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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract

The present work investigates where cost reductions in the support structure are possible while keeping a sound and safe design.
A probabilistic design tool is presented, which involves a coupling between reliability analysis and wind turbine simulation tools.
A proof of principle of the proposed tool is given in a case study considering a 4 MW reference wind turbine and a limited
lumped load set. The assumptions made in this case study are presented and the results show the reliability index is higher than
recommended by DNV. The main contributors to the variance of the fatigue limit state function are the Miner’s rule uncertainty
and log(C2) parameter in the SN-curve.
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Nomenclature

c Weibull scale parameter
CD Drag coefficient
CD Moment coefficient
C1 First slope parameter of the SN-curve
C2 Second slope parameter of the SN-curve
D Cumulative damage
E Young’s modulus
g Limit state function
HS Significant wave height
k Weibull shape parameter
pF Failure probability
TP Wave peak period
u Wind speed
β Reliability index
γ Peak shape parameter of Jonswap wave spectrum
∆ Uncertainty on Miner’s rule
µ Mean value
σ Standard deviation

1. Introduction

Reduction of the levelized cost of energy will push a wide deployment of offshore wind energy. Probabilistic
design methods can be used to determine the optimal support structure design and minimize the costs. The use of
reliability analysis for wind turbine design is widely applied in literature [1] and the international certification body
DNV GL provides reference values specific to offshore applications [2]. The reliability analysis can be done for both
known and new designs.

Monopile designs are governed by fatigue loads with main contributions from wind and wave excitation [3]. Hence
fatigue load estimates are of high interest for a design optimization of offshore support structures. Several authors
provided literature studies considering different approaches to the probabilistic design. Márquez-Domnguez and
Sørensen [4] provided reliability-based probabilistic models developed partially based on experience from offshore
oil & gas structures. Their results show that the Fatigue design factors (FDF) highly depend on the level of uncertainty
of the assessment of the loads and the stress concentration factors and in general should be increased compared to the
values currently recommended in standards. Sørensen [5] describes statistics and methods for reliability assessment of
electrical and mechanical components. In his paper, two examples with uncertainty modeling, reliability assessment
and calibration of partial safety factors for structural components exposed to fatigue and extreme loads are presented.
It is seen that the required partial safety factor highly depends on the coefficient of variation for the fatigue load.
Finally, Ziegler [6] in her M.Sc. thesis developed and verified a probabilistic fatigue load estimation method based on
frequency domain analysis to calculate wave-induced fatigue loads while the wind loads are added separately using a
scaling approach from a reference case. The developed method is applied for an exemplary wind farm of 150 turbines
in 30-40 m water depth. Results for the exemplary wind farm show a design load reduction of up to 13% compared to
standardized design.

For a generic reliability analysis, the aeroelastic load calculations should be incorporated in the analysis. In the
present work, the reliability analysis is performed by coupling an aeroelastic simulation tool with a reliability tool.
The adopted simulation tool is TURBU [7,8], a fast fully integrated wind turbine design and analysis tool in the
frequency domain. TURBU is coupled with the reliability analysis tool FERUM [9]. FERUM capabilities exploited
in the present work are the First Order Reliability Method (FORM) and Second Order Reliability Method (SORM)
analyses. The coupled tool is adopted to perform the reliability analysis of a 4 MW reference wind turbine based on
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