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Abstract

Accurately measuring fuel savings from wind-assisted propulsion presents a technical and
operational challenge. Nevertheless, such measurements are essential for assessing commercial
viability, supporting investment decisions. Moreover, it can be used for verifying regulatory metrics
such as the reward factor in FuelEU Maritime. Future IMO regulations, including the anticipated
Greenhouse Gas Fuel Standard (GFS), are also expected to rely on full-scale data for compliance
verification. This paper presents and evaluates strategies for full-scale measurement of wind-assisted
propulsion performance. Approaches include short-term and long-term ON-OFF testing campaigns,
as well as direct force measurements on wind propulsion devices. These methodologies are
demonstrated on a vessel currently in operation, providing practical insights into their
implementation and reliability. The findings aim to support both industry stakeholders and regulatory
bodies in the development of robust assessment frameworks for wind propulsion technologies.

1. Introduction

Interest in wind assisted propulsion has grown as the shipping sector seeks practical methods to
reduce fuel consumption and limit greenhouse gas emissions. By early 2026, there are nearly 100
commercial vessels with wind-assisted propulsion in operation. As the industry matures, the demand
for dependable full scale performance assessments has increased. Ship owners, charterers and
technology developers need verified fuel savings to support investment decisions and to evaluate
commercial potential. Regulatory frameworks also require transparent and consistent methods that
can be applied across different vessel types. Future IMO regulation, including the expected
Greenhouse Gas Fuel Standard (GFS), is anticipated to rely on real-life data for compliance
verification. Such methods are also required for cost saving sharing and for financial schemes that use
pay as you save models.

Reliable measurement of fuel savings from wind propulsion remains a significant challenge.
Conventional performance monitoring methods may not always be well suited for this purpose. Retro-
fit installations are usually carried out together with other maintenance activities, which means there
is no period where the ship operates under identical conditions before and after the installation. For
new builds, a reference period does not exist at all. In addition, the effect of wind propulsion depends
strongly on both wind speed and wind direction, and most vessels rarely encounter matching weather
conditions that allow direct comparison with earlier voyages. The requirement for fair comparison
using conventional performance monitoring or fuel logging can provide indications of savings in some
cases, but the approach does not deliver reliable results for all ships. For regulatory use, methods are
needed that work consistently across different vessel types and operating patterns. This paper
therefore proposes alternative approaches that are better suited to isolating the specific contribution of
wind propulsion technology.

The paper presents methods that can be used both for verification of wind propulsion savings (Section
3) and for long term logging of the savings during regular operation (Section 4). The work builds on
the study presented at last year's HullPIC conference (Werner, 2025) and extends it with further
developments and practical implementation experience. The previous study outlined general
approaches for evaluating wind propulsion performance. The present work advances this by
demonstrating the methods on real operational data from a vessel currently in service. Two
approached are discussed: ON-OFF testing campaigns and direct force measurements on the wind
propulsion device. The paper introduces an acceptance criterion and provides a discussion of
uncertainty and its influence on the assessment.
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The aim is to support the development of robust and practical procedures for full scale performance
evaluation. The results are intended to assist both industry stakeholders and regulatory bodies as wind
assistance becomes an integrated part of commercial shipping.

2. Case description — vessel and full-scale data

The methods presented in this paper are demonstrated using data from a full-scale sea trial campaign
carried out on a large full block vessel fitted with Norsepower rotor sails. For proprietary reasons, no
further information about the vessel can be disclosed.

The campaign consists of ON-OFF runs, i.e. short consecutive runs with the wind propulsion devices
turned on and off, collected over a period of five months in regular commercial operation. The trials
cover a service speed close to eleven knots and include several draught conditions. The runs were
around 20 minutes long and with sufficient time between to reach stable condition. Data was recorded
through the ship’s standard logging system. The signals include wind measurements, ship speed, shaft
power, shaft speed and global navigation satellite system position.

The Norsepower rotor sails were also instrumented with force measurement in each device, providing
both longitudinal and transversal force components. These measurements are based on surface
pressure readings obtained from pressure transducers mounted on the rotor sails. See Voutilainen and
Paakkari (2025) for further details.

The ON-OFF tests were conducted by the crew following detailed instructions by RISE. The high-
frequency data was transmitted to RISE via electronic files extracted from the ship’s performance
monitoring system, and from the rotor force collection system.

3. Method for verifying wind propulsion power saving

This work applies a methodology where estimation of fuel saving from wind propulsion is divided
into two phases. The first phase is the determination of a performance model that expresses power
saving for a matrix of wind speed, wind angles and ship speeds. The second phase combines this
power saving matrix with wind statistics for a given route. The process to “verify wind propulsion
performance” refers to verification of the first phase, the power saving matrix, through dedicated sea
trials. Once verified, the power saving matrix can be used to extrapolate the saving to any operational
route using suitable wind statistics. This approach was first proposed by Werner (2021) and was
adopted as recommended procedure by ITTC in 2024. Similar methods are also adopted by other
organisations, see for example DNV, (2025) and Anemoi, (2025).

Sea trials for confirming wind propulsion savings is, just as conventional trials, consisting of a series
of short runs. The key difference is that the outcome is not the absolute value of the speed power
curve, but the reduction in required power due to the wind propulsion system. The effect is
determined by comparing the measured speed and power of paired runs with and without the wind
propulsion system engaged under similar wind conditions, commonly known as ON-OFF tests. The
resulting speed difference is then translated into a power difference using the speed power curve. The
measured signals correspond to those used in a conventional speed power trial, including ship speed,
power, wind speed and wind direction. Further procedural details can be found in the ITTC
recommended procedure for sea trial of wind assisted ships (/T7C, 2024:2).

Bias Uncertainties

After publication of the ITTC procedures for sea trial of wind assisted ships in 2024, additional
studies have examined the uncertainties associated with wind propulsion sea trials. For bias
uncertainties, the dominating source is, not surprisingly, the measured wind, as noted by Werner
(2026). This is mainly caused by airflow disturbance from the ship above water rather than limitations



of the instrument itself. Such disturbances influence both wind speed and wind angle relative to free
stream conditions. CFD studies conducted at RISE indicate that disturbances at the anemometer
location can lead to variations between zero and fifteen percent in measured wind speed, depending
on the direction of the incoming wind, and deviations of about plus or minus five degrees in wind
angle. These findings agree with published literature, for example Ponkratov and Struijk (2025).

The consequence of bias uncertainty in measured wind for the final calculated saving is substantial.
Accuracy can be improved by applying corrections to account for the disturbance around the hull.
Three approaches are available: far field wind measurement using Lidar, the use of CFD, and finally
comparison with meteorological hind-cast data. The case study presented in this paper uses a
combination of CFD and hind-cast data.

Precision uncertainty

Precision uncertainty can be assessed in various ways. In scientific publications it can for instance be
estimated by determining the precision of each measured signal and then applying a Monte Carlo
simulation. In practice, for full scale experiments, this approach often underestimates the total
precision uncertainty. For such cases, then “Type B uncertainty assessment” (/77C, 2008) is more
useful. It is based on “previous experience, calibration records or established best practice”. A hands-
on example of this approach was described by Ruth et.al (2024).

In this work we illustrate the precision using yet another variant of Type B uncertainty estimate. In an
ideal experimental setup, measurements would be repeated under identical conditions, and the
uncertainty could be derived directly from the statistical spread of the repeated point measurements.
In wind propulsion sea trials, the environmental conditions vary from run to run. Since identical wind
conditions cannot be reproduced, the conventional method of estimating precision uncertainty from
repeated measurements is not directly applicable. One way to address this is to derive a “power-
saving coefficient™:
Coo = AP
AP =
%pa-A-AWSz-V O

where AP is the power saving due to the wind propulsion, A4 is wind propulsion system’s projected
area, V is ships speed, AWS is the apparent wind speed.

Fig.1 shows the result for the current test case. Results of this kind provide information on the level of
precision that can be expected and, in turn, the number of runs that are required to achieve a desired
level of precision uncertainty in the averaged result. The ITTC guideline specifies a minimum test
program that includes five wind angles. Based on the present results, as well as several other test
campaigns conducted at RISE, it is evident that using only five runs would lead to a large overall
uncertainty. We therefore recommend that the test program be extended to include a wider range of
conditions collected over a longer period of operation.
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Fig.1: Power saving coefficients derived from ON-OFF tests

Verification acceptance criteria

The purpose of the sea trial is to verify and, if needed, to correct the calculated Power Saving Matrix.
For this reason, a clear indicator is required to determine when validation can be considered
acceptable. Currently, no such indicator exists in any guideline or published method. The following
proposal is presented as an initial concept, intended as a starting point for further discussion rather
than a fully matured process.

We propose to define a comparison error E representing the error of the power saving on a route, by
calculating the weighted average error calculated over the tested points /...k:

N N N
P = (Z APprea, Wi = ) APy, wk>/ > w @
k=1 k=1 k=1

expressed in percentage of AP = YN_; APpredk Wy [ XR_ wy

where

APg, is the derived AP from the sea trial ON-OFF run &

APpreq,, is the AP from the performance prediction, interpolated to the same condition as APg; ),

wy, is the corresponding weight in a weather probability matrix, for example the GWM used for EEDI
(IMO, 2021).

To prevent the average being skewed, distribution of points must be fairly even over the wind matrix.

In analogy with the ITTC procedure regarding CFD validation (/TTC, 2024:2), as an indicator of the
correctness of the predicted we define the following criteria:

Given the required validation tolerance Uy, and validation uncertainty Uy :
* If|E| < Uy < Upeq, validation is successful at Uy level

o If Uy <|E| <Uyeq, validation is successful at |£] level

The estimated uncertainty of the sea trial and the simulations, Uy, must hence be estimated for each

case.

An example of the acceptance criteria on real trial data is shown in Fig.2. It is evident that the
agreement is initially very poor. After more detailed modelling, a significantly improved comparison
is obtained, as shown in Fig.2(b). The comparison error, as defined in Equation (2), is satisfactory.
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4. Methods for continuous logging of wind propulsion savings

The previous Section discussed verification of wind propulsion performance. The present section will
instead deal with quantification of the saving from wind propulsion during operation. As outlined in
the introduction, the purpose here is to identify methods that can quantify the effect of wind
propulsion more directly than by tracking accumulated fuel consumption or total delivered power.
Two approaches are proposed:

1. “Wind logging”
2. “Force logging”

Both approaches request some degree of computational modelling to complement the continuous
measurements, but “Force logging” method requires less modelling than “Wind logging”. In addition,
both require a limited number of sea trial runs to confirm and adjust the modelling so that the logged
data can be interpreted with sufficient accuracy.

4.1. “Wind logging” method

This method was developed at RISE to address the industry's demand for a cost-effective and robust
process for saving-splitting (Werner, 2025). The same methodology can be used for other purpose that
requires an assessment of continuous power saving from wind propulsion. The procedure involves
two phases:

1. Establish power saving matrix: verification/calibration of a power saving model
2. Logging of wind during operation and estimate accumulated saving

Phase 1. Establishing the power saving matrix

The first step is to predict the power saving provided by the wind propulsion system for a range of
wind conditions, ship speeds and draughts. In this context, saving refers to the difference in required
power between the ship operating with wind assistance and the same ship operating without wind
assistance, while maintaining identical ship speed.



The predicted power saving matrix is then verified through sea trial runs, as described in Section 3. If
the acceptance criteria are not met, the simulation model must be adjusted and the verification
repeated until the predicted and measured performance are in sufficient agreement.

Phase 2. Operation, data logging and saving estimation

During operation, the following signal are logged:
e Position and time fore retrieving hind-cast wind OR anemometer readings, if reliable
e Ship speed and draught
e Operational state of the wind propulsion system (ON or OFF state)

From the logged positions and time stamps, hind cast weather data can be retrieved from an agreed
meteorological source, such as ECMWF reanalysis, for the periods when the wind propulsion system
was engaged. Alternatively, wind conditions can be taken from the ship anemometer, provided the
measurements have been corrected for hull induced disturbance.

The estimated saving for the operational period is then obtained by combining the verified power
saving matrix with the logged wind conditions. This allows a continuous estimate of the effect of the
wind propulsion system throughout the voyage.

2.3. “Force logging” method

Several providers of wind propulsion systems now offer equipment that measures the forces generated
by their devices. This is a relatively new development area with limited published information on
measurement accuracy and long-term reliability. However, the trend is clear, and wider adoption can
be expected in the coming years.

A challenge when using force measurements is that the measured wind propulsion thrust must be
converted into an equivalent propulsion power saving (4P). This conversion is affected by the
propulsive efficiency of the ship as well as the added resistance due to drift and increased rudder
angle induced by the side forces from the sails. At present, no published guidelines define how this
conversion should be carried out. The approach below is suggested by RISE and demonstrated using
full scale trial data.

The proposed procedure consists of four phases:

1. Predict the power saving using a Performance Prediction Program. Based on the simulation
results, construct a conversion table that relates ship speed, wind propulsion thrust force (Fx),
wind propulsion side force (Fy) and the resulting power saving (4P).

2. Verify the conversion table through sea trials. Conduct a number of ON-OFF tests following
the ITTC procedure and compare the measured force signals with the predicted power saving.
Adjust the underlying model if discrepancies remain.

3. Log sail force during operation. Continuously record ship speed, thrust force and side force
from the wind propulsion devices. After filtering and averaging over a suitable interval, con-
vert the measured forces to power saving using the verified conversion table.

4. Accumulate the converted power saving to derive the energy saving over time. This yields a
continuous estimate of the contribution of the wind propulsion system.

With this procedure, the effects of side force and propulsive efficiency are verified once and then
assumed unchanged during service. This does not imply that they are constant, but rather that their
dependence on wind conditions remains similar to that established during verification. Voutilainen
and Paakkari (2025) proposed a different approach, where changes in propulsive efficiency during
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operation, for example due to hull fouling, are included. Their method does not require speed
measurements but does require a shaft thrust meter. This requirement limits its applicability to ships
equipped with such instrumentation, but it offers increased confidence for those vessels that can use it.

Here follows a demonstration of the method for the ship case described in Section 2.

Phase 1: Construction of conversion table. RISE in-house Power Prediction Program was used to
model the relation between rotor force and power saving. The Fig.3 shows the response surface, i.e.
the conversion table, for one ship speed. This illustrates that the surface is regular and suitable for
interpolation.

Power-saving (kW)

Fy (kN) Fx (kN)

Fig.3: Visualisation of conversion tables for translating wind propulsion thrust force (Fx) and side
force (Fy) to power saving (AP) for one ship speed.

Phase 2: Verification of conversion table. In addition to the ON OFF sea trial tests described in
Section 3, force measurements were also collected by the rotor sail provider Norsepower. Comparison
between results from the ON-OF test and the rotor forces measured at the same occasion give a direct
means to verify the accuracy of the force to power relationship.

An acceptance criterion can be derived in the same manner as described in Section 3. The comparison
error is then computed as:

N N N
E = <z APporcey Wi — z APon—oFF), * Wk)/z Wi (1)
k=1 k=1 k=1

expressed in percentage of AP = Q’zl APpredk "Wy /Zﬁ=1 Wi

where

APyn_oFr), 1s the derived AP from the sea trial ON-OFF run &

APrporce, 1s the AP derived from the force measurements, translated to AP using the conversion table
Wy is the corresponding weight in a weather probability matrix, for example the GWM used for EEDI
(IMO, 2021).

Fig.4 demonstrate this using the real sea trial data, showing a comparison between the power saving
derived via force conversion table, and the power saving from the ON-OFF test, measured at the same
time. The derived weighted average error E shows that the methods agree. Further establishing of the
uncertainty uy, is required to conclude to what tolerance verification is achieved.

Note that the conversion table has been modelled without the use of the force measurements.
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Therefore, the comparison error can be derived on the whole population. If the conversion is tuned to
real measurements, then the test of the model must be done on an independent set of data points.
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Fig.4: Validation of conversion of wind propulsion force to power saving

Fig.5 compares the power saving coefficient from both methods: from force measurements translated
to power saving, and from ON-OFF test. There are scatter and outliers in both methods, but the scatter
is larger for the ON-OFF testing. From this we can conclude:

e The force measurements, converted via the conversion model, derives power saving that on
average is verified using ON-OFF power saving test
e The force measurement seems to be more precise than the ON-OFF tests (lower precision un-

certainty)
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Fig.5: Power saving coefficient derived through force measurements (left)
and from ON-OFF tests (right)

Phase 3-4: Logging of sail forces and derivation of energy saving. Fig.6 illustrates the power saving
and the accumulated energy saving obtained with the two methods. In general, the force logging
approach provides a more stable estimate of the performance. The wind logging approach is more
sensitive to uncertainty in the wind measurements and therefore exhibits greater variability. Even so,
wind logging remains a valuable fallback method. If the advanced force logging system becomes
unavailable for any reason, the wind-based method can continue to deliver usable estimates of the
saving. In addition, wind logging can be applied using hind cast weather data in situations where the
ship anemometer is not operational. This ensures that both methods complement each other and
provide redundancy in long term monitoring of wind propulsion performance.
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Based on Wind logging (Anemometer x PPP)
Based on Force logging

Based on Wind logging (Anemometer x PPP)
Based on Force logging

APower (kW)
Accumulated energy saving (MWh)

Time Time

Fig.6: Example of savings monitoring based on Force logging and Wind logging
combined with verified model
4. Conclusions

This study has presented practical methods for verifying and monitoring the performance of wind
assisted propulsion at full scale. The work demonstrates that a two-phase strategy, where a power
saving matrix is first established through modelling and then verified through sea trials, provides a
reliable structure for evaluating wind propulsion performance. Once verified, the matrix can be
combined with route specific wind statistics to estimate fuel saving during normal operation.

A clear acceptance criterion has been proposed to support transparent verification. The weighted
average comparison error offers a straightforward indicator of agreement between model predictions
and measured performance. The case study illustrates how this indicator can guide improvements of
the performance model until the comparison falls within an acceptable tolerance.

The results confirm that bias in wind measurements is a major source of uncertainty. Disturbance
from the ship superstructure affects both apparent wind speed and apparent wind angle. Calibration
using CFD studies or comparison with hind-cast weather data can reduce this bias substantially and
improve the accuracy of the final power saving estimate. The analysis of precision uncertainty further
shows that reliable assessment requires a wider set of sea trial conditions than the minimum
recommended program. A broader range of wind angles, wind speeds and draught conditions,
collected over an extended period, is needed to achieve a satisfactory precision.

Two approaches for continuous monitoring have been demonstrated: wind logging and force logging.
The force-based approach generally provides more stable estimates, as it relies on direct
measurements of thrust and side force translated through a verified conversion table. Wind logging is
more sensitive to uncertainties in the wind measurement but remains a useful fallback and can be
applied using hind cast weather when the ship anemometer is unavailable. Together, the methods
provide redundancy and support long term monitoring of wind propulsion performance.

A structured process for converting measured forces into propulsion power saving has been proposed
and applied to full scale data. This addresses a current gap where no guideline exists. Alternative
approaches that consider varying propulsive efficiency can offer further improvements when shaft
thrust measurements are available, although this instrumentation is not common on most vessels.

The methods presented in this study are relatively new and will benefit from further testing on
additional vessels, propulsion technologies and operational profiles. Wider application will help refine
the acceptance criterion, improve understanding of uncertainties and support the development of
consistent industry practice. Continued collaboration between technology providers, ship operators
and research organisations will be important to mature these methods and ensure they meet future
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regulatory needs.

Overall, the work contributes to the development of robust and transparent procedures for full scale
performance evaluation of wind assisted propulsion, supporting reliable assessments as these
technologies become more widely adopted in commercial shipping.
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