 
differences and advantages of each software and to enable a user to 
make an informed choice as to the most suitable solver for an appli-
cation. The results show significant variations in the quality of the 
results and in the use of computational resources among the solvers 
reviewed.

• Detailed geometries: The geometries included for analysis have 
been generated so as to represent as accurately as possible the real 
objects modelled, except for the necessary elimination of small ap-
purtenances that make the calculation difficult, and whose hydrody-
namic contribution is insignificant.

• Single source of meshes: In order to prevent differences arising in 
results between solvers that are due to differences in the meshes used 
to represent geometries in each case, a single source of meshes has 
been used for all solvers.

• Higher order, high discretization benchmark: All geometries 
modelled have also been modelled in WAMIT using the higher or-
der method with very high discretisation meshes defined by B-spline 
curved surfaces. The use of higher order panels make such results 
reliable at a high level, and hence these results serve as a reference 
for the current study.

• Reproducibility of all the study: To allow other researchers to re-
produce the results of this study, to add new devices and software 
tools, and to facilitate updating in the face of continuous software 
changes and improvements, all the background information for this 
study has been published and is available to the scientific commu-
nity. This includes the Computer Aided Design (CAD) models, all 
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the starting, intermediate and final models for each of the solvers 
and devices, and the source code and binaries of the pre- and post-
processing routines. Such pre- and post-processing routines are nec-
essary, given the large amount of data involved.

It should be noted that, in order to guarantee the integrity of the 
calculations and conclusions made in this study, the developers of the 
software tools used have not been given the opportunity to provide any 
feedback on this study, limiting the contact between them and the au-
thors of this paper to normal technical support in the use of the software 
through the channels opened by the developers.

The current study employs both commercial and open source soft-
ware. In the latter, the binaries are distributed for free use, multiple pa-
pers can be found indicating their authors and describing their methods, 
and the source code is accessible and reusable within the fairly permis-
sive limits of each licence. This facilitates scientific progress by making 
problem-solving strategies explicitly visible. The set of solvers included 
in this study has been limited by the availability of commercial licences 
on the part of the authors. As a result, software such as HYDROSTAR 
could not be included. New phases of this study may involve broader 
collaborations that would allow additional software to be incorporated.

The work is structured as follows: Section 2 includes a description 
of each of the solvers included in this study and Section 3 describes the 
devices used as example cases. Section 4 reviews the conditions under 
which this study was conducted. Section 5 analyses the reasons why a 
BEM solver may not perform well in its calculations, reviewing, at a 
general level, the factors that can be measured to deduce the quality 
of the results. Section 6 analyses in detail each of the parameters and 
metrics studied, tabulates the results, and gives possible explanations for 
the deviations found. Finally, Section 7 reviews other parameters that 
are not directly related to the quality of the results, but have an impact 
on the practical functionality of the solvers.

2.  Description of the solvers

A general description of each of the solvers included in this study is 
given below. In addition, Table 1 presents the availability, or otherwise, 
of specific features in each solver, these features being:

• 𝐴0, 𝐴∞: Calculation of the added mass at frequency at zero and infi-
nite frequency.

• Panel-level info: Panel level output of potentials and/or complex 
pressures, from which the hydrodynamic coefficients are obtained.

• RAO: Response amplitude operator calculation.
• Irreg. frequen.: Irregular frequencies removal.
• Multi-body analysis: Capability of performing calculations of a multi-
body system where there are interactions between the bodies.

• QTF: Quadratic transfer function calculation method. Number 7 
refers to control surface/middle field, 8 refers to momentum con-
servation/far field and 9 refers to pressure integration/near field.

• Higher order: Possibility to perform calculations with meshes based 
on curved panels.

• Licence type: Commercial (Comm.) or some kind of open licence.
• Automation: Ability to launch a set of calculations from another pro-
gram or includes a command-line interface (CLI).

• GUI: Graphical User Interface

2.1.  AQWA

AQWA (Atkins Quantitative Wave Analysis) is an integrated suite 
based on hydrodynamics analysis by 3D diffraction/radiation methods. 
The first version was developed in Fortran by WS Atkins in 1971. Own-
ership of the software was acquired by Century Dynamics Inc. in 2001. 
This company was, in turn, acquired by Ansys Inc. in 2005 and now 
AQWA is integrated into the Ansys Workbench system.

Fig. 1. Representations of the different devices and vessel as they were analysed 
in this study. The change in the colour indicates the waterline.

Although AQWA includes a graphical user interface, this program 
maintains access to the classic command line environment, the latter 
including a finer control of the calculation parameters. AQWA includes 
an irregular frequency removal algorithm. The software can obtain QTFs 
using the pressure integration and momentum conservation methods.

2.2.  WAMIT

WAMIT (Wave Analysis Massachusetts Institute of Technology) was 
one of the first panel methods software, developed in Fortran by the re-
searchers S. R. Breit, J. N. Newman, P. D. Sclavounos and C.H. Lee of 
the Department of Ocean Engineering at the MIT. Its first version was 
released in 1987. In 1999, WAMIT Inc. was founded by C.H. Lee and 
J. N. Newman. It uses a boundary-integral formulation based on a vari-
ant of the Green’s theorem (Newman, 1985) using a combined source 
and dipole distribution. This capability facilitates the modelling of thin 
structures, a process that necessitates the resolution of hypersingular 
integral equations (Martin and Rizzo, 1861). WAMIT has the ability to 
represent the geometry of the structure not only through flat quadrilat-
eral panels with a uniform source distribution on each panel, but also 
through higher order curved panels defined as Non-Uniform Rational 
B-Splines (NURBS) in which the potential is represented by continuous 
B-splines. To eliminate irregular frequencies, WAMIT has the ability to 
automatically generates a waterplane mesh (Raghavan et al., 2022), as 
well as using a user-defined mesh for the waterplane.

2.3.  NEMOH and CAPYTAINE

NEMOH is an open source panel method for the computation of 
first-order hydrodynamic coefficients. It has been in development by 
the École Centrale Nantes (ECN) for 30 years (Delhommeau, 1989) and 
is primarily written in Fortran. The first public version (v2.0) was re-
leased in January 2014 (Babarit and Delhommeau, 2015) by A. Babarit 
and G. Delhommeau. Initially it was released under the General Public 
License (GPL), but soon it adopted the Apache 2.0 license. Unlike other 
BEM software, NEMOH decouples the resolution of the linear free sur-
face Boundary Value Problem (BVP) from the definition of the boundary 
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Table 1 
Features table. The dash indicates that a feature is not supported by a solver.

 Solvers
 Devices  AQWA  CAPYTAINE  HAMS  NEMOH  NEMOHv3  ORCAWAVE  WAMIT
𝐴0 , 𝐴∞  3  –  3  –  – 𝐴∞  3
 Panel-level info  3  3  –  –  –  3  3
 RAO  3  3  3  –  –  3  3
 Irreg. frequen.  3  3  3  –  3  3  3
 Multi-body  3  3  –  –  –  3  3
 QTF  89  –  –  –  7  897  897
 Higher order  –  –  –  –  –  –  3
 License  Comm.  GPL3  Apache2  Apache2  GPL3  Comm.  Comm.
 Automation  CLI  Python  CLI  CLI  CLI  –  CLI
 GUI  3  –  –  –  –  3  –

Table 2 
Main dimensions of the devices studied. Note: the Ceto device is fully 
submerged to a depth of 2.5m from the top of the device.

 Dimensions
 Devices  Displacement [t]  Length [m]  Beam [m]  Draft [m]
 Ceto  2491  25  25  5 (height)
 CorPower  282  8.4  8.4  14.4
 DeepCWind  14126  67  74  20
 ISWEC  458  15  8  4.4
 Oyster  227  2.2  18  8.1
 ROPAX  16723  184.5  27  6.1
 UMaine  20695  90.5  102  20

condition on the body (body condition). This feature makes it easy to 
use with flexible structures. One of its unique characteristics is that the 
wave component of the Green function is calculated using interpolation 
in a look-up table. During its development, it received improvements 
from F. Rongere, C. McNatt and others. After some years of growth dur-
ing which time, due to its status as the first, open source, BEM option, 
NEMOH made a significant impact on the community, its development 
ceased in 2017 following the retirement of G. Delhommeau and A. Clé-
ment. The Laboratoire de recherche en Hydrodynamique, Énergétique et 
Environnement Atmosphérique (LHEEA) Mercurial repository versions 
v113 (corresponding to the latest released binaries) and v115 (the lat-
est buildable, which includes improvements in the treatment of irregular 
frequencies) where the last releases at that time.

Based on the NEMOH codebase, projects OpenWARP and CAPY-
TAINE were developed: The OpenWARP project begins as a code com-
petition supported by National Renewable Energy Laboratory and the 
U.S. Department of Energy’s Water Power Program, for code that will 
take a mesh as an input and solves the potential flow problem. After 
integrating NEMOH, the OpenWARP project improved it by adding it a 
higher order panel method, so the velocity potential on each panel was 
not assumed to be constant and equal to the value at the centroid of 
the panel, but described by a product of two B-splines (Maniar, 1995; 
Liu, 2009). In addition, simple meshing capability and a graphical user 
interface were added. The updates to OpenWARP ceased on 2016.

The CAPYTAINE project, although based in old NEMOH Fortran code 
up to v113, does a deep refactoring of some of the core routines (Ancellin 
and Dias, 2018), allowing an increased performance due to the use of 
Intel Math Kernel Library (MKL) and code parallelization using OpenMP. 
The CAPYTAINE project, initially developed by M. Ancellin and F. Dias 
at the University College Dublin (UCD) (Ancellin and Dias, 2019), is 
maintained by M. Ancellin. Since April 2022, it is funded by the Alliance 
for Sustainable Energy, LLC, National Renewable Energy Laboratory’s 
(NREL) management and operating contractor. CAPYTAINE is limited 
to first order calculations and cannot handle oscillating water columns 
or thin members in general. However CAPYTAINE supports multi-body 
calculations.

Fig. 2. Example of a mesh where symmetry has been applied and the lid has 
been obtained. The obtained lid is marked in solid colour, and the cut in the mesh 
cells due to the symmetry is observable in the 𝑥𝑧 plane in lower left column.

After a period of time, an ECN team, including R. Kurnia and 
G. Ducrozet, took up the development of NEMOH, supported by the 
Horizon 2020 FLOATECH project. As a result, in December 2022, the 
NEMOH v3.0 was released, with the GPL v3 license, including some 
improvements: the first-order module allows for removing irregular fre-
quencies using an user-provided lid panel at free surface inside the wa-
ter piercing bodies, Green’s function uses finer interpolation points, new 
solvers are available for the linear system (LU decomposition and GM-
RES iterative solver), and a new module is provided for the computation 
of quadratic transfer functions (QTF) (Kurnia et al., 2022). When using 
the QTF module, while, for difference-frequency QTF, it is in general 
acceptable not to compute the free-surface integral terms, for the sum-
frequency QTF the user must provide an additional surface mesh which 
occupies a sufficiently large area around the body water piercing con-
tour (Kurnia and Ducrozet, 2022).

2.4.  HAMS

HAMS (Hydrodynamic Analysis of Marine Structures) is an open-
source software for the numerical computation of the wave effect on 
marine structures. It is based on boundary integral equations in the po-
tential flow theory for analysis of wave-structure interactions using a 
combined source and dipole distribution. It is written in Fortran 90, im-
plementing its computations in parallel using OpenMP. The code has 
been under development by Yingyi Liu ( ) at Kyushu University 
(Japan) for almost a decade. The theory of the panel method as imple-
mented by HAMS is presented in Liu et al. (2016, 2020). The deep-water 
Green function is included using the Fortran subroutine Green-function-
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Fig. 3. Examples of the range of discretisations analysed for the same geometry.

Fig. 4. The results of determining 𝐴∞(ω) for each frequency analysed, for the range of discretisations analysed, for the same geometry calculated with AQWA. The 
red line indicates the minimum frequency range defined by the coarsest mesh The arrow shows the evolution of the results with increasing discretisation.

in-deep-water1 developed by H. Liang (Wu et al., 2017; Liang et al., 
2018). Subsequently, upon the recommendation of Y. Liu, the author 
made the code publicly available on GitHub to facilitate broader dis-
semination and accessibility. The finite-depth Green function is using a 
Fortran subroutine FinGreen3D2 developed by Y. Liu (Liu et al., 2015).

HAMS includes an option to remove irregular frequencies by en-
forcing null potential and induced horizontal velocity components 
at discrete control points on the interior waterplane (Liang et al., 
2020; Ohmatsu, 1983). This feature requires an additional water 
plane mesh to be provided by the user as input when running the
simulation.

Some limitations of this software include: it can only handle one 
body, it does not handle oscillating water columns, and it does not obtain 
second order forces.

HAMS is freely distributed under the Apache License, version 2.0.

2.5.  ORCAWAVE

Developed by Orcina Ltd. in Delphi (a dialect of the Object Pascal 
programming language) ORCAWAVE was first introduced with the re-
lease of OrcaFlex version 11.0 in 2020. ORCAWAVE is included as part 
of the OrcaFlex license, meaning that OrcaFlex users have access to OR-
CAWAVE without additional licensing.

2.6.  Other software used in this study. BEMRosetta

The realisation of this study, including the automated handling of 
multiple cases, has required the use of additional software. A brief de-
scription is given below.

1 https://github.com/Hui-Liang/Green-function-in-deep-water
2 https://github.com/YingyiLiu/FinGreen3D

Table 3 
Degrees of freedom considered in the calculation for each of the parame-
ters and devices. Here, 1 to 6, sequentially, represent surge, sway, heave, 
roll, pitch and yaw.

 Parameters / Degrees of Freedom

 Devices
Added Mass Radiation
Damping  Resonance Period  Excitation Force RAO

 CorPower  1, 3, 5  3, 5  1, 3, 5
 DeepCWind  1, 2, 3, 4, 5  3, 4, 5  1, 3, 5
 Ceto  1, 3, 5  –  1, 3, 5
 ISWEC  1, 2, 3, 4, 5  3, 4, 5  1, 3, 5
 Oyster  1, 5  5  1, 5
 UMaine  1, 2, 3, 4, 5  3, 4, 5  1, 3, 5
 ROPAX  1, 2, 3, 4, 5  3, 4, 5  1, 3, 5

BEMRosetta (Zabala et al., 2021, 2024) is a software tool which may 
be used to load, process, visualise, interchange and save different BEM 
solvers mesh formats, calculations setup files, and hydrodynamic coef-
ficients results. It is developed in C++, and in addition to its sources, 
it is distributed in a GUI version to be easily handled by users, as a com-
mand line tool, as a C++ library, and as a Dynamic-Link library (DLL) 
to be used from any other software.

This library has been used in this project to create the tool for au-
tomatically preprocessing, transforming, and post-processing the cases 
calculated for the seven different solvers and seven different geometries 
analysed in this study. Thanks to the use of the BEMRosetta library, the 
original AQWA meshes are converted into all other mesh formats. Where 
appropriate, the meshes have been cut for symmetry. New meshes have 
been obtained by closing the free surface to form a lid for the irregular 
frequencies removal for solves incorporating this feature, and the AQWA 
cases are converted into the different calculation setups for each solver. 
With regard to the output from the solvers, all the results obtained from 
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Fig. 5. Coarsest and finest Ceto meshes studied.

the different solvers have been converted into the .out WAMIT format. 
Without the availability of a library that would allow the realisation 
and automation of the exchange of mesh files, case definition and hy-
drodynamic coefficient database, the realisation of the hundreds of cases 
included in this study would not have been possible, which would have 
resulted in a study much more limited in scope that the current work.

3.  Description of the devices

The following is a brief description of the geometries of the devices 
and vessel included in this study. The designs included are based on pub-
licly available information, which, in some cases, is not very detailed. 
Therefore, although the models created meet the requirements of this 
study, the use of these models to estimate the loads and performance of 
the real devices and vessel may give different results to those obtained 
with the highly optimised, original designs created by the respective de-
velopers. A sketch of each of the geometries is shown in Fig. 1, and their 
main dimensions are given in Table 2. A range of geometries with dif-
ferent marine applications were included in the study, comprising pro-
posed floating wind platforms, proposed wave energy converters and a 
standard sea-going vessel.

3.1.  Ceto

The Ceto device, named after a Greek sea goddess, is a submerged 
point absorber-like wave energy converter, developed by the Australian 
company Carnegie Clean Energy Ltd. The submerged buoy is anchored 
to the seafloor and its buoyancy, activated by the passage of waves above 
it, is used to drive a power take-off. In the current work, the analysed 
device is a recreation of version 6 of the Ceto device.

3.2.  CorPower

CorPower is a surface piercing point absorber-like WEC, with a heav-
ing buoy which is connected to the seabed through a mooring system. 
The relative movement of the float with respect to the mooring is inter-
nally converted into electrical energy by an electromechanical system. 
It is developed by the Swedish company CorPower Ocean AB. The anal-
ysed device herein is a recreation of version C3 of the Corpower device.

3.3. DeepCWind

The DeepCWind semi submersible floating wind substructure was 
developed for the IEA Wind TCP Task 30 OC4 project (Offshore Code 
Comparison Collaboration Continued) Phase II (Robertson et al., 2014). 
It supports the NREL offshore 5-MW baseline wind turbine.

3.4.  ISWEC

The ISWEC (Inertial Sea Wave Energy Converter), conceived by 
the Polytechnic of Turin and developed by Wave for Energy Srl, is a 

floating WEC which is anchored to the seabed and free to oscillate in 
pitch in response to the waves. This pitching motion is coupled to the 
motion of a flywheel and generates a gyroscopic force which is turn 
acts on generators, which transform the movement into electrical en-
ergy. The analysed device is a recreation of the 2019 version of the
ISWEC.

3.5.  Oyster

Oyster is a wave energy converter conceived by a team led by Trevor 
Whittaker at Queen’s University Belfast and developed by Aquamarine 
Power Ltd. It consists of a flap attached to the seabed in a very shallow 
area, such that the top of the device is surface piercing. The flap is hinged 
near the sea bed and is orientated perpendicular to the swell, so that 
the flap will oscillate in the direction of wave travel. The model of this 
device included in this study is based on version 2 of the Oyster. In 
that version, flap was connected to an energy extraction device, and the 
energy was transmitted to the shore station for harnessing.

3.6.  ROPAX

The acronym ROPAX (Roll-on/Roll-off Passenger) describes a vessel 
built to carry wheeled cargo that is driven on and off the ship, along with 
passenger accommodation. Technically this encompasses all ferries with 
both a roll-on/roll-off car deck and passenger-carrying capacities. The 
vessel included in this study is a standard conceptual design developed 
for this occasion.

3.7.  UMaine

The University of Maine’s (UMaine) VolturnUS-S floating semi-
submersible offshore wind turbine reference platform (Allen et al., 
2020), is designed to support the IEA 15-240-RWT 15 MW reference 
wind turbine. This platform is a steel version of UMaine’s patented float-
ing concrete foundation technology developed in collaboration with the 
US Department of Energy.

4.  Conditions under which this study was conducted

4.1.  General conditions

A particular effort has been made to ensure that the simulations using 
each of the solvers were carried out under conditions as similar to each 
other as possible. This was intended to create a level playing field for all 
the solvers considered, and it was ensured that the following parameters 
were constant in each case:

• device mesh;
• density, gravity and water depth;
• set of frequencies and headings.
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Due to compatibility issues in AQWA with meshes generated by other 
software, all lower order geometries were modelled using Ansys Space-
Claim, and the mesh coordinates for use with the remaining solvers were 
obtained from AQWA, through the .dat output file format. Higher order 
geometries (for use with the WAMIT high-order solver) were modelled 
using Aerohydro’s CAD package, MultiSurf.

Because the Ansys Workbench does not support symmetry, the origi-
nal meshes include each body in its entirety. However, other solvers in-
cluded in this study do support certain levels of symmetry, either around 
the 𝑥𝑧 plane, the 𝑦𝑧 plane, or, in some cases, both. This feature allows 
the calculation time to be greatly reduced. For this reason, and to al-
low those solvers take advantage of this feature, in the pre-processing 
phase, meshes of half or a quarter of each body have been generated 
based on the original meshes. Given that the original meshes are not 
symmetrical in themselves, cutting the mesh in half to symmetrise it 
can cause some central cells to become overly slender in shape. This 
hypothetical handicap has not been significant in practice, as in gen-
eral the solvers that have used symmetric meshes thus generated have 
obtained better results than those using the original mesh. To ensure 
the quality of this operation, the immersed volume of the original mesh 
has been compared with that of the symmetrised mesh, and it has been 
found that the volume difference between the original and symmetrised 
meshes was always below 0.001%.

Furthermore, some of the solvers included in this study have the ca-
pacity to eliminate irregular frequencies through the use of a mesh that 
closes the inner part of the bodies at the free surface level. While in 
some solvers this mesh is automatically generated, in others the user 
is required to provide the free surface mesh externally. In the latter 
cases, this mesh has been obtained in the pre-processing phase us-
ing BEMRosetta. To check the quality of the mesh, the surface area 
of each of the BEMRosetta-generated surface meshes has been com-
pared with the value of the resulting surface projected on the 𝑧 =
0 plane for the whole body, the error in all cases being less than
0.4%.

By way of example, Fig. 2 illustrates a mesh used to represent Deep-
CWind where both the symmetry and the lid has been obtained using 
BEMRosetta.

The present study includes a comparison of the computational time 
taken, and Random-Access Memory (RAM) used, by the different solvers 
in the calculation of multiple discretisations of the same geometry (see 
Section 7). However, as it was not possible to install all the solvers on the 
same individual computer, a criterion of scaling the calculation speed 
between two computers has been developed to allow for direct compar-
isons to be made between the different solvers. To this aim, due to the 
fact that it is open source software and hence does not require installa-
tion, NEMOH has been taken as the reference software for the computa-
tional time and RAM usage comparison. Several simulations have been 
carried out using NEMOH on all the computers used. By comparing the 
time taken for corresponding simulations on the different computers a 
linear adjustment coefficient of calculation speed has been obtained, and 
this coefficient has been used to scale the speed of calculations of one 
computer to the speed of the other. With regard to memory, there has 
been no need to scale, as both computers have RAM memory equal to or 
greater than 24Gb, which is sufficient RAM to carry out all simulations 
included in this study.

4.2.  The study benchmark based on higher order mesh

Geometries in BEM solvers can be analysed using either the lower- or 
higher-order method. When using the lower-order method, the wetted 
geometry of a body is approximated by an ensemble of flat, quadrilateral 
panels which are defined by the Cartesian coordinates of each vertex of 
each panel, and the velocity potential is approximated by piecewise con-
stant values on each panel. In contrast, when the higher-order method 
is used, panels are not restricted to flat quadrilaterals but may be sur-
faces with continuous curvature to represent any portion of the body. 

As such, higher-order panels will result in a more accurate representa-
tion of a curved body than lower-order panels. The velocity potential on 
the body is represented by B-splines in a continuous manner. Using the 
higher-order method, geometric representations of a body may be gen-
erated using a number of approaches, including geometry models cre-
ated in the surface modelling CAD package developed by Aerohydro Inc, 
known as MultiSurf (Aerohydro Inc, 2011). The use of the high-order 
method provides a number of advantages over the lower-order method, 
notably, the higher-order method converges faster than the low-order 
method and typically provides a more accurate solution, with a smaller 
number of unknowns. In this study, higher-order geometries were cre-
ated using Multisurf. Using the proprietary relational geometry kernel 
jointly developed by AeroHydro Inc. and WAMIT Inc., WAMIT may di-
rectly access and analyse such model geometries. The primary advan-
tage of using this approach is that geometry analysed in WAMIT are 
fundamentally exact and not compromised by approximations resulting 
from faceted and NURBS-based geometric representations. For these rea-
sons, the higher-order method in WAMIT is considered the most accurate 
of all those studied, and hence provides the benchmark against which 
all other solvers, including the lower-order method in WAMIT, are com-
pared. To further improve the results, the calculations performed with 
WAMIT high order have a much higher number of panels than the cases 
with flat panels for each device studied. Of the solvers included in this 
study, WAMIT is the only one to include an option to use higher-order 
panels. Details of both the lower- and higher-order approach in WAMIT 
can be found in Wamit (2023).

4.3.  Extent of the calculations performed

Calculations have been carried out for the following discretisations, 
defined by the number of panels in a model, for each geometry anal-
ysed. In addition, seven further cases, one per geometry (with the panel 
number marked in parenthesis), have been run using the higher order 
method in WAMIT with a very high number of panels to be considered 
as benchmarks:

• Ceto: 243, 474, 613, 763, 1062, 1623, 2067, 2389, 2828, 3183, 
3627, 4148, 4774, 5552, 5833, 6734, 7454, 8016, 9111, 10,122 
(63400).

• CorPower: 274, 320, 419, 555, 716, 974, 1481, 2618, 3081, 3724, 
4751 (146800).

• DeepCWind: 2465, 3009, 4064, 7431, 8953, 9964, 11316, 12710, 
14474, 17269, 19626, 23,622 (73100).

• ISWEC: 456, 606, 821, 964, 1149, 1400, 1767, 2088, 2372, 2762, 
3175, 3855, 4456, 5781, 6988, 8650, 9545, 10914, 12415, 14174, 
16,507 (54000).

• Oyster: 429, 440, 594, 626, 742, 870, 1090, 1200, 1435, 1483, 1654, 
1925, 2048, 2276, 2896, 3650, 4503, 5891, 7038, 7222, 7699, 8530, 
8812, 9772, 10313, 11509, 12,226 (78200).

• ROPAX: 758, 852, 1040, 1208, 1480, 1824, 2224, 2892, 3578, 4192, 
4519, 4947, 5427, 6024, 6651, 7422, 8388, 9546, 10917, 12553, 
14755, 17387, 20,963 (73550).

• UMaine: 497, 610, 777, 1087, 1429, 2188, 2758, 3737, 5533, 6926, 
8383, 10215, 12982, 14562, 16,698 (43225).

The panel numbers used for the different levels of discretisation arise 
as a consequence of the size of the panels initially used to generate the 
meshes in Ansys. By performing calculations using each of these dis-
cretisations with all 7 solvers in the study, the number of calculations 
carried out totalled 910. Some of the cases with less satisfactory results 
have been specially reviewed and repeated to eliminate sources of error 
which did not arise due to issues with the specific solver itself. Fig. 3 
presents some examples of the different mesh discretisation for the same 
geometry, the Umaine platform.
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5.  Cause of errors and parameters to detect them

This section deals with the complex issue of selecting the best pa-
rameters for a comparative study of this type, and the specific metrics or 
ratios to be used to demonstrate the quality of each solver. The metrics 
ultimately used to perform the comparison are described in Section 6. 
To this aim, the different causes of error that can lead to a solver failing 
to obtain the best results are first discussed. Subsequently, two possible 
classes of parameters can be defined, firstly depending on the quality 
of the internal calculation and secondly depending on the quality of the 
results. For the class of parameters chosen, the calculation process for 
each of its parameters and metrics will be detailed afterwards.

5.1.  Sources of errors

The goal of the hydrodynamic solvers is to estimate how a specific 
floating structure design will behave in waves as accurately as possible. 
Experience has demonstrated that there can be sizeable variations in 
the hydrodynamic results obtained from different potential flow solvers. 
Consequently, the subsequent predicted motions can likewise exhibit 
similar variations between predictions made from the different solvers.

A number of reasons exist to explain these differences (Ittc, 2002):
• Numerical aspects.
• Software engineering aspects, including pre- and post-processing and 
software quality.
Regarding the first of these points, it must be borne in mind that a 

numerical model of a general three-dimensional device has to be solved 
by means of its discretisation. In this discretisation, there are numerous 
factors to be taken into account:

• Modelling and discretisation of boundary conditions.
• Panel design for surface representation: number of panels, charac-
teristic size and order (flat or curved).

• Calculation methods, especially in the presence of corners and high 
frequencies.

• Quality and order of the methods used for panel integration.
• Size and accuracy of floating point operations.
A convergence study provides the simplest method for assessing mesh 
discretisation errors. This is done by comparing the results of a key pa-
rameter over successive levels of discretisation to a reference solution 
(approximating an infinitely refined mesh). The relative error between 
each discretisation and the reference is calculated, and an acceptable 
error threshold is set, to determine when the discretisation sufficiently 
captures the geometric representation. A significant source of numeri-
cal error in 3D potential flow simulations is the numerical integration 
of the Rankine component when evaluating the Green’s function over a 
surface panel. Another example is the error that may arise in calculating 
tangential velocity at an element using a constant variation of the veloc-
ity potential assumption over each panel. This assumption conflicts with 
finding the tangential velocity at the element, which is the derivative of 
the velocity potential. The use of Green’s second identity to approximate 
the body surface by plane quadrilateral elements contributes to the error 
in calculating tangential velocity (Newman and Sclavounos, 1988).

Discretisation errors are influenced by multiple factors such as fre-
quency, wave direction, and object shape. Such errors may have a 
greater affect on some hydrodynamic coefficients, and at some frequen-
cies, when compared to others. If the panel size is not small enough to 
capture local variations, errors may occur near edges, corners, and the 
free surface when analysing drift forces. The panel size should also be 
small compared to the wavelength to prevent errors. However, in cer-
tain situations, the results obtained when increasing the discretisation 
level may, in fact, converge to incorrect values.

An issue which can arise in the results from BEM solvers is that of 
so-called “irregular frequencies”, which cause erroneous results at cer-
tain frequencies. This problem arises from the fact that the panel-based 

solvers produce a solution for the potential in the vessel hulls’ interior 
and exterior. Numerical solutions will be incorrect close to the Dirichlet 
eigen-frequencies of the interior domain bounded by the inner surface of 
the hull and the calm water plane within the hull, even though only the 
exterior potential is of concern. The estimated coefficients around these 
frequencies may therefore experience spurious oscillations. The effects 
of irregular frequencies can be suppressed by placing a “lid” of panels 
in the calm water plane inside the hull and applying a special bound-
ary condition there (Lee et al., 1996) or, if possible, simply plotting the 
added mass and damping coefficients as a function of wave frequency 
and discarding the solutions at the higher frequencies where the peaks 
are observed. A solution has been proposed to implement this procedure 
in a more rigorous and automated way (Kelly et al., 2022).

5.2.  Study of quality parameters and metrics

In order to perform a comparison between solvers, where not only 
the quality of the results is considered, but also the speed at which they 
are obtained, it is necessary to define quality criteria and metrics or 
ratios to carry out a discretisation analysis. This analysis may take into 
account in the fact that a solver with more sophisticated calculation pro-
cedures can achieve results of equivalent quality to another solver, but 
with a coarser discretisation. This would allow the more sophisticated 
solver to obtain results more quickly than a less sophisticated solver, 
using a finer degree of discretisation, might. Since a user will not nor-
mally have several software packages with which to compare results, the 
value of these ratios has to be defined a priori, and has to be as general 
as possible so such ratios may be fairly applied to different solvers and 
for the different geometries studied. Two approaches can be used when 
determining suitable parameters: quality of calculations and quality of 
results.

5.2.1.  Hydrodynamic properties compliance
With Respect to the parameters used for comparing the quality of the 

calculations, for the different degrees of freedom, and without consid-
ering the consequences of the results errors at this time, the following 
quality criteria may be considered:

• Verification that the added mass and radiation matrices are symmet-
ric and positive semi-definite.

• Presence of unphysical values, such as negative radiation damping.
• Occurrence of spurious oscillations in the hydrodynamic coefficients 
due to “irregular frequencies”.

• Check agreement with Haskind’s relation (Newman, 1977; Haskind, 
1957; Newman, 1962), which correlates the radiation damping with 
the integral in all directions of the linear excitation force.

• The application of Haskind’s relation in the standard expression of 
the first order excitation force results in a different but equivalent 
equation as described in Newman (1977).

• As described in Cummins (1962), Ogilvie (1964), the added mass 𝐴∞
is “genuine” in the sense that it depends only on the body, and it does 
not depend on the frequency. However, it is observed in practice that 
the radiation damping and the added mass as a function of frequency, 
obtained by integration of the surface, do not always agree and may 
produce non-constant values of 𝐴∞.

Of the above criteria, the first three are not used as metrics in this 
work due to the difficulty in obtaining a valid key parameter to use 
with them. With respect to the three remaining parameters, while the 
mathematical expressions of each are physically identical, in practice, 
errors of integration can result in differences which can be used to assess 
the quality of the calculation.

When considering the agreement between the radiation damping 
from Haskind’s relation and that from the radiation potentials, the cor-
rect application of Haskind’s relation for a non-axisymmetric device re-
quires that the excitation force be calculated for multiple headings such 
that integration around these gives a sufficiently meaningful result.

Ocean Engineering 343 (2026) 123168 

9 



I. Zabala et al.

For the subsequent criterion, calculation of the excitation forces us-
ing the expression derived according to Haskind is required. However, 
this option is not available for all solvers studied.

Finally, the last criterion above requires only the availability of the 
added mass and frequency-dependent radiation, which are available 
in all cases. This increases the value of this parameter. The radiation 
damping 𝐵(ω) is related to the frequency-dependent component of the 
added mass 𝐴(ω) through the Kramers-Kronig relations (Kotik and Man-
gulis, 1962). When concept of impulse response function (IRF), associ-
ated with a memory effect caused by the presence of the free surface, is 
considered,  Ogilvie (1964) demonstrated that the IRF can be obtained 
either using 𝐴(ω) or 𝐵(ω) through the following relations:

𝑘(𝑡) = 2
𝜋 ∫

∞

0
𝐵(ω) cos(ω𝑡)dω, (1)

or

𝑘(𝑡) = − 2
𝜋 ∫

∞

0
ω
(

𝐴(ω) − 𝐴∞
)

sin(ω𝑡)dω. (2)

By using a sufficiently well-defined ranged of the radiation damping, 
𝐵(ω), the IRF can be obtained from Eq. (1). By combining this with 
Eq. (2), the following expression for 𝐴∞ can be obtained:

𝐴∞(ω) = 𝐴(ω) + 1
ω ∫

∞

0
𝐾(𝑡) sin(ω𝑡)d𝑡. (3)

Applying Eq. (3) to obtain values for 𝐴∞(ω) to each of the meshes 
with different levels of discretisation, for each frequency analysed, for 
the UMaine semi-submersible platform calculated with AQWA, results 
in Fig. 4. It can be observed that for low frequencies, 𝐴∞(ω) has an 
almost constant value. However this value deteriorates with increas-
ing frequency, with the deterioration occurring at lower frequencies the 
lower the number of panels with which the surface has been discre-
tised. The developers of AQWA are aware of this, and the software will 
not permit calculations above a frequency that is determined to be of no 
less than 7 elements over the shortest wavelength. Therefore, in order 
to obtain a comparison parameter, the smallest frequency range taken 
from the coarsest discretisation should be taken for all discretisations 
(marked with the dash red line), so that for all discretisations, for all 
solvers, the same range is processed. This has been the criterion used 
in this study, taking for all cases 100 equidistant frequencies within the 
defined range.

5.2.2.  Quality of results
A different approach to defining the parameters and metrics for such 

a study is to focus on the needs of the users, analysing and measuring the 
parameters that may be of interest. Although this approach may have 
less scientific significance compared to the approach described above, 
given its practical value to users, and also due to the practical impossibil-
ity of knowing how the calculations are solved in commercial software 
due to the lack of source code, it is the one that has been chosen for this 
study. Given the importance and scope of this topic, it will be dealt with 
separately in Section 6.

6.  Parameters, metrics and results

This section presents a description of the parameters used in the 
comparison made between solvers in this study. For each parameter, 
a rationale for its use is provided according to its importance in evalu-
ating the performance of marine devices. In addition, the metrics used 
to compare parameters, and their detailed calculation procedure, will be 
defined. The included tables and plots present the results of the study, 
including the value of the metric and the number of panels of the ge-
ometry with which it has been achieved. To save space, this number is 
given in abbreviated form, with the suffix ’k’ indicating thousands of 
panels. This number is relevant, as two solvers may have obtained simi-
lar results, but one may have obtained it with a lower number of panels, 
which would indicate that this solver for this device converges faster. 

Since computational issues can result in variations in results for several 
parameters, in order to avoid repetition, the possible reasons for the de-
viations uncovered will be left for the end of this section, where in the 
parameters that are affected will be made clear. It should be noted that 
metrics are not calculated for all of the geometries analysed for all de-
grees of freedom, but only for those degrees that are significant and not 
redundant, due to the nature of the geometries. For example, the results 
for the yaw mode are not considered for a geometry with 𝑥𝑧 symme-
try. The degrees of freedom analysed for each geometry are included in
Table 3. The following is an description of the metrics used, and how 
they have been applied to the defined parameters.

• The Relative Absolute Error (RAE):
RAE =

|

|

|

|

1 −
𝑦
𝑦ref

|

|

|

|

, (4)

This has been used to compare single values of a parameter. In this 
equation, 𝑦 indicates the parameter to be compared and 𝑦ref indicates 
the parameter taken for reference. 𝑦ref in some instances may be the 
result obtained with the best possible discretisation for a solver and a 
device, while in other instances it may be the result of the calculation 
taken as a reference.

• Root Mean Square Error (RMSE): In order to compare frequency-
dependent parameters, the Root Mean Square Error defined as

RMSE =

√

√

√

√

1
𝑛

𝑛
∑

ω=1

(

𝑦(ω) − 𝑦ref(ω)
)2, (5)

has been used. As the hydrodynamic coefficients have been calcu-
lated for the same frequencies for all solvers and discretisations ap-
plied to each geometry, the comparison of values is direct and there 
was no need to interpolate values. In this study the number of fre-
quencies analysed for a geometry and discretisation, 𝑛, is always 100.

• Normalised Root Mean Square Error (NRMSE): As the error results 
obtained by different parameters are to be compared, they have to 
be normalised in some manner to ensure a fair comparison. For those 
parameters that are not, by default, normalised already, such as the 
RAO, the RMSE has been normalized by dividing it by the average 
of the reference parameter, as described by
NRMSE = RMSE

𝑦ref
, (6)

• Cross Correlation (XCORR): The cross-correlation 𝑅̂𝑦𝑦ref  quantifies 
the similarity between the two curves as a function of their rela-
tive displacement. In this study, we compute the normalized cross-
correlation (XCORR) as

XCORR =
𝑅̂𝑦𝑦ref

√

𝑅̂𝑦𝑦(0)𝑅̂𝑦ref𝑦ref (0)
, (7)

where normalization ensures that the autocorrelation at zero lag 
equals unity. This ratio serves as an error metric when comparing 
a parameter against its reference.

• Root Mean Square (RMS): To aggregate the error rates across all 𝑁
degrees of freedom, the root mean square error was used and defined 
as

RMS =

√

√

√

√
1
𝑁

𝑁
∑

𝑖=1
𝑒2𝑖 . (8)

In order to highlight the results shown, cells with values between 5 
and 10% are displayed in dark yellow and italics, and those with values 
above 10% are displayed in dark red and bold.

6.1.  Added mass and structural response

6.1.1.  Significance of this parameter
In naval devices, the resonance periods of structures are directly pro-

portional to the sum of the mass and the added mass. The accurate anal-
ysis of the structural response of a floating platform, for example, must 
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Table 4 
Results of the comparison of the added mass to those obtained with WAMIT using the higher-order method. The 
number of panels required is also included.

 Solvers
 Devices  AQWA  CAPYTAINE  HAMS  NEMOH  NEMOHv3  ORCAWAVE  WAMIT
 CorPower  2.6% 3k  2.6% 3k  1.1% 0k  2.4% 3k  6.0% 3k  0.7% 0k  1.0% 0k
 DeepCWind  2.3% 7k  2.1% 7k  1.0% 7k  1.7% 7k  2.1% 9k  0.7% 7k  0.9% 7k
 Ceto  2.4% 5k  1.9% 6k  1.3% 2k  2.3% 5k  2.3% 5k  1.0% 2k  1.2% 2k
 ISWEC  1.6% 2k  1.5% 2k  2.3% 12k  1.3% 2k  2.0% 2k  1.3% 2k  1.3% 3k
 Oyster  26.2% 7k  15.9% 12k  13.6% 10k  16.8% 12k  44.1% 9k  1.9% 7k  2.5% 7k
 UMaine  1.8% 6k  1.5% 6k  1.7% 6k  1.4% 6k  1.7% 6k  1.6% 6k  1.7% 6k
 ROPAX  2.4% 17k  2.4% 4k  1.9% 4k  2.6% 4k  15.2% 15k  1.9% 1k  1.7% 1k

Table 5 
Results of the comparison of the added mass at infinite frequency, compared to that obtained with WAMIT 
using the higher-order method. The number of panels required is also included.

 Solvers
 Devices  AQWA  CAPYTAINE  HAMS  NEMOH  NEMOHv3  ORCAWAVE  WAMIT
 CorPower  2.1% 3k  2.2% 3k  0.3% 0k  2.1% 3k  2.0% 3k  0.1% 0k  0.3% 0k
 DeepCWind  1.4% 7k  1.6% 7k  0.5% 7k  1.6% 4k  1.7% 7k  0.5% 4k  0.5% 7k
 Ceto  1.1% 5k  1.1% 5k  0.3% 2k  1.0% 5k  1.1% 5k  0.2% 1k  0.3% 2k
 ISWEC  0.6% 2k  0.7% 3k  1.6% 12k  0.5% 1k  0.9% 2k  0.5% 2k  0.6% 3k
 Oyster  4.2% 7k  6.8% 2k  1.9% 3k  6.9% 1k  6.5% 6k  0.4% 3k  1.0% 5k
 UMaine  0.7% 6k  0.8% 6k  0.8% 6k  0.6% 6k  0.7% 6k  0.9% 6k  0.9% 6k
 ROPAX  1.3% 6k  1.4% 4k  1.8% 4k  1.7% 4k  11.0% 13k  1.2% 1k  1.1% 2k

be carefully managed to avoid resonance under different excitation fre-
quencies which may arise from incident waves, other environmental 
forces, or internal frequencies such as those due to the rotational speed 
of the turbine in the case of floating wind turbines or the rotational 
speed of the propeller shaft in ships. Resonance effects could render a 
design unfeasible due to the stresses caused by peak and cyclic loads, 
which can lead to damage and structural fatigue. Conversely, resonance 
effects can be desirous for wave energy convertors. For these reasons, the 
correct determination of the added mass, and hence resonant frequen-
cies is essential for a valid structural analysis and wave energy converter
design.

6.1.2.  Definition of the metrics
In order to assess the quality of the added mass calculation performed 

by the solvers, the following three metrics have been investigated:
• 𝐴(ω): Added mass as a function of angular frequency

The RMS of the NRMSE for all degrees of freedom of the added 
mass has been obtained for the range of frequencies, for each of the 
discretisations for each solver, comparing with the finest discretisa-
tion available for each solver. The chosen mesh is the coarsest mesh 
that achieves a normalized error of less than 1%. Once this result 
has been obtained, the same metric is obtained for the chosen dis-
cretisation, but compared with the reference higher order WAMIT 
model. The results are presented in Table 4.

• 𝐴∞: Added mass at infinite frequency
The RMS of the RAE for the added mass at infinite frequency for 

each degree of freedom has been obtained, for all the discretisations 
for each solver. This result is then compared to that for the finest 
discretisation available for each solver. The added mass at infinite
frequency has been obtained using the Eq. (3) for the whole fre-
quency range, averaging the results. The chosen mesh is the coarsest 
mesh that achieves a normalized error of less than 1%. Once this 
mesh has been established, the same metric for this discretisation is 
compared with the reference higher order WAMIT model. The results 
are presented in Table 5.

• 𝑇 : Resonance period
The RMS of the RAE of the resonance period has been obtained 

for all the degrees of freedom for each of the discretisations for each 

solver, comparing with the finest discretisation available for each 
solver.

The period 𝑇  is obtained from 
ω2 = 𝐂(𝐌 + 𝐀(ω))−1, (9)

where 𝐂 is the stiffness matrix and 𝐌 is the inertia matrix. Each 
of the degrees of freedom is solved separately, and the diagonal of ω
represents the used angular frequency values, converted into periods 
with 𝑇 = 2𝜋∕ω.

The chosen mesh is the coarsest mesh that achieves a normal-
ized error of less than 1%. Once this mesh has been established, the 
same metric for this discretisation is compared with the reference 
higher order WAMIT model. The results are in Table 6. The period 
in Ceto is not calculated as it is completely submerged and hence
𝐂 = 0.

6.2.  Radiation damping

6.2.1.  Significance of this parameter
The radiation damping quantifies energy dissipation through radi-

ated waves which influences motion responses, especially near reso-
nance. It directly impacts RAO and device stability.

6.2.2.  Definition of the metrics
To measure its accuracy, the RMS of the NRMSE of all the degrees of 

freedom for the radiation damping was obtained for each of the discreti-
sations for each solver, comparing with the finest discretisation avail-
able for each solver. The chosen mesh is the coarsest mesh that achieves 
a normalized error of less than 1%. Once this mesh has been established, 
the same metric for this discretisation is compared with the reference 
higher order WAMIT model. The results are presented in Table 7.

6.3.  Excitation forces

6.3.1.  Significance of this parameter
The loads received by an offshore device, whether fixed or floating, 

are largely dependent on the incident wave. These loads can be caused 
by the excitation effect of the wave due to Froude-Krylov forces, or by 
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Table 6 
Results of the comparison of the resonance period, compared to that obtained with WAMIT using the 
higher-order method. The number of panels required is also included.

 Solvers
 Devices  AQWA  CAPYTAINE  HAMS  NEMOH  NEMOHv3  ORCAWAVE  WAMIT
 CorPower  0.2% 0k  1.4% 0k  0.1% 0k  0.2% 0k  12.4% 3k  0.1% 0k  0.1% 0k
 DeepCWind  0.1% 3k  1.3% 3k  0.4% 4k  0.2% 3k  21.3% 17k  0.4% 4k  0.4% 4k
 Ceto  –  –  –  –  –  –  –
 ISWEC  0.1% 0k  0.8% 0k  0.1% 0k  0.1% 0k  0.1% 0k  0.1% 0k  0.1% 0k
 Oyster  2.0% 3k  0.6% 7k  1.2% 2k  0.4% 7k  4.7% 5k  0.0% 2k  0.1% 2k
 UMaine  0.1% 3k  1.3% 3k  0.3% 4k  0.1% 3k  1.3% 15k  0.3% 4k  0.3% 4k
 ROPAX  0.7% 1k  1.8% 1k  0.8% 1k  19.9% 3k  3.9% 13k  0.6% 1k  0.7% 1k

Table 7 
Results of the comparison of the radiation damping to that obtained with WAMIT using the higher-order method. 
The number of panels required is also included.

 Solvers
 Devices  AQWA  CAPYTAINE  HAMS  NEMOH  NEMOHv3  ORCAWAVE  WAMIT
 CorPower  2.1% 3k  1.6% 1k  0.9% 1k  1.4% 3k  27.1% 5k  0.9% 1k  1.2% 1k
 DeepCWind  13.6% 13k  5.0% 9k  3.2% 14k  9.4% 9k  5.8% 24k  2.6% 10k  2.8% 11k
 Ceto  2.8% 7k  2.5% 7k  1.3% 3k  2.7% 7k  2.4% 7k  1.2% 2k  1.2% 2k
 ISWEC  5.3% 9k  1.2% 4k  4.1% 14k  5.3% 6k  1.8% 4k  0.7% 4k  0.8% 4k
 Oyster  27.4% 7k  14.9% 12k  22.3% 10k  15.7% 12k  48.1% 10k  2.5% 7k  2.8% 9k
 UMaine  5.5% 8k  2.0% 7k  2.1% 10k  2.4% 8k  2.3% 6k  2.1% 8k  2.1% 8k
 ROPAX  12.7% 21k  2.8% 4k  1.6% 7k  4.0% 10k  31.9% 15k  2.6% 2k  2.6% 2k

Table 8 
Results of the comparison of the accuracy of the determination of the excitation forces, compared to that 
obtained with WAMIT using the higher-order method. The number of panels required is also included.

 Solvers
 Devices  AQWA  CAPYTAINE  HAMS  NEMOH  NEMOHv3  ORCAWAVE  WAMIT
 CorPower  1.2% 1k  1.0% 1k  0.9% 0k  0.8% 1k  20.7% 5k  1.0% 0k  0.8% 0k
 DeepCWind  1.8% 4k  1.8% 4k  2.2% 10k  1.8% 4k  2.6% 24k  2.0% 9k  2.2% 10k
 Ceto  1.8% 2k  1.5% 2k  1.1% 2k  1.6% 2k  1.4% 2k  1.2% 1k  0.9% 2k
 ISWEC  1.6% 3k  1.0% 3k  1.7% 6k  1.7% 2k  1.5% 2k  0.7% 2k  0.8% 1k
 Oyster  15.6% 6k  9.2% 12k  9.1% 10k  10.1% 12k  25.7% 7k  1.6% 5k  2.0% 5k
 UMaine  1.4% 6k  1.0% 6k  1.9% 7k  1.4% 4k  1.0% 6k  1.5% 8k  1.6% 8k
 ROPAX  2.0% 1k  1.7% 10k  2.8% 4k  2.7% 6k  27.8% 15k  2.0% 1k  2.2% 1k

Table 9 
Results of the comparison of the accuracy of the determination of the RAO RMSE, compared to that obtained 
with WAMIT using the higher-order method. The number of panels required is also included.

 Solvers
 Devices  AQWA  CAPYTAINE  HAMS  NEMOH  NEMOHv3  ORCAWAVE  WAMIT
 CorPower  2.2% 1k  2.8% 1k  1.0% 0k  2.1% 1k  10.0% 5k  2.1% 0k  0.8% 0k
 DeepCWind  1.4% 4k  3.2% 4k  1.3% 7k  1.6% 3k  16.2% 20k  2.0% 7k  1.6% 7k
 Ceto  4.4% 5k  4.4% 5k  1.1% 1k  4.4% 5k  4.4% 5k  4.4% 1k  1.1% 1k
 ISWEC  1.2% 0k  2.0% 0k  0.4% 0k  1.2% 0k  1.2% 0k  1.2% 0k  0.3% 0k
 Oyster  19.5% 12k  4.1% 12k  14.6% 10k  6.1% 12k  40.4% 12k  2.7% 12k  2.6% 7k
 UMaine  1.7% 4k  2.4% 4k  1.1% 6k  1.6% 4k  1.7% 4k  2.1% 6k  1.4% 6k
 ROPAX  1.2% 1k  1.6% 1k  1.2% 1k  2.0% 1k  3.1% 15k  1.2% 1k  0.5% 1k

Table 10 
Results of the comparison of the accuracy of the determination of the RAO maximum cross correlation, 
compared to that obtained with WAMIT using the higher-order method. The number of panels required 
is also included.

 Solvers
 Devices  AQWA  CAPYTAINE  HAMS  NEMOH  NEMOHv3  ORCAWAVE  WAMIT
 CorPower  0.2% 0k  0.1% 0k  0.2% 0k  0.2% 0k  12.9% 5k  0.6% 0k  0.4% 0k
 DeepCWind  0.4% 2k  0.7% 2k  0.7% 2k  0.3% 2k  4.5% 20k  0.9% 2k  0.5% 3k
 Ceto  0.1% 0k  0.1% 0k  0.0% 0k  0.0% 0k  0.2% 0k  0.0% 0k  0.0% 0k
 ISWEC  0.1% 0k  0.0% 0k  0.0% 0k  0.0% 0k  0.0% 0k  0.0% 0k  0.0% 0k
 Oyster  0.2% 1k  1.2% 1k  1.0% 1k  0.7% 1k  0.3% 1k  0.7% 1k  0.7% 1k
 UMaine  0.8% 0k  0.6% 1k  1.0% 0k  0.7% 0k  0.9% 0k  0.6% 1k  0.6% 1k
 ROPAX  0.3% 1k  0.1% 1k  0.0% 1k  0.6% 1k  1.1% 1k  0.1% 1k  0.0% 1k
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Fig. 6. Ceto surge RAO results showing the divergence in AQWA to the refer-
ence solver in low frequencies.

Fig. 7. Coarsest and finest CorPower meshes studied.

the disturbance effect of the device by hindering the passage of the wave, 
causing diffraction scattering forces.

6.3.2.  Definition of the metrics
To measure its accuracy, the RMS of the NRMSE for all the degrees of 

freedom for the sum of the excitation forces, Froude-Krylov and diffrac-
tion scattering was obtained, for each of the discretisations for each 
solver, compared with the finest discretisation available for each solver. 
The mesh chosen is the coarsest mesh that achieves a normalized error 
of less than 1%. Once this mesh has been established, the same met-
ric for this discretisation is compared with the reference higher order 
WAMIT model. The results are presented in Table 8.

6.4.  RAO

6.4.1.  Significance of this parameter
The Response Amplitude Operator (RAO) is the frequency-dependent 

transfer function that quantifies the amplitude of the response of a float-
ing structure to a unit amplitude wave excitation over a range of fre-
quencies. It has undoubtedly been the most commonly used parameter 
in comparative studies (see, for example,  Silver et al. (2008), Gourlay 
et al. (2015), Parisella and Gourlay (2016), Mon (2021), Sheng et al. 
(2022), Raghavan et al. (2022)). This parameter summarizes how the ef-
fect of the combination of all phenomena, such as the excitation forces, 
added masses, radiation dampings, and hydrostatic stiffnesses, affects 
the response of the device. The RAO is calculated using (Zabala et al., 
2021)

𝐑𝐀𝐎(ω, θ) =
[

−ω2(𝐌 + 𝐀(ω)) + 𝑗ω𝐁(ω) + 𝐂
]−1𝐅(ω, θ). (10)

Note that, in accordance with Eq. (9), the real part of the denominator 
of Eq. (10), 𝐂 − ω2(𝐌 + 𝐀(ω)), becomes zero when an object is excited at 
its resonance frequency. Since, in some cases, the radiation damping at 
the resonance frequency may be close to zero, the resulting RAO tends 
to high values at that frequency (Journée et al., 2000). These values, 
which are several orders of magnitude higher than the rest of the RAO, 
can distort the results of the applied metrics. As additional damping 
occurs in real systems (such as viscous damping), a additional damping 
is often added to the RAO calculation (Malta et al., 2010). In order for 
this value to be somewhat proportional to the dimensions of the device, 
the criterion used is that this damping depends on the critical damping 
considering the system as linear. The standard form of obtaining the 
critical damping is given by:
𝐁crit(ω) = 2𝐂1∕2(𝐌 + 𝐀(ω))1∕2. (11)

Different experimental tests indicate that a correct damping ratio ζ
for various degrees of freedom is between 2% and 10% of the critical 
damping (Simos et al., 2018; Ferrandis et al., 2020). Therefore, a damp-
ing ratio ζ = 0.05 (5%) was applied for this study. With this damping, 
the modified form of Eq. (10) to obtain the RAO is:

𝐑𝐀𝐎(ω, θ) =
[

−ω2(𝐌 + 𝐀(ω)) + 𝐂 + 𝑗ω
(

𝐁(ω) + ζ𝐁crit(ω)
)]−1𝐅(ω, θ). (12)

6.4.2.  Definition of the metrics
In order to analyse how well the RAO can be obtained on the basis 

of the calculated coefficients, the following metrics have been obtained:

• RMSE
The RMS of the RMSE for all the degrees of freedom for the RAO 

has been obtained for each of the discretisations for each solver, com-
pared with the finest discretisation available for each solver. The 
mesh chosen is the coarsest mesh that achieves a normalized error 

Fig. 8. Coarsest and finest DeepCWind meshes studied.
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Fig. 9. Heave radiation damping DeepCWind results showing the divergence 
in AQWA and ORCAWAVE to the reference solver. In this case, the results from 
AQWA appear to differ from the other solvers across a wide range of frequencies.

of less than 1%. Once this mesh has been established, the same met-
ric for this discretisation is compared with the reference higher order 
WAMIT model. The results are presented in Table 9.

• Cross correlation
The importance of the correlation between the RAO as found us-

ing a solver and the reference solver lies in the fact that, when eval-
uating the RAO, it is not only important to consider the magnitude 
of the response, but also the frequencies at which the response is 
greatest. The RMS of the XCORR for all the degrees of freedom for 
the RAO has been obtained, for each of the discretisations for each 
solver, comparing with the finest discretisation available for each 
solver. The mesh chosen is the coarsest mesh that achieves a nor-
malized error of less than 1%. Once this mesh has been established, 
the same metric for this discretisation is compared with the reference 
higher order WAMIT model. The results are presented in Table 10.

6.5.  Comments on the results

The solvers have generally given good results as indicated by the 
chosen metrics, and have proved to be quite insensitive to the very dif-
ferent dimensions and designs studied. This is particularly interesting as 
some of the metrics used, RMSE and RMS, are quadratic in nature, which 
would tend to amplify the larger errors in the results. In this section the 
overall results for each geometry are discussed in turn.

6.5.1.  Ceto
The Ceto device comprises a simple geometry, which does not seem 

to have posed a problem for any solver. Fig. 5 illustrates the difference 
between the coarsest and finest mesh resolutions. There are some values 
of the order of 4% for the RAO as can be seen in Table 9, which is 
repeated for several of the solvers. Fig. 6. illustrates a comparison of the 
RAO versus frequency plots obtained for WAMIT using the high order 
method, and AQWA. A deviation in the results up to a frequency of 
0.15 rad/s can be seen, and this, in turn, is due to an variation in the 
added mass for those frequencies.

6.5.2.  CorPower
The visual contrast between the most refined and most coarse meshes 

is shown in Fig. 7. The errors obtained for this device are in general very 
small and therefore no further discussion on these results is included 
herein.

6.5.3.  DeepCWind
Fig. 8 presents a side-by-side comparison of the coarsest and finest 

meshes. The results for this device are also good, although it should 
be noted that AQWA has a significant deviation in the heave radiation 

damping at higher frequencies. This deviation is shown in Fig. 9 together 
with the ORCAWAVE results, which so good agreement with the result 
obtained from the reference solver.

6.5.4.  ISWEC
The disparity in mesh granularity in the versions modelled is de-

picted in Fig. 10. The results are also good for this device, although in 
this instance, it should be noted that AQWA has a significant deviation 
in pitch radiation damping. This deviation is shown in Fig. 11, together 
with the CAPYTAINE results, which show good agreement with the re-
sults obtained from the reference solver.

6.5.5.  Oyster
The contours and geometry of the lower order representations of this 

device are very sensitive to the level of discretisation. The visual contrast 
between the most refined and most coarse meshes is shown in Fig. 12. 
In Fig. 13 it can be seen how increasing the discretisation significantly 
changes the shape of the surface. This sensitivity leads to various errors 
in several parameters obtained in the solvers, albeit unevenly. For ex-
ample, Fig. 13 illustrates how increasing the discretisation from 2048 to 
12,226 panels in a lower order representation improves the results ob-
tained by AQWA for the radiation damping, but the results from AQWA 
still show significant divergence from the reference solver. In contrast, 
the corresponding results obtained by ORCAWAVE, even with a low dis-
cretisation, are quite similar to those obtained by the reference solver, 
and the similarity improves further with increased discretisation.

6.5.6.  ROPAX
Despite the complexity of the shapes of this ship, which includes 

a complex bow to define, the results of all solvers were good for this 
geometry. Fig. 14 presents a side-by-side comparison of the coarsest and 
finest meshes. The only issue of note is the appearance of some irregular 
frequencies in AQWA in the added mass and in the radiation, as can be 
seen in Figs. 15.

6.5.7.  UMaine
Fig. 16 illustrates the difference between the coarsest and finest mesh 

resolutions. The errors obtained for this device are in general very small 
and therefore no comments are included herein.

6.6.  Summary

The majority of the solvers included in this study have performed 
satisfactorily. However, in order to facilitate the overall assessment of 
the results on all the quality parameters analysed, Table 11 includes an 
average of all the error values for each solver. Aside from the, expected, 
good result from the low order method in WAMIT, it should be noted 
that ORCAWAVE has performed almost identically. It should be remem-
bered that since the error admitted by the discretisation in the metrics 
used is 1%, the general difference in the results of the two solvers is in-
significant compared to those obtained by a higher order solver and with 
a very high level of discretisation. On the other hand, the open-source 
solvers HAMS, CAPYTAINE and NEMOH have produced high quality re-
sults which compare competitively with the results obtained from the 
commercial software, for which their authors should be commended. 
However, the results of NEMOH v3 show that the robustness of that 
solver has some scope for improvement.

7.  Other parameters

Apart from the parameters related to the quality of the results ob-
tained from a given BEM solver, there are other parameters that may 
be of interest to users, such as computational speed, required RAM re-
sources, and the general robustness of the solver. A number of such 
parameters are considered in this work. These parameters, and the sig-
nificance of them, are described below.
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Fig. 10. Coarsest and finest Iswec meshes studied.

Fig. 11. Pitch radiation damping results comparing the Iswec results of AQWA 
and CAPYTAINE with the reference solver. In this case, the results from AQWA 
appear to differ from the other solvers across a wide range of frequencies, in-
cluding some peaks or irregular frequencies.

7.1.  Computation resources

7.1.1.  Significance of this parameter
The time required by a solver to complete the analysis of a geometry 

can be significant. Analyses that take several days to complete may not 
be feasible in practice, particularly when multiple iterations of a geom-
etry are under investigation. The approach used by a solver to perform 
the calculations has a major impact on the computation time. Factors 
such as parallelism in the number of cores used in the computation, 
proper use of memory, and others, can radically affect the computation 
time.

The RAM utilisation of a solver can also be an important factor. Mem-
ory consumption is usually proportional to the number of panels in the 
mesh, so a solver with a high memory consumption per panel may be 
limited in the level of discretisation that can be analysed, leading to 
poorer quality results.

Potential flow computations are easy to parallelize, since they actu-
ally consist of solving as many computations as the number of frequen-
cies to be analysed. So, a solver without in-built parallel computation 
capabilities can be made to perform parallelised computations simply 
by dividing the range of frequencies to be analysed into several sub-
ranges, effectively distributing the full range of frequencies into several 
segments, and combining the results at the end. Therefore, in order to 
make an unbiased comparison between the computational times of the 
different solvers, the decision was taken to perform the comparison us-
ing only one thread per computation (i.e., without the use of parallel 
processing). Furthermore, so that there is no interference between pro-
cesses, only one computation was made on a given computer at a time. 
As this approach is highly time consuming, this comparison was only 
carried out using one of the geometries, the ROPAX, which was selected 
due to its geometric complexity.

Since it was not possible to carry out this comparison for all the 
solvers on a single computer due to the lack of availability of commercial 
licences, it was carried out on two computers with sufficient resources, 
adjusting the simulation time used in the comparison on the basis of the 
average time used on the computers in this study, through several cases 
analysed using NEMOH v2 with its associated open licence.

7.1.2.  Comparison results
Fig. 17 illustrates the results of memory usage and computation time 

comparison, with the average values presented in Table 12. The values 
in Table 12 have been obtained by the numerical integration of the re-
sults for all solvers up to the number of panels for that solver with the 

Table 11 
Average results of the combined quality metrics considered in this benchmark.

 Solvers
 Metrics  AQWA  CAPYTAINE  HAMS  NEMOH  NEMOHv3  ORCAWAVE  WAMIT
 Average  3.8%  2.5%  2.3%  3.0%  9.1%  1.2%  1.1%

Table 12 
Average results of the speed and RAM consumption of a process for each of the solvers, with respect 
to the results obtained by NEMOH v2. For both parameters, values greater than one indicate whether 
a solver uses more memory or is slower than NEMOH. Dark yellow cells indicate a specially lower 
computational speed, and a specially higher memory usage compared to NEMOH v2.

 Solvers
 Speed/RAM  AQWA  CAPYTAINE  HAMS  NEMOH  NEMOHv3  ORCAWAVE  WAMIT
 Speed/NEMOH  0.2  1.7  0.3  1  0.8  2  0.3
 RAM/NEMOH  3.1  15.6  14.4  1  3.1  21  2.5
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Fig. 12. Coarsest and finest Oyster meshes studied.

Fig. 13. Effect of the Oyster discretisation highlighted with an arrow showing increasing discretisation (left), and pitch radiation damping results (right) showing 
the divergence in quality and convergence for some of the solvers. While ORCAWAVE appears to converge rapidly to the results of the reference solver, the results 
of AQWA do not appear to converge adequately.

Fig. 14. Coarsest and finest Ropax meshes studied.

Table 13 
Results of the comparison of the solver capacity measured using the maximum number of panels that can be solved. 
In addition, the number of failed calculations is shown as the second value in each cell.

 Solvers
 Devices  AQWA  CAPYTAINE  HAMS  NEMOH  NEMOHv3  ORCAWAVE  WAMIT
 CorPower  4751  0  4751  0  4751  0  4751  0  4751  0  4751  0  4751  0
 DeepCWind  23622  0  19626  0  23622  0  14474  0  23622  0  19626  0  23622  0
 Ceto  10122  0  10122  0  10122  0  10122  0  10122  5  10122  0  9111  0
 ISWEC  16507  0  16507  0  16507  0  8650  0  12415  0  16507  0  16507  0
 Oyster  12226  0  10313  0  12226  1  12226  0  12226  0  12226  0  12226  0
 UMaine  16698  0  16698  0  16698  1  14562  0  16698  1  14562  0  16698  0
 ROPAX  20963  0  17387  0  12553  0  12553  0  14755  4  12553  0  20963  0
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Fig. 15. Heave radiation damping Ropax results showing the divergence in 
AQWA to the reference solver. In this case, the results from AQWA in high fre-
quencies include some peaks or irregular frequencies.

lowest number of panels. The maximum discretisation of each solver is 
limited, notably except in the case of AQWA, by the ability to perform 
its computations without the need for the operating system to paginate 
memory to disk, as this operation greatly degrades the computational 
speed, causing the computations to take several days, and distorting the 
trends found. Because of this, the meshes considered range from 758 to 
8388 panels, a range performed by all solvers without the need for the 
operating system to page RAM to disk due to lack of RAM.

A clear trend between resource consumption and number of pan-
els can be observed in the results with the exception of AQWA, where 
no relationship between memory usage and number of panels is appar-
ent. To ensure the AQWA results were correct, the AQWA calculations 
were repeated and, as before, no relationship between memory usage 
and number of panels was obtained. These results appear to contradict 
the equation to determine memory usage given in the AQWA documen-
tation, i.e. Memory [Mb] = 300 + 8

(

𝑁
1000

)2
, where N is the maximum 

number of panels in the simulation. During the AQWA calculations, it 
was observed that AQWA made frequent use of the hard disk, which 
might suggest AQWA makes use of its own memory-to-disk paging sys-
tem, proving to be more efficient than that performed automatically 
by the operating system. This may be due to the age of the software, 
designed in an era of scarce computational resources, which forced de-
velopers to optimise RAM usage. The opposite is true for other, more 
modern software developed with higher-level systems, where the ease of 
obtaining massive computing resources, for example in the cloud, may 
have focused the developers’ priorities on increasing and improving the 
software’s features.

Fig. 16. Coarsest and finest Umaine meshes studied.

The calculations show that the fastest solver is AQWA, followed by 
HAMS and WAMIT. With respect to memory usage, the least resource 
intensive solver is NEMOH v2, possibly partly because it is 32-bit soft-
ware. For 64-bit software, the least resource intensive solver is WAMIT, 
followed by AQWA and NEMOH v3.

7.2.  Solver capacity

7.2.1.  Significance of this parameter
A number of calculations within the range initially proposed for the 

comparison herein, defined by the number of devices, the number of 
discretisations considered for each of them and the set of solvers used 
as described in Section 4.3, were not completed due to problems with 
the solvers themselves. In some instances, the solver itself indicated out-
of-memory problems. Note that these instances are not necessarily for 
calculations performed for the finest discretisations with the highest 
number of panels in the geometric representations. In other instances 
a solver has simply produced completely wrong results when compared 
to those obtained for the finest discretisations, which might suggest an 
out-of-memory issue, although not explicitly indicated as such by the 
solver.

There may be a number of reasons why a solver fails to complete 
a calculation. The causes may be internal, such as limited memory 
addressing due to being programmed for a 32-bit CPU, or other in-
ternal architecture and matrix sizing limitations due to memory ef-
ficiency of algorithms or internal memory management. In partic-
ular, these may be imposed by the number of panels in the grid, 
which defines the size of the numerical resolution systems to be
solved.

Although it may be relevant in less efficient program architectures, 
the number of frequencies and headings chosen is not considered lim-
iting, since they can be solved sequentially, so that the memory used 
to solve one problem can be freed from the computer’s RAM and saved 
to disk before solving the next problem. Causes of failures may also be 
external, such as the amount of RAM available. A system with 32 GB of 
memory was used for these tests, which was found to be sufficient for 
the WAMIT and AQWA solvers and is therefore considered sufficient for 
this study.

More significant than the percentage of failed calculations was the 
average of the maximum number of panels that could be solved in the 
cases where the calculations failed beyond a certain discretisation.

7.2.2.  Comparison results
The results of this comparison are presented in Table 13. The main 

limitation solvers experience when performing calculations seems to be 
that of the number of panels in the mesh. However, beyond this limi-
tation, NEMOH v3 and HAMS have shown problems for some models. 
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Fig. 17. Simulation time (left) and RAM usage (right) of the study solvers calculating the same case with different discretisation levels. In both cases, exponential 
growth is observed, linearised by the logarithmic scale of the axes. The only exception is AQWA, which appears to maintain constant memory usage regardless of 
the mesh size.

AQWA seems to be the most robust solver in this test, although it should 
be remembered that the meshing tool chosen was from the same vendor.

8.  Conclusions

This study presents a systematic and comprehensive benchmark cam-
paign to evaluate the accuracy of linear, frequency-domain Boundary 
Element Method (BEM) solvers in predicting wave loads and motions 
of floating and seabed mounted bodies. To quantify these differences, a 
wide set of 910 test cases involving various marine structures was estab-
lished and analysed under uniform conditions, covering both simple and 
complex geometries. The goal is to assess the convergence properties, 
accuracy and performance of each of the solvers.

Results from multiple BEM implementations were compared against 
the reference results. For simple geometries, all solvers showed excel-
lent agreement, confirming their ability to capture the correct hydrody-
namic behaviour. As the geometrical complexity increased, some varia-
tions were observed among the solvers. Nevertheless, these differences 
were generally within what are deemed by the authors to be accept-
able ranges, and convergence was demonstrated as mesh refinement im-
proved the accuracy. In any case, it has been observed that the results 
obtained by WAMIT and ORCAWAVE have been superior to those of the 
other solvers, and within the margin of error of the calculations (1%). 
Next, and not far behind, HAMS and CAPYTAINE have also shown the 
best quality results. In terms of calculation speed, AQWA has shown su-
perior speed, followed closely by WAMIT and HAMS. In terms of mem-
ory usage, NEMOH v2 has achieved an excellent result, largely based 
on its 32-bit architecture. Regarding 64-bit solvers, WAMIT obtained 
a good result, followed by NEMOHv3 and AQWA. The latter maintains 
memory usage almost independent of mesh size, making it a good option 
for studying highly discretised meshes.

All input and output files corresponding to the case studies presented 
in this work, as well as the source code and compiled binaries used for 
preprocessing and postprocessing, are available in a public repository. 
The repository can be accessed at Zabala et al. (2025). By offering this 
open-access information, this study enables reproducibility and facili-
tates the verification of BEM tools in a transparent manner. It serves 
both as a snapshot of the current state-of-the-art and as a baseline for 
future developments. It is therefore expected that this benchmarking 
will contribute to building user confidence in BEM solvers and support 
the development of best practices for their application in offshore engi-
neering.
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