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SUMMARY 
 
This paper presents a structured framework for analysing uncertainties in wind propulsion sea trials and 
introduces a synthetic sea trial methodology that enables controlled, repeatable testing of analysis procedures. 
As wind assisted propulsion moves toward broader commercial adoption and regulatory integration, robust 
and transparent verification approaches are increasingly required. The study demonstrates how ocean current, 
speed–power curve selection, wind measurement accuracy, and measurement noise significantly influence 
ON–OFF performance analysis. A new current correction method is proposed and shown to reduce error in 
synthetic cases. Results highlight that conducting trials at constant speed minimises bias, while apparent wind 
angle uncertainty remains one of the most critical contributors to overall error. Monte Carlo methods are shown 
to provide a practical means of estimating precision uncertainty. Finally, the paper proposes a validation 
acceptance criterion and recommends that future sea trials consistently report both comparison error and 
validation uncertainty to support emerging international standards. 
 
 
NOMENCLATURE 
 

λ Leeway, angle between heading and course (deg) 
ρ Density of air (kg m-3) 
ΔPk
  

Difference in required delivered power between a                                          
ship with and without WPS, in condition k  (W) 

∆𝑃𝑃 ����� Average power difference on a route (W) 
Ε Validation error, or difference sea trial - prediction ΔPk 
𝐸𝐸� Roue average error 
urel,q Standard uncertainty, relative, for parameter q (%) 
u,q Standard uncertainty for parameter q (physical units of q) 
Urel,q Expanded uncertainty, relative, for parameter q (%) 
U,q Expanded uncertainty for parameter q (physical units of q) 
AWA Apparent wind angle (deg) 
AWS  Apparent Wind Speed (m/s) 
COG Course Over Ground (deg) 
HDG Heading. Direction in which the bow is pointing, relative north (deg) 
OCD Ocean Current Direction (deg) relative north 
OCS Ocean Current Speed (m/s) 
SOG Speed Over Ground (m/s) 
STW Speed Through Water (m/s) 
TWA True wind angle relative to ship's course (deg) 
TWD True wind direction, relative to north (deg) 
Vs  Ship’s speed (knots) 

 
Abbreviations 

GNSS Global navigation satellite system 
GWM Global Weather Matrix 
WPS Wind Propulsion System 
PPP Power Prediction Program 

 

 
Figure 1: Angle definitions 

 

 
 
1. INTRODUCTION 
 
As wind propulsion technologies mature and gain wider commercial adoption, the need for objective and 
credible performance verification has become increasingly important. Early sea trials and measurement 
campaigns were primarily exploratory, aimed at developing a fundamental understanding of the technologies 
and their operational behaviour. Today, the emphasis is shifting toward confirmation of promised 
performance, driven by shipowners, charterers, financiers, and regulators. It is expected that forthcoming 
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policy instruments, such as green fuel or efficiency incentive schemes (e.g., IMO GFS, Fuel EU Maritime) 
will require independently verified performance estimates for wind propulsion systems (WPS). This 
development creates a clear demand for robust, feasible, and transparent sea trial procedures. 
 
A wind propulsion sea trial campaign does not directly yield final performance indicators such as “fuel savings 
on a route”. As illustrated in Figure 2, the sea trial is just one link in a chain of actions. What we really aim 
for is an accurate estimate of the contribution of WPS to the ship’s propulsion in operation. The sea trial 
campaign aims to capture the typical performance of the WPS in operation, but it cannot completely cover all 
operation conditions. Sea trial data are then used to validate or tune a performance model. Once validated, the 
model is combined with voyage simulations and environmental statistics to estimate the wind propulsion 
systems contribution to the ship’s propulsion on a given route. In all these steps, there are uncertainties 
involved. The scope of the current work is the uncertainties involved in conducting and analysing the sea trial. 

 
Figure 2: The overall purpose is to estimate the long-term contribution of WPS to the ship’s propulsion in 

operation.  
The current paper focus on some parts in this process. 

 
Initial wind propulsion verification efforts relied on long term data collection campaigns, as exemplified by 
[1]. ON–OFF testing methodologies, based on alternating device operation over short runs, were first described 
publicly in [2] and refined in subsequent studies [3]. Today, ON–OFF testing has become the dominant 
approach. While “normal” sea trials for conventional motor ships typically involve short, continuous test 
windows, wind propulsion sea trials frequently extend over weeks or even months due to the need for repeated 
ON–OFF sequences. 
 
The ITTC published its first official recommended procedure for wind assisted propulsion sea trials in 2024 
[4], and further refinements are expected in 2027. In parallel, DNV released dedicated guidelines in 2025 [5], 
Anemoi published an industry white paper the same year [6], and a Chinese submission to IMO proposed a 
methodology for deriving EEDI force matrices from ON–OFF sea trial data [7]. Although these approaches 
share a common foundation, they differ in methodological details, assumptions, corrections, and acceptance 
criteria. Such diversity is natural during the early stages of standardisation, when multiple approaches coexist 
before a consensus emerges. 
 
In December 2025, a new ISO working group was established to develop an international guideline for 
verifying wind assisted propulsion performance. The upcoming ISO document will take the ITTC procedure 
as the baseline while potentially incorporating validated elements from existing methods. A central challenge 
in this process is determining whether a proposed methodological component is sufficiently robust to be 
included in a standard. Here, robustness means that a method performs reliably across diverse conditions, 
different vessel types, operational profiles, environmental scenarios, and data quality levels, without producing 
misleading or inconsistent results, and that it remains insensitive to reasonable input variations and resilient to 
violations of underlying assumptions. New equations, corrections, limits, and acceptance criteria will 
inevitably be proposed during standardisation, but objective criteria for judging their robustness are currently 
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lacking. The first part of this paper therefore proposes a structured strategy for evaluating inherent 
uncertainties in sea trial methodologies. This strategy is presented in Chapter 2 and illustrated using two 
methodological options. 
 
Measurement uncertainties are unavoidable in any experimental context, including sea trials. However, 
systematic approaches for conducting uncertainty assessments in wind propulsion sea trials are not yet well 
established. The DNV guidelines [5] provide a useful precision assessment methodology based on comparing 
not only ON–OFF differences but also ON–ON and OFF–OFF repetitions. The present paper proposes 
practical approaches for identifying relevant uncertainties, estimating their magnitude, and, where possible, 
reducing their impact. Chapter 3 addresses bias uncertainties in wind propulsion sea trials, while Chapter 4 
focuses on precision uncertainties. 
 
Analysis of a wind propulsion sea trial involves comparing measured performance with model predictions and 
determining whether any discrepancies are acceptable. While this may appear straightforward, it raises a 
crucial question: when can a validation be considered acceptable? Any acceptance criterion must account for 
uncertainty, as agreement cannot be demonstrated more precisely than the combined uncertainty allows. 
Chapter 5 therefore explores practical validation acceptance criteria that explicitly incorporates uncertainty. 
 
This work is presented as work in progress and introduces concepts intended to support the ongoing 
development of sea trial methodologies and uncertainty treatment. The authors hope that the ideas presented 
here will contribute to the broader, collaborative effort toward robust, transparent, and internationally accepted 
standards for performance verification of wind assisted propulsion. 
 
2.  SYNTHETIC SEA TRIALS METHODOLOGY  
 
In this study, a strategy based on synthetic sea trial data generation is adopted though out. A synthetic sea trial 
is a numerically generated representation of a wind propulsion sea trial, created by combining a ship 
performance model with controlled, artificial environmental and operational inputs. Instead of collecting 
measurements from a physical trial, the synthetic sea trial produces virtual ON–OFF test data that mimic what 
would have been observed at sea under known conditions. It is therefore a useful tool for method evaluation, 
uncertainty analysis, and robustness testing. 
 
This section gives a brief description of this method. For further details on the sea trial analyse s method and 
performance prediction method applied, please refer to the ITTC guidelines [4],[13].   
 

1. Performance model. The contribution of a wind propulsion system to a ships propulsion power, ΔP, 
is computed for a fictitious vessel equipped with wind propulsion using a 4DOF Performance 
Prediction Program (PPP). ΔP is defined in accordance with the ITTC guidelines [13] (where it is 
denoted PSP): 

2.  
∆𝑃𝑃𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 𝑃𝑃𝑛𝑛𝑛𝑛 𝑤𝑤𝑤𝑤𝑤𝑤 − 𝑃𝑃𝑤𝑤𝑤𝑤𝑤𝑤ℎ 𝑤𝑤𝑤𝑤𝑤𝑤 (1) 

where 
𝑃𝑃𝑛𝑛𝑛𝑛 𝑤𝑤𝑤𝑤𝑤𝑤 is the ship’s delivered power at a given speed and wind condition, for the ship without WPS 
𝑃𝑃𝑤𝑤𝑤𝑤𝑤𝑤ℎ 𝑤𝑤𝑤𝑤𝑤𝑤 is the ship’s delivered power at the same speed and wind condition, for the ship with WPS 
 
Note that in the sea trial context, ∆𝑃𝑃 does not include power consumption by the WPS. This is addressed later 
in the extrapolation of the result to route level. 
 
2. Simulate sea trial. Using the same PPP, “sea trial measurements” (speed, power, apparent wind, etc.) are 
simulated for a series of ON and OFF runs.  
 
3. Analyse sea trial. The synthetic “sea trial measurements” are processed through the sea trial analysis 
method. This results in set of ∆𝑃𝑃𝑠𝑠𝑠𝑠. 
 
4. Compare sea trial and model. The sea trial results are compared with the original performance model. If 
the analysis method is correct, there should not be any difference between the sea trial result and the predicted 
performance model. The difference E is determined by: 

𝐸𝐸 = ∆𝑃𝑃𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 − ∆𝑃𝑃𝑠𝑠𝑠𝑠  (2) 
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This process can be used to investigate the influence of uncertainties, both those inherent in the method and 
those arising from measurement bias and precision errors. 
 
In this paper we follow ITTC notation regarding uncertainties (see ITTC 7.5-02-01-01 [11]). Uncertainty of a 
parameter q is defined as the standard uncertainty u,q in physical units or u,q, rel   in percentage of the measured 
quantity. Expanded uncertainty Uq at the 95% confidence level is derived by assuming approximately Gaussian 
distribution, giving a coverage factor of approximately 2. The quantity to be measured, Y, is then 

𝑌𝑌 = 𝑦𝑦 ± 𝑈𝑈𝑞𝑞   (3) 
where y is an estimate of Y. 
 
3. INHERENT UNCERTAINTY DUE TO ANALYSIS METHOD 
 
This section deals with strategies for investigating the correctness of sea trial methods and underlying 
assumptions, excluding measurement inaccuracies. The objective is to be able to assess whether existing 
methods can be improved or to determine which one of alternative formulations is most suitable.  
 
3.1 METHODOLOGY FOR ASSESSING INHERENT UNCERTAINTY  
 
The proposed strategy for assessing the sea trial approach consists of the following steps: 
 

1. Define virtual cases: Represent several generic vessels covered by the guidelines, low and high ship 
speeds (eg. 10–16 knots), including rotor sails and wing sails, and small to moderate WPS 
contributions.  

2. Map an issue: Investigate one part of the analysis at a time. Use the synthetic trials or other sources 
to understand the possible issue and identify worst-case scenarios.  

3. Run systematic synthetic trials: For the worst-case scenario, compute results across a matrix of 
True Wind Speed (TWS) and True Wind Angle (TWA), e.g., using the Global Weather Matrix 
(GWM) from [8].  

4. Compute Error: derive the difference between sea trial and prediction, 𝐸𝐸𝑘𝑘 in each wind condition k 
according to equation (2). Any difference is an error, since the sea trial is derived from the 
performance model.  
 

It is suggested to present the error in three ways: 
a) Map error 𝐸𝐸𝑘𝑘 from each point in the weather matrix. This gives understanding on where and maybe 

why the errors comes. 
b) Route-average error 𝐸𝐸� defined as:  

 
𝐸𝐸� = ∑ ∆𝑃𝑃𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑖𝑖,𝑗𝑗 ∙ 𝑤𝑤𝑖𝑖,𝑗𝑗𝑖𝑖,𝑗𝑗 − ∑ ∆𝑃𝑃𝑠𝑠𝑠𝑠𝑖𝑖,𝑗𝑗 ∙ 𝑤𝑤𝑖𝑖,𝑗𝑗𝑖𝑖,𝑗𝑗      

expressed in percentage of   ∆𝑃𝑃 ����� = ∑ ∆𝑃𝑃𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑖𝑖,𝑗𝑗 ∙ 𝑤𝑤𝑖𝑖,𝑗𝑗𝑖𝑖,𝑗𝑗 .   

(4) 

 
where  
𝑖𝑖, 𝑗𝑗 indicates wind conditions 𝑇𝑇𝑇𝑇𝑇𝑇𝑗𝑗  and 𝑇𝑇𝑇𝑇𝑇𝑇𝑖𝑖  
∆𝑃𝑃𝑠𝑠𝑠𝑠𝑖𝑖,𝑗𝑗 is the power difference due to wps derived from the virtual sea trial at condition i,j 
𝑤𝑤𝑖𝑖,𝑗𝑗 are the weights in a weather probability matrix, for example the GWM used for EEDI [8]  
This gives an indication on how significant the error is, when the performance mode is used to 
estimate the contribution of WPS on a route. 

c) standard deviation of |𝐸𝐸𝑘𝑘 | in percentage of  ∆𝑃𝑃 �����.   
 

This approach provides a structured way for evaluating the correctness of sea trial methods. It supports 
decisions on which errors require urgent attention, when a method is sufficiently accurate, and which method 
to select when alternatives exist. Furthermore, it helps determine whether certain input parameters significantly 
affect accuracy and whether case-specific values are necessary or generic assumptions suffice. 
 
3.2  EXAMPLE OF ASSESSING AN ANALYSIS METHOD: CURRENT CORRECTION 
 
As an example of applying the structured methodology for evaluating sea trial methods described in Section 
3.1, a new current correction proposed for inclusion in the ITTC Recommended Procedures is examined. 
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3.2 (a)  Step 1. Define virtual cases 
 
For this study, the scope is limited to a single test case: a virtual cargo vessel equipped with generic wing sails, 
achieving an average power saving of approximately 12%.  
 
3.2 (b)  Step 2. Map the issue 
 
In conventional sea trials, vessel speed is typically measured using GNSS (e.g., GPS) and corrected for current 
through double runs. For wind-assisted ships, this correction method is not applicable because wind direction 
differs between the upwind and downwind runs, resulting in different power levels and violating the 
assumptions of the double-run approach. Consequently, ITTC procedures specify that speed should be 
measured using a speed log when trials are conducted in areas with varying current. This recommendation is 
based on the fact that the primary effect to be measured during a wind-assisted propulsion sea trial is the speed 
difference; therefore, any bias error in the speed log has only a minor influence (further discussed in Chapter 
4). 
 
However, current affects more than just speed. During trials, apparent wind is measured by the ship's 
anemometer and converted to true wind using ship speed, heading (HDG), and course over ground (COG). 
Apparent Wind Angle (AWA) is defined relative to HDG, while True Wind Angle (TWA) is defined relative 
to COG, as illustrated in Figure 1. The angle between HDG and COG, denoted λ, is therefore essential for 
deriving TWA. In still water without current, λ arises primarily from aerodynamic side forces. This is typically 
also how it is modelled in a performance prediction program. In reality, however, current also causes the ship 
to drift sideways relative ground, contributing to λ. During a trial with current, the measured λ therefore 
contains both effects and the derived TWA therefore corresponds to a different balance of forces than what 
the prediction model assumes, making comparison between trial and prediction invalid.  
 

 
Figure 3: Effect of current on wind angles. λc is the effect of  

current and λs.f. is the results of aerodynamic side force. 
 
One possible workaround is to compare the sea trial and the performance polars at same AWA or at TWA 
relative to the ship’s longitudinal axis instead. However, this approach conceals the effect of leeway, 
introducing errors if the prediction model fails to account for side force. For this reason, TWA relative to 
course should be used rather than heading. 
 
Following the prescribed methodology, the effect is first explored broadly to identify its magnitude. Synthetic 
sea trials are conducted for a range of conditions:  
 
• TWS=[8 12] m/s 
• TWD=[30:30:160 ] deg 
• Ocean Current Speed OCS=[0:0.5:1 ] m/s 
• Ocean Current Direction OCD=[0:45:359 ] deg 
• Ship speed=12 knots, COG=0 
 
Figure 4(a) compares the ΔPk derived from the synthetic sea trial with the “true” ΔPk from the performance 
prediction program, showing that errors can be significant. To address this issue, a new current correction is 
under consideration for inclusion in future ITTC procedures. Figure 4(b) illustrates the effect of applying the 
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proposed correction, which substantially reduces the error. To identify conditions where the effect is most 
pronounced, Figure 5 presents 𝐸𝐸𝑘𝑘 as a function of TWA and OCD. Errors are greatest at small TWA, 
particularly when OCD is also small. 
 

 
Figure 4(a): Predicted and virtual sea trial ΔPk, 

without current correction  

 
Figure 4(b): Predicted and virtual sea trial ΔPk, 

with current correction. 
 
 

 
Figure 5: 𝐸𝐸𝑘𝑘 (error on analysed ΔPk) due to current, when not corrected for. Ocean current speed is [0:0.5:1] 

m/s and ship’s speed 12 knots. 
 
3.2 (c)  Step 3. Systematic synthetic trials 
 
In the next step, synthetic sea trials are executed for a structured wind matrix. To isolate the studied effect, 
trials are run at fixed speed, with ON and OFF runs conducted at identical speeds. Added resistance due to 
waves or superstructure windage is excluded, and measurement uncertainties are not considered. ΔP from the 
prediction model is computed at exactly the same wind conditions as derived from the sea trial, eliminating 
interpolation errors. To simplify the illustrations in this paper, a sparse version of the Global Weather Matrix 
(GWM) is used, including TWA=5, 9, 13 m/s and TWA=30:15:150 deg. Ocean current speed is set to 1 m/s 
(~2 knots), representing a high but plausible value, and ocean current direction relative to course is fixed at 
45°, identified as a worst-case scenario in the previous step. Ship speed remains at 12 knots. 
 
3.2 (d)  Step 4. Compute errors 
 
Figure 6 compares ΔPk derived from the synthetic sea trial and from predictions, both before and after applying 
the current correction. Figures 7(a) and Figure 7(b) present the error 𝐸𝐸𝑘𝑘 as a percentage and in absolute units, 
respectively. It is evident that percentage-based representation is less informative, whereas absolute error 
provides clearer insight. Finally, the weighted averaged error, 𝐸𝐸� , is derived and presented as a percentage of 
∆𝑃𝑃 ����� in Table 1. 
 
The error indicators 𝐸𝐸𝑘𝑘  and 𝐸𝐸� serve as decision support for determining the suitability and necessity of the 
specific formulations within the sea trial evaluation method. It should be noted that these results are based on 
a synthetic case with no measurement scatter and assuming constant current. In practice, the correction may 
perform less effectively. Further verification of the proposed current correction will be undertaken, with the 
aim of incorporating it into the next revision of ITTC recommended procedures. 
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Figure 6(a): Predicted and virtual sea trial ΔPk, 
without current correction  

 
Figure 6(b): Predicted and virtual sea trial ΔPk, 
without current correction 

 
Figure 7(a): Error on analysed ΔPk due to current, 
expressed in percentage of ΔPk. 

 
Figure 7(b): Error on analysed ΔPk due to current, 
expressed in absolute units. 

 
 
 

Table 1. Result of systematic test of suggested current correction method.  
Current speed: 1m/s, Current direction: 45 degrees relative ship’s course.  

 
 𝑬𝑬� Weighted average of error as 

percentage of ∆𝑷𝑷 ����� 
Spread of 𝑬𝑬𝒌𝒌 as percentage of ∆𝑷𝑷 ����� 

Without correction 21% 26% 
With correction 1% 0.7% 

 
 
3.3  EXAMPLE 2 OF ASSESSING ANALYSIS METHOD: SPEED-POWER CURVE 
 
This section provides a second example of applying the structured methodology described in Section 3.1, 
focusing on the sensitivity of results to manually selected input. 
 
3.3 (a)  Step 1. Define virtual cases 
 
A generic cargo vessel equipped with wind propulsion systems is considered, achieving approximately 20% 
power savings on a typical route. 
 
3.3 (b)  Step 2. Map the issue 
 
The ITTC Recommended Procedures [4] are designed to minimize reliance on input assumptions, as such 
dependencies introduce factors that can be disputed. However, one critical input remains: the speed-power 
(SP) curve. According to ITTC procedures [4], “The speed-power curve can be taken from either the 
conventional Speed/Power trial from yard delivery, or model test of the actual ship.” The SP curve is used 
when trials are conducted in constant RPM mode, where propeller RPM is maintained between ON and OFF 
runs to translate speed differences into power differences. A detailed description is provided in [4]. 
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To evaluate the importance of using the correct SP curve, a worst-case scenario is considered. Instead of the 
correct curve, the analysis is performed using a curve from a similar ship, selected from the RISE-SSPA 
database with the largest observed difference in curve shape. Alternatively, the Admiralty formula is applied. 
These selections violate the ITTC Recommended Procedures, but represent plausible worst-case scenarios for 
incorrect input. Figure 8 illustrates an example where the speed difference between ON and OFF runs is 1 
knot. The resulting error in ΔP is approximately 30% when using a curve from another ship of the same type 
and about 20% when using the Admiralty relation. The question remains: how does this affect the average 
power difference over a route? 
 

 
Figure 8: A worse-case scenario of section of speed-power curves for the sea trial analysis 

 
3.3 (c)  Step 3. Systematic synthetic trials 
 
Synthetic trials are executed systematically for the simplified weather matrix, following the same approach as 
in the previous section. Four scenarios are considered: 
 
(a) Same RPM in ON and OFF runs (“constant propulsion mode”) 
(b) Same speed in ON and OFF runs (“constant speed mode”) 
(c) Maximum 0.5 knots speed difference between ON and OFF runs 
(d) Maximum 0.2 knots speed difference between ON and OFF runs 
 
Option (a) is the fastest and easiest to conduct in practice. Option (b) is preferred because it does not rely on 
the SP curve; however, achieving constant speed during trials is challenging and time-consuming, and 
prolonged adjustments may lead to wind shifts. For practical reasons, some speed variation is inevitable, which 
motivates scenarios (c) and (d) as compromises. 
 
3.3 (d)  Step 4. Compute errors 
 
Figure 9(a) shows that when the correct SP curve is used, the predicted ΔPk matches the ΔPk from the virtual 
sea trial even with speed differences up to 2.5 knots, demonstrating that the method works under ideal 
conditions. When an incorrect curve from a similar ship is used, the error becomes significant, as illustrated 
by the dashed line in Figure 9(b). Conversely, when trials are conducted in constant speed mode, keeping ON 
and OFF runs at the same speed by adjusting engine power, the error is negligible. 
 
Table 2 lists the weighted average error, derived as explained in Section 2.1. With the correct curve, the error 
is smaller than the numerical uncertainty of the synthetic method (<0.5%). Using an incorrect SP curve results 
in a 29% error in route-based power difference when trials are run in constant propulsion mode. Restricting 
speed differences to 0.5 knots or 0.2 knots reduces the error considerably to 14% and 6% respectively, but it 
remains significant. It should be recalled, however, that the incorrect baseline curve used here represents a 
worst-case scenario. 
 
3.3 (e)  Consequences   
 
If the performance prediction program (PPP) uses one SP curve and the evaluation another, substantial errors 
can occur. Observed discrepancies between a sea trial and a prediction may arise because the PPP and sea trial 
evaluation rely on different curves, or because the selected curve does not accurately represent reality. The 
risk of error can be mitigated by conducting trials in constant speed mode, which is why ITTC procedures 
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generally recommend this approach. The procedures recommends that constant RPM mode is used when 
accurate power measurement is not available has to be replaced by fuel flow meter. Perhaps, this 
recommendation should be changed, based on the above findings. 
 

 
Figure 9 (a). True prediction of ΔP compared to ΔP 
from virtual sea trial using a correct baseline curve, 
“constant propulsion mode” (fixed rpm between ON 
and OFF run.) 

 
Figure 9 (b). True prediction of ΔP compared to ΔP 
from virtual sea trial using an incorrect baseline 
curve. 

 
Table 2. Effect of different baseline curves. Weighted average error, 𝐸𝐸�   and spread of 𝐸𝐸𝑘𝑘, as percentage of 

average power difference due to WPT, ∆𝑃𝑃 �����. 
 

Scenario Correct baseline curve Incorrect baseline curve 
(from a similar ship) 

Same rpm in ON and OFF run 
 

<1% / <1% 29 % / 20 % 

max 0.5kts speed difference 
between ON and OFF run 

<1% / <1% 14% / 0% 

max 0.2kts speed difference 
between ON and OFF run 

<1% / <1% 6% / 0% 

Same speed in ON and OFF run 0% / 0% 0% / 0% 
 
4. BIAS UNCERTAINTY DUE TO MEASUREMENT 
 
4.1  METHODOLOGY FOR INVESTIGATING BIAS UNCERTAINTY  
 
Since the purpose of a sea trial is to compare measured results with a prediction, or to tune a prediction model, 
it is essential to accurately determine ship speed and wind speed to ensure comparison under equivalent 
conditions. Incorrect measurement of these quantities will distort the comparison. As in all experimental work, 
measurement uncertainties are unavoidable. In this chapter, the effect of bias measurement uncertainty on 
sea‑trial results is investigated. Here, bias uncertainty refers to residual systematic errors that cannot be 
corrected for, such as calibration uncertainty. The objective is to identify which uncertainties can be expected 
in wind‑propulsion sea trials and, where possible, explore strategies to reduce them. 
 
The synthetic sea trial approach used in the previous chapter is applied again to investigate bias uncertainty. 
It should be noted that the magnitude of uncertainty is case-dependent; therefore, the results presented here 
are valid only for the current test case. The intention is to demonstrate the process for assessing uncertainty, 
which should be performed for each individual case. 
 
4.2  BIAS UNCERTAINTY OF MEASURED SPEED THROUGH WATER 
 
In wind propulsion sea trials, the primary quantity to measure is the speed difference between ON and OFF 
runs. A constant bias error in speed measurement will cancel out when calculating the speed difference and 
therefore does not affect this value. However, bias errors in speed measurement have other implications: 
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• Comparison with prediction requires accurate knowledge of the ship’s speed to match the correct point in 
the performance model. 

• Conversion of apparent wind to true wind depends on ship speed, which affects the comparison with the 
prediction polar. 

• Incorrect speed selection on the speed-power curve can lead to errors due to differences in slope. 
 
As a demonstration, three scenarios leading to different levels of uncertainty of measuring ship’s speed through 
water are considered in this study, all based on RISE experience in real projects: 
 
(a) The bias uncertainty on the log, Ub,stw, is 0.4 knots. Conservative but not unrealistic scenario. 
(b) The log is virtually calibrated using long-term GNSS data, leading to a Ub,stw of 0.1 knots. 
(c) Using SOG instead of STW, because the speed log is not trusted, introducing an error due to current speed. 
For longer test campaigns this may average out, but for sea trials conducted over a short time period (hours), 
this may result in a Ub,stw of approximately 1 knot. 
 
These scenarios are tested using the synthetic sea trial, for sea trials at 15 knots. Table 3 shows the effect of 
these uncertainties on the performance indicator, the weighted average 𝐸𝐸�  as percentage of average power 
difference, ∆𝑃𝑃 �����. Even when the speed log is assumed inaccurate, using SOG introduces larger errors due to 
current. Statistical calibration achieving a bias uncertainty of approximately 0.1 knots results in negligible 
impact on the performance indicator. 
 
Table 3. Effect of STW bias error. Weighted average error, 𝐸𝐸�  as percentage of average power difference due 

to WPT, ∆𝑃𝑃 �����. 
Error on STW Constant speed setting Constant rpm setting 
0.4 knots (a conservative estimate of bias error of speed log) 3% 4% 
0.1 knots (speed log corrected with long term GNSS) <1% 1.4% 
1.0 knots (using SOG instead of log, error due to current) 8% 9% 

 
4.3  BIAS UNCERTAINTY OF MEASURED WIND  
 
Ship anemometers are known to have significant uncertainty, primarily due to airflow disturbance caused by 
the superstructure rather than the instrument itself. This disturbance affects both wind speed and angle 
compared to free-stream conditions. Moat [9], cited by Ponkratov and Struijk [10], estimates “wind speed 
disturbance at approximately 5% and wind angle disturbance at about 10°”. CFD studies at RISE (for example 
illustrated in Figure 10) indicate AWS disturbances between 0–15% depending on wind direction and AWA 
deviations of ±5°. 
 
A common approach to studying anemometer error is comparing measurements from ship’s in operation with 
met-ocean hindcast data. Figure 11 shows an example using ERA5 reanalysis data, compared to the 
anemometer readings of an oceangoing cargo vessel. While the overall comparison appears reasonable, bin-
wise analysis by wind angle (Figures 12a–b) reveals angle-dependent errors. These are consistent with RISE’s 
observations from CFD simulations. Either CFD or data regression models can now be used to calibrate the 
anemometer, as illustrated in Figure 13. 
 
Validating the calibration fit using hindcast data has limitations due to spatial resolution (typically 0.25° × 
0.25°) and temporal resolution (1 hour), which restrict accuracy in capturing local wind conditions. Figure 13 
shows that calibration improves average error but residual deviations remain due to scatter and resolution 
constraints. In this case, six months of data were used for data training and calibration applied to another six-
month dataset. 
 
A third option is direct Lidar measurement of far-field wind speed and direction or using Lidar to calibrate the 
anemometer. 
 
To estimate the effect of these uncertainties on the performance indicator, synthetic trials are again 
conducted on a structured weather matrix. The uncertainties in this demonstration are based on anemometer 
readings of several cargo vessels of different types, which have been compared with hind-cast data as well as 
with CFD.  Three scenarios are considered in this demonstration: 
 
(a) Worst case: no correction applied, Ub,rel,aws = 15%, Ub,awa = 10°. 
(b) Virtual calibration: Ub,rel,aws = 5%, Ub,awa = 5°. 
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(c) Advanced calibration using CFD and/or Lidar combined with long-term high-quality data: Ub,rel,aws = 2%, 
Ub,awa = 2° (requires extensive data and is not possible in all cases). 
 
The result is summarized in Table 4 where AWS and AWA are investigated separately, and in combination. 
For the combination, the worst case is when the errors of AWA and AWS have the same sign, so that the total 
error is amplified, not cancelled out. The combined result shows that in the worst case (a), ∆𝑃𝑃 ����� is 
underestimated by 48%. Even in the best scenario (c), ∆𝑃𝑃 �����is underestimated by 13%. Comparing the results 
for AWA and AWS variations confirm that AWA uncertainty has the largest impact on ∆𝑃𝑃 �����. 
 
CFD experience at RISE indicates that hull-induced disturbance tends to give overestimates AWS measured 
at the anemometer, leading to conservative estimates of ∆𝑃𝑃 �����. This fact may encourages careful wind 
calibration. 
 
  

 
Figure 10: The flow field at the position of a ship’s anemometer is often disturbed compared to the far field, 

as illustrated in this example MR tanker. CFD by RISE. 
 

 
Figure 11: Example of comparison between ship anemometer and hind-cast true wind speed 

 

 
Figure 12 (a): Example of comparison between 
ship anemometer and hind-cast apparent wind 

speed. 

 
Figure 12 (b): Example of comparison between 
ship anemometer and hind-cast apparent wind 

angle. 

295



Wind Propulsion 2026: The Key to Cutting Emissions? 
17th – 18th February 2026 

London, UK 

© 2026: The Royal Institution of Naval Architects 

 
Figure 13 (a): Same as Figure 12(a) after applying 

virtual calibration. 

 
Figure 13 (b): Same as Figure 12(b) after applying 

virtual calibration. 
 
 

Table 4. Example of the effect of AWA and AWS bias error due to disturbance of hull, WPU and 
superstructure. Weighted average error, 𝐸𝐸�  as percentage of average power difference due to WPT, ∆𝑃𝑃 �����. 

 
Error on AWS / AWA  𝐸𝐸�   if only AWA 

disturbed 
𝐸𝐸�   if only AWS 
disturbed 

𝐸𝐸�   if both AWA and 
AWS disturbed 

No calibration,  
Ub,rel,aws = 15%, Ub,awa = 10° 

-33% -23% -48% 

With calibration,  
Ub,rel,aws = 5%, Ub,awa = 5° 

-21% -10% -27% 

With extensive calibration  
(CFD, Lidar, large data set) 
Ub,rel,aws = 2%, Ub,awa = 2°. 

-10% -4% -13% 

 
 
4.4  BIAS UNCERTAINTY OF OTHER DATA 
 
Wind and ship speed are the most sensitive measurements in sea trials; however, other parameters also deserve 
consideration. 
 
Power and Shaft Speed. Ponkratov and Struijk [10] report an example of shaft power measurement 
uncertainty when using a strain-gauge-based torque meter, estimated at 2.8%. The primary contributors are 
incorrect G-modulus and installation errors, representing bias uncertainties. The uncertainty of shaft speed is 
considered negligible. 
 
Speed Over Ground (SOG). Based on GNSS system specifications, the expanded uncertainty of SOG is 
approximately 0.005 knots. Although these values are ship-specific, they are used in this study as 
representative figures. 
 
Heading and Course Over Ground (COG). The International Maritime Organization (IMO) performance 
standards require gyro compass errors not to exceed ±1°. In this study, COG derived from GNSS is assumed 
to have similar accuracy. 
 
Draught. Ship draught is a secondary parameter in the sea trial analysis. Sea trial results should be compared 
with a performance model corresponding to the same draught. Sensitivity to draught variation has not been 
analysed in this paper; however, it is assumed that the influence is minor and does not require highly precise 
draught measurements. 
 
Air Density. Air temperature and pressure affect air density, which in turn influences wind propulsion force 
linearly. The impact of air temperature and pressure accuracy on results has not been studied in this paper. 
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4.5  COMBINED BIAS UNCERTAINTY  
  
The effect of each parameter’s bias uncertainty Ub for the present test case is summarise in Table 5, where 
they are sorted on their individual effects on the weighted averaged error. The most dominating uncertainty 
source is AWA, followed by AWS and STW. The others are neglectable in comparison. 
 
One way of deriving the combined bias uncertainty is to consider the worst possible combination of the 
individual errors in Table 5. Disregarding all parameters but AWA, AWS and STW, the worst combination is 
when the error of AWA, AWS and STW all are positive. By running the synthetic sea trial case with this 
combination of errors on the AWA, AWS and STW, it is found that the worst-case scenario gives a weighted 
average error, 𝐸𝐸�   of 30% of ∆𝑃𝑃 �����. However, combining the uncertainties additive in that manner is conservative. 
The usual way in uncertainty assessments is to combine them with root of the sum of the squares. An 
alternative approach to estimating the combined bias uncertainty is to perform a Monte Carlo simulation, 
assuming that the uncertainty of each parameter follows a normal distribution. This implies that the most 
probable value for each parameter is the measured value, while deviations of ± Ub are progressively less likely. 
In this way, the combined bias uncertainty of 𝐸𝐸�  is 23% of ∆𝑃𝑃 �����. (Note that this is just an example). 
 

Table 5. Bias expanded uncertainties assumed in the case study, sorted on their individual effects on the 
weighted averaged error. 

Parameter Ub, and 

Ub,rel 
Effect on 
|𝐸𝐸�  | 

Comment 

AWA 5° 21% Assuming calibration using hind-cast data  
AWS 5% 10% Assuming calibration using hind-cast data 
STW 0.4 knots 3%  Assuming not using calibration using hind-cast data 
Shaft power 2.8 % 1% Strain gage based torque meter, example from [10] 
SOG 0.005 knots <1% GNSS accuracy, example from [10] 
Shaft Speed ~0 <1% Neglectable [10] 
Heading 1° ~0% IMO requirement 
COG 1° ~0% GNSS accuracy 
Draft -  Not considered in this paper 
Air density -  Not considered in this paper 

 
5.  PRECISION UNCERTAINTY DUE TO MEASUREMENTS 
 
5.1  ESTIMATING PRECISION USING MONTE CARLO TECHNIQUE (TYPE A UNCERTAINTY) 

 
Unlike bias uncertainty discussed in the previous section, precision uncertainty is random in nature. Increasing 
the number of data points reduces the uncertainty of the mean. In this section, the approach follows what the 
ITTC guide [11] refers to as “Type A” uncertainties, which are obtained through statistical analysis of a series 
of measurements.  
 
In wind propulsion sea trials, all measured parameters contribute to the precision uncertainty of the final 
results. The primary contributors are: ship’s speed, apparent wind angle, apparent wind speed, and power. 
Since conversion of apparent wind to true wind depends on heading and course, the precision of these signals 
also influences the result. Secondary parameters include air temperature and draft. 
 
This section proposes a strategy for investigating the effect of precision uncertainty on sea trial results. As an 
example, we consider the same test vessel as before, and a sea trial with a 1 m/s ocean current speed at a 
direction 45° to the course. Sea trial is run at 15 knots and with constant speed setting. It should be noted that 
the results are case-specific and depend on sensor characteristics, environmental conditions, WPS size, and 
ship speed. However, analysing a range of typical cases provides an indication of expected uncertainty and 
informs recommendations on the number of runs required. 
 
Several methods can be used to investigate precision uncertainty; here, the Monte Carlo technique is 
illustrated. Measurement uncertainties are taken from a real sea trial campaign conducted over five months on 
a large full-block vessel with a service speed of approximately 11 knots and equipped with a wind propulsion 
system. The campaign includes 74 runs, each lasting 20 minutes. The first step is to determine the precision 
standard uncertainty up,q of each parameter q. This done by computing standard uncertainty of the mean 
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𝑢𝑢(𝑞𝑞�) = 𝑠𝑠/√𝑛𝑛 of each run, where s is the standard deviation of the measured quantity q and n the number of 
readings.  
 
For each parameter, 74 values of 𝑢𝑢(𝑞𝑞�) are obtained. The precision uncertainty for that parameter is estimated 
as twice the standard deviation of these 𝑢𝑢(𝑞𝑞�)values. These uncertainties are then used in the Monte Carlo 
simulation, assuming that the mean value for a run follows a normal distribution with coverage factor 2, as 
summarized in Table 6. 
 
A large number of synthetic sea trials are generated by introducing random errors based on these uncertainties. 
Each synthetic trial is analysed, and the resulting average power difference ∆𝑃𝑃 �����is computed. The precision 
uncertainty of the result is then evaluated using the same expressions described in Section 3.1.  
 
First, each parameter is analysed separately. The result is given in Table 6. For example, the precision of AWA 
is 3°, which propagate to 𝐸𝐸�  between ±2.5% at the 95% interval. The reason that this is more forgiving than 
the corresponding bias uncertainty of AWA is that it can strike both positive and negative, and then cancel 
out.  
 
Finally, all parameters are varied together. The result is illustrated in Figure 14. The distribution of |𝐸𝐸� |in 
Figure 14(b) shows that |𝐸𝐸� |expressed as percentage of  ∆𝑃𝑃 ����� is between ~-6 – 6 % point, within the 95% 
confidence interval.  
 

 
Table 6. Expanded Precision derived from a real sea trial campaign and the effect on 𝐸𝐸�   as percentage ∆𝑃𝑃 ����� 

when analysed separately. 
Parameter 
q 

Expanded precision 
uncertainties 
Up,q  and Up,rel,q 

Effect on |𝑬𝑬� |  
Constant speed 
setting 

Effect on |𝑬𝑬� | 
Constant rpm setting   

AWA 3°  +- 2.5 % 
AWS 0.6%  +-2.4 
STW 0.1 knots +-0.26 % +-0.3 % 
Shaft power 1 % +-0.8 +-0.54 

 

 
Figure 14(a). Power difference due to WPS from 
Monte Carlo simulation based on synthetic sea 

trials.  

 
Figure 14(b). Distribution of 𝐸𝐸�   as percentage ∆𝑃𝑃 �����  
from Monte Carlo simulation based on synthetic 

sea trials. 
 
5.2 ESTIMATING PRECISION FROM PREVIOUS TRIALS (TYPE B UNCERTAINTY) 
 
An alternative approach for determining the uncertainty, referred to as Type B uncertainty in the ITTC 
guidelines, relies on estimates based on previous experience, calibration records, or best practice [10]. In an 
ideal experimental setup, one would repeat measurements under identical conditions multiple times, and the 
uncertainty could then be derived from the statistical spread of the repeated point measurements. 
 
In wind‑propulsion sea trials, however, the environmental conditions inevitably vary between runs. Since we 
cannot reproduce identical wind conditions, the conventional method of estimating precision uncertainty using 
repeated measurements is not directly applicable. This raises the question: how can we meaningfully estimate 
the precision uncertainty under such non‑repeatable conditions? 
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One approach is to remove as much of the condition‑dependence as possible from the measured results. This 
can be achieved by applying a Performance Prediction Program (PPP) and, through inversion, extracting the 
corresponding wind‑propulsion force coefficient, “Cx”. An illustrative example of this approach is provided 
later in Section 6.4. 
 
6.  VALIDATION OF A PERFORMANCE PREDICTIONS AGAINST SEA TRIALS 
 
6.1  STRATEGY FOR DEMONSTRATING VALIDATION 
 
The previous sections have discussed uncertainties inherent in the methodology and the effects of bias and 
precision uncertainties in measurements. This final section addresses how these factors influence practical 
application.  
 
Recall that sea trials serve two primary purposes: to validate the performance prediction program (PPP) and, 
if needed, to correct or tune the PPP to match full-scale results. In both cases, 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. (In this paper, the term “validation” refers specifically 
to the comparison between measured sea trial data and model predictions, rather than validation of fuel savings 
themselves.) 
 
In analogy with the ITTC procedure 7.5-03-01-01 [12] regarding CFD validation, as an indicator of the 
correctness of the predicted we define the comparison error E as the difference between the simulations and 
the data. In the present context, this is identical to the previously defined E:  
 

𝐸𝐸 = ∆𝑃𝑃𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 − ∆𝑃𝑃𝑠𝑠𝑠𝑠  (5) 
 
Furthermore, following the ITTC CFD validation guideline, the expanded validation uncertainty 𝑈𝑈𝑉𝑉 is defined 
as: 
 

𝑈𝑈𝑉𝑉2 = 𝑈𝑈𝐷𝐷2 + 𝑈𝑈𝑆𝑆𝑆𝑆2 (6) 
 
where 𝑈𝑈𝐷𝐷 is the expanded uncertainty of the data (i.e sea trial) and 𝑈𝑈𝑆𝑆𝑆𝑆 is the simulation numerical uncertainty. 
In this paper, 𝑈𝑈𝑆𝑆𝑆𝑆 is disregarded, not because it is negligible but to limit the scope of the present study. 
 
6.1 (a)  ITTC validation acceptance criterion based on validation tolerance 
 
According to ITTC, to determine if validation is achieved, E is to be compared to 𝑈𝑈𝑉𝑉.  

• If |E| < 𝑈𝑈𝑉𝑉,  validation is achieved at 𝑈𝑈𝑉𝑉 level  
• If |E| >> 𝑈𝑈𝑉𝑉, correction of the model can be made (tuning of the performance prediction model)  

 
If there is a required validation tolerance 𝑈𝑈𝑟𝑟𝑟𝑟𝑟𝑟  then E is to be compared to both 𝑈𝑈𝑟𝑟𝑟𝑟𝑟𝑟  and 𝑈𝑈𝑉𝑉 

• If |E| < 𝑈𝑈𝑉𝑉 < 𝑈𝑈𝑟𝑟𝑟𝑟𝑟𝑟 , validation is successful 
• If 𝑈𝑈𝑉𝑉 < |E|  < 𝑈𝑈𝑟𝑟𝑟𝑟𝑟𝑟 , validation is successful at |E| level 

 
6.1 (b)  Validation acceptance criterion based on estimated error interval 
 
Alternatively, a stricter acceptance criterion is to give a requirement on the estimated error interval 𝐸𝐸𝑟𝑟𝑟𝑟𝑟𝑟: 

• If |E| + 𝑈𝑈𝑉𝑉 < Ereq, validation is successful 
 
6.1 (c)  Examples 
 
Figure 15 gives examples of some scenarios, following the less strict acceptance criterion in 6.1(a). Note that 
these are simplified examples, just for the purpose of illustration.  
 
Determining which of the two alternatives for acceptance criterion, if any, along with their respective 
requirement levels, remains a question for future discussion. In any case, it will be necessary to derive both E 
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and 𝑈𝑈𝑉𝑉 to assess whether the comparison with the performance prediction is acceptable. Proposed procedures 
for this are described in the next sections. 
 

 
Required tolerance 𝑈𝑈𝑟𝑟𝑟𝑟𝑟𝑟 is 15%. 

|𝐸𝐸� | < 𝑈𝑈𝑉𝑉  < 𝑈𝑈𝑟𝑟𝑟𝑟𝑟𝑟 
Validation is achieved to 11% 

Validation successful 

 
𝑈𝑈𝑉𝑉  < |𝐸𝐸� | <  𝑈𝑈𝑟𝑟𝑟𝑟𝑟𝑟 

Validation is achieved to 14% 
Validation successful. 

Correction of the model can be made 

 
Required tolerance 𝑈𝑈𝑟𝑟𝑟𝑟𝑟𝑟 is 15%. 

𝑈𝑈𝑟𝑟𝑟𝑟𝑟𝑟 < |𝐸𝐸� | < 𝑈𝑈𝑉𝑉 
Validation is achieved to 30% 
Validation is NOT successful 

 
Required tolerance 𝑈𝑈𝑟𝑟𝑟𝑟𝑟𝑟 is 15%. 

|𝐸𝐸� | > 𝑈𝑈𝑉𝑉, 
Validation is NOT achieved 

Correction of the model can be made 
 

Figure 15: Fictive examples illustrating acceptance criteria for validation of performance predictions against 
sea trial. 

 
6.2  DERIVATION OF COMPARISON ERROR E 
 
Assume that a sea trial campaign including N ON-OFF runs is conducted to verify a performance prediction. 
The proposed definition of the comparison error 𝐸𝐸�  to use the weighted average error calculated over the tested 
points 1…k: 
 

𝐸𝐸�  = ��∆𝑃𝑃𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑘𝑘 ∙ 𝑤𝑤𝑘𝑘

𝑁𝑁

𝑘𝑘=1

−�∆𝑃𝑃𝑠𝑠𝑠𝑠𝑘𝑘 ∙ 𝑤𝑤𝑘𝑘

𝑁𝑁

𝑘𝑘=1

� /�𝑤𝑤𝑘𝑘

𝑁𝑁

𝑘𝑘=1

 
 

(7) 

 
expressed in percentage of   ∆𝑃𝑃 ����� = ∑ ∆𝑃𝑃𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑘𝑘 ∙ 𝑤𝑤𝑘𝑘

𝑁𝑁
𝑘𝑘=1 /∑ 𝑤𝑤𝑘𝑘𝑁𝑁

𝑘𝑘=1  
where 
∆𝑃𝑃𝑠𝑠𝑠𝑠𝑘𝑘 is the derived ∆𝑃𝑃 from the sea trial ON-OFF run k 
∆𝑃𝑃𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑘𝑘 is the ∆𝑃𝑃 from the performance prediction, interpolated to the same condition as ∆𝑃𝑃𝑠𝑠𝑠𝑠𝑘𝑘 
𝑤𝑤𝑘𝑘 is the corresponding weight in a weather probability matrix, for example the GWM used for EEDI [8]. 
 
6.3  DERIVATION OF VALIDATION UNCERTAINTY  
 
Next, we must estimate the validation uncertainty. Since we for now disregard the numerical uncertainty, 𝑈𝑈𝑉𝑉 
= 𝑈𝑈𝐸𝐸,  i.e. the uncertainty of the sea trial data. The following is a proposed process following Type A 
uncertainty assessment. It would need to be conducted for each validation campaign: 
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1. Estimate the bias uncertainty of each parameter, Ub,q, for example as it was demonstrated in Section 
4.2-4.4.  

2. Estimate the bias uncertainty of E,  𝑈𝑈𝐵𝐵,𝐸𝐸  , for example by executing Monte Carlo simulation applied 
to equation (7) and using the measured parameters y ± Ub,q, (keeping the same value of Ub,q for all 
runs, since it represents systematic errors) 

3. Estimate the precision uncertainty of each parameter, Up,q, for example as it was demonstrated in 
Section 5.1.  

4. Estimate the precision uncertainty of E,  𝑈𝑈𝑃𝑃,𝐸𝐸  , for example by executing Monte Carlo simulation 
applied to equation (7) and using the measured parameters y ± Up,q, (giving random values of Ub,q for 
each run)  

5. Alternatively, estimate the precision uncertainty of E, by taking 𝑈𝑈𝑃𝑃,𝐸𝐸 = 2 ∙ 𝑠𝑠𝑠𝑠𝑠𝑠(𝐸𝐸𝑘𝑘) 
6. Validation uncertainty is obtained as the combination of bias and precision: 𝑈𝑈𝐸𝐸2 = 𝑈𝑈𝐵𝐵,𝐸𝐸

2 + 𝑈𝑈𝑃𝑃,𝐸𝐸
2 

 
Another alternative is to follow Type B uncertainty assessment approach, which rely on estimates of the 
uncertainty based on previous experience or best practice [10].  
 
6.4  ADJUSTMENT OF THE PERFORMANCE MODEL AND EXTRAPOLATION TO FUEL 

SAVING IN OPERATION 
 
The final step is to adjust the performance model if needed, and then combine the adjusted model with a 
voyage simulation to estimate fuel savings on a real route. There are several possible ways to perform this 
adjustment. One basic methodology was presented by in 2021 [2], where the performance model, derived as 
accurately as possible, was used to back‑calculate an effective WPS thrust coefficient. A similar approach was 
recently presented in [6]. 
 
This approach is effective for deriving a corrected model for a specific ship, which can then be used to 
extrapolate performance and fuel savings for that same vessel. However, caution is required. Discrepancies 
between predictions and sea‑trial observations may originate from several sources within the model, such as 
the hydrodynamic derivatives, the aerodynamic model of the WPU, the aerodynamic representation of hull–
WPU interaction, and the propulsive efficiency model, including propeller–hull interaction effects. For 
example, changes in wake due to leeway or under‑loading of the propeller are generally not included. It is 
therefore difficult, or impossible, to clearly separate the individual contributions to the prediction–sea trial 
difference. With this approach, all unknown effects are effectively absorbed into the calibrated coefficient Cx. 
As a result, the calibrated model is reliable only for that ship and under the assumptions applied during the 
derivation of Cx, including propulsive factors and hydrodynamic derivatives. Consequently, the derived Cx 
cannot be interpreted as a general representation of the WPU aerodynamic force and should not be applied to 
other ships. For that reason, we denote the coefficient derived in this way the “quasi-WPS-thrust coefficient”.  
 
Alternative approaches [7] include fitting a response surface (surrogate model) either directly to the sea‑trial 
results or to the residual differences between sea trial observations and predictions.  
 
This is an area that deserves further research and development of robust methods that are applicable to all 
types of WPT. 
 
6.5  DEMONSTRATION ON A REAL CASE 
 
Finally, we demonstrate the proposed process on a real case. For confidentiality reasons, specific details of the 
ship and the wind‑propulsion system cannot be disclosed. The sea‑trial campaign was conducted in open‑sea 
conditions over several months. Figure 16(a) shows the comparison between the initial performance model 
and the sea‑trial results. It is evident that the agreement is initially very poor. After more detailed modelling, 
a significantly improved comparison is obtained, as shown in Figure 16(b). The comparison error, as defined 
in Equation (17), is satisfactory.  
 
Examining the quasi‑WPS-thrust coefficient in Figure 17, derived using the performance prediction program 
described in Section 6.3, reveals spread especially at low AWS.  
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|𝐸𝐸� | > 𝑈𝑈𝑉𝑉, 
Validation is NOT achieved 

Correction of the model can be made 

 

 
|𝐸𝐸� | < 𝑈𝑈𝑉𝑉 

Validation is achieved to 𝑈𝑈𝑉𝑉 level 9% 
Validation is achieved with error interval 12% 

 
 

Figure 16 (a): ∆P, derived from sea trial and 
predicted with initial prediction model 

Figure 16 (b): ∆P, derived from sea trial and predicted 
with improved prediction model 

 

 
Figure 17: WPS quasi-thrust-coefficient derived by applying 3DOF PPP to sea trial results,  

with improved performance model. 
 
7. CONCLUSIONS 
 
This paper has presented a structured approach for analysing and quantifying uncertainties in wind propulsion 
sea trials, supported by the introduction of a synthetic sea trial methodology. The synthetic approach proved 
essential for testing analysis methods under controlled conditions, where the true underlying performance is 
known. Through several examples, we demonstrated how synthetic sea trials can be used to evaluate the 
accuracy and robustness of different analysis procedures before they are applied to real data. 
 
A number of concrete findings emerged from the work. 
 
First, the influence of ocean current was shown to be a major contributor to error in ON–OFF analysis. 
Incorrect or insufficient current correction can lead to substantial misinterpretation of propulsion contribution. 
A new current correction method was proposed and demonstrated to significantly reduce this error source in 
the synthetic case studies. It will be further verified for a possible inclusion in coming guidelines. 
 
Second, the selection of the speed–power curve was shown to strongly affect the analysis outcome. Using an 
incorrect curve led to systematic biases in the estimated savings. The results therefore support a clear 
recommendation: sea trials should be conducted, as far as practical, at constant speed rather than constant 
power or RPM. 
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Third, the investigation of bias uncertainties showed that even with relatively poor speed log accuracy, the 
impact on the final performance estimate is moderate. The effect can be reduced further when static calibration 
is applied. In contrast, apparent wind angle (AWA) uncertainty emerged as one of the most critical factors in 
the entire process. This is expected, since even small angular errors can propagate into large deviations in the 
estimated aerodynamic forces. The study therefore highlights the importance of high quality wind 
measurement, virtual calibration using data regression, and/or careful use of CFD based correction procedures. 
 
Fourth, we showed how Monte Carlo simulation can be used to estimate precision uncertainty in a transparent 
and practical manner. This technique provides a clear quantitative indication of the variability that can be 
expected due to environmental fluctuations and measurement noise, and it allows direct comparison between 
methodological options. 
 
Finally, the paper proposed a practical strategy for determining whether a model validation is acceptable by 
combining the comparison error with the validation uncertainty. This provides a transparent acceptance 
criterion that reflects the true limits imposed by measurement uncertainty. 
 
Based on these findings, it is recommended that every sea trial report includes a dedicated uncertainty 
assessment and that every performance prediction to sea trial validation includes explicit reporting of the 
comparison error and the corresponding validation uncertainty. The approach suggested in this paper offers 
one feasible way to achieve this.  However, the methodology requires further refinement and testing on a larger 
set of real-world cases before it can be considered for wider adoption or inclusion in recommended procedures. 
Furthermore, continuous research is needed regarding the numerical uncertainty of the performance models. 
Also, robust methods for correcting performance models to sea trial results applicable to all types of WPT 
needs to be developed. 
 
The results presented here represent work in progress, but they highlight several practical steps toward more 
robust and transparent sea trial evaluation. It is hoped that these contributions will support the ongoing 
collaborative efforts within ITTC, ISO, and industry groups to establish internationally consistent standards 
for performance verification of wind assisted propulsion systems. 
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