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Abstract— The overplanting of an offshore wind farm (OWF) with dynamic thermal ratings (DTR) is a promising solution 

for enhancing OWF performance. As the overplanted OWF generates an additional energy and DTR ensures its better transfer, 

the research question is if final OWF profits would be higher than associated costs. While there has been growing attention on 

this subject in recent years, there is still no research investigating the commitment strategies of overplanted OWFs with DTR. 

This paper investigates how commitment strategies may affect the economic performance of an overplanted OWF with DTR. 

The results show that, depending on the day-ahead commitment strategy, the annual revenue of OWFs may theoretically 

increase by up to 21% even without overplanting nor DTR, and by up to 204 % with overplanting and DTR. However, although 

commitment strategies, overplanting and DTR may significantly increase annual revenues of an OWF, its net present value 

(NPV) still heavily depends on market prices. In the presence of low market prices as in 2018, overplanting actually reduces 

the NPV of an OWF and, under the conditions considered here, keeps its NPV always negative. On the contrary, in the presence 

of high market prices as in 2022 or feed-in tariffs, the overplanting increases the OWF NPV. In the latter case, the NPV of the 

overplanted OWF is estimated between 1.5 billion and 9.5 billion euros while the discounted payback period is 3-12 years. The 

economic benefits of DTR for the overplanted OWF are estimated between 0.7 and 1 billion euros. The paper also shows that 

the optimal overplanting rate is very different whether the NPV or LCOE are considered. Finally, the paper shows that 

committing to the actual OWF power production (i.e. assuming a perfect power forecast) does not necessarily result in the 

highest revenue.  

Keywords—submarine export cable, dynamic thermal rating, overplanting, imbalance, offshore wind farm  

I. INTRODUCTION 

A. The general context of the problem 

The world’s first offshore wind turbine 220 kW was built in 1990 in Nogersund, Sweden [1]. One year later (in 1991) the 
first offshore wind farm (OWF) of 5 MW started delivering energy from sea winds near Vindeby, Denmark [1]. At the end of 
2020, the global offshore wind installed capacity has reached 35.3 GW [2]. Europe presents more than 70 % of this OWF capacity, 
while around 25% belongs to China. According to the DNV GL forecasts [3],[4], the total offshore wind installed capacity will 
continue growing worldwide, reaching 1550 GW in 2050 and generating 9 % of global electricity against 0.3 % today. The 
European Commission stated that no other energy technology in the past has seen such a fast development as offshore wind will 
grow in the next 30 years [5]. Such a rapid growth, however, requires significant investments: in Europe alone, € 800 billion will 
be necessary to deploy 300 GW of OWF and 40 GW of other marine energies by 2050 [5].  

Although the growth of the OWF capacity is promising, the cost of this energy remains relatively high. For instance, the 
Levelised Cost Of Energy (LCOE) of an OWF may be 2.5 times higher than that of onshore wind farms, as shown in a British 
case study [6]. The difference for OWFs is mainly explained by the capital expenditures linked to foundations, the subsea 
transmission system (if this cost is borne by the developer) [6] as well as higher operating costs [7]. While onshore wind together 
with utility-scale PV [7] became the cheapest new renewable sources of electricity in 2021, in 2020, offshore wind was leading 
in the dynamics of cost reduction: the LCOE of offshore wind has fallen by 67 % over 8 years and continues decreasing [2]. Even 
though wind farms may have already reached grid parity, the costs of OWFs still need to be reduced to contribute significantly 
to the worldwide energy transition. Therefore, the LCOE reduction from OWFs is of paramount importance for the power 
industry, especially in the context of the energy transition towards decarbonized power systems.  

B. Overplanting as a solution for reducing LCOE 

Nowadays, a lot of research, aiming to reduce the offshore wind LCOE, is paying attention to overplanting of OWFs relative 
to their transmission (export) capacity [8]–[19]. Overplanting of an OWF implies installing more wind power turbines (or 
increasing the generator size, or even using a power boost function) than its network infrastructure can transmit in a steady state. 
To the best of the authors’ knowledge and following [20], the concept of overplanting was proposed by Cavallo in the early 90s 
in a series of papers [21]–[24] on a joint operation of onshore wind farms and compressed-air storage systems [23]. At that time, 
Cavallo used the term “oversizing” to describe the installation of additional wind turbines relative to the associated transmission 
capacity [22], [23]. Further, many authors have been using different terms for the same (overplanting) concept: overcapacity 
[25]–[28], oversizing [29]–[36], over-installation [37]–[39] and overbuilding [29],[36],[40],[41] . Note, however, that researchers 
have also previously used the term “overplanting” (or a similar term) for applications differing from the one considered here, 
such as national generation capacity sizing for peak load management [37], [42]–[47], cross-border power import/export from 
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neighbouring countries [48], storage management [49]–[51]. Moreover, [47], dating back to 1977, had already used the term 
overplanting (relative to a national generation capacity with respect to the associated peak demand), i.e. much earlier than Cavallo 
proposed the oversizing of wind farms as the offshore wind industry may understand the term overplanting nowadays (i.e. relative 
to a transmission capacity). For the sake of clarity, it is necessary to highlight that, in this paper, we use the term overplanting 
relative to the network capacity of OWFs. This term is used in both the onshore and offshore wind industry, but also in the 
photovoltaic industry [20],[52],[53], as well as for hybrid power plants [25], [29], [38], [39], [46], [54]–[60].   

Overplanting an OWF allows to increase the electricity generated annually by this farm, and thus the associated revenue, as 
it produces more electricity at low and medium wind speeds while requiring a curtailment only during the most energy-abundant 
periods (at high wind speeds). The overplanting concept is allowed in many countries on certain generating units including OWFs. 
For instance, in Portugal, the capacity of wind farms has been allowed to be oversized by up to 120 % of the network infrastructure 
capacity since 2007 [40]. In 2008, National Grid, the UK System operator (SO) issued a high-level study [61] concluding that 
the optimal installed capacity of OWFs could be equal to 112 % (specific for Round 3 projects) relative to their transmission 
capacity. Specifically for Round 3, it was proposed to install up to 1200 MW of wind capacity for a 1000 MW-rated transmission 
infrastructure [62]. The Netherlands and Denmark also allow overplanting based on advanced sizing techniques relying rather on 
the cable’s maximal temperature than on the OWF’s rated power (for more details see Section C).  

In 2010, Boerema and MacGill [34] assessed the benefits and energy performance of oversized wind farms in Southern 
Australia. Specifically, they found that the additional produced energy for overplanting rates below 1.45 (i.e. 45% more installed 
capacity) increases in almost the same proportion as the overplanting rate. The authors conclude that, up to these overplanting 
rates, wind energy curtailment remains low. Moreover, they found that some wind farms may be oversized by twice of their 
maximal power output and still have a high capacity factor and a higher mean income per MW relative to non-oversized wind 
farms.  

In the same year (2010), the Commission for Energy Regulation (“CER”) in Ireland allowed overplanting, as proposed by the 
Irish system operator (SO) [63]. This proposal was accompanied by public debates within the electric power industry. Some 
debate participants highlighted that 50% of transmission-connected wind farm projects and 27% of distribution-connected 
projects have already been over-installed by 2% and 1.8% respectively [63], as up to that moment, no power limitation existed. 
Hence, developers could decide to over-install wind turbines based on their studies [64]. However, in 2011, following these 
debates, CER assigned a cap of 5 % above the maximum export capacity (MEC) for wind farms [63]. This 5 % cap was intended 
to compensate for the internal losses and unavailability on the side of the wind farm.  

In the same year (2011), new Irish SO studies confirmed that increasing wind farm capacities by 20 % (as in Portugal) 
compared to the rating of their transmission infrastructure would not affect the planning of the power system [64]. These findings, 
among others, allowed CER in 2014 to legally increase the cap up to 120% of the MEC. However, any MEC violations during 
the operation were still prohibited, therefore leading potentially to curtailment [64]. In the same year (2014), the term 
“overplanting” started being actively used in the literature [17], [65], [66]. Although overplanting is currently supported by system 
operators/regulators and already represents an emerging practice in Europe, most of the first publications on overplanting started 
appearing less than 15 years ago. That is why overplanting of OWFs, as a scientific topic, remains relatively new and related 
research is discussed in the following paragraphs. 

In 2013, Harvey [32] studied the impact of oversized wind farms (by a factor of 2 relative to their transmission links) on 
seasonal capacity factors in Canada. Authors quantified that wind farms may increase the capacity factors in summer equal to 
0.65-0.78 pu (per unit), normalized with respect to winter capacity factors, up to 0.78 - 0.81 pu if they are overplanted. 

In 2014 and 2017, McInerney and Bunn [8], [19] estimated the economic benefits of offshore overplanting under different 
support strategies such as a feed-in tariff or FIT (implemented for instance in Germany and Spain [18]) and green certificate 
premium (implemented for instance in the UK and Sweden [18]). The authors showed that overplanting can be profitable under 
both support strategies, especially the green certificate premium. This is explained by the fact that market prices (to which 
premium is added) tend to be lower at higher wind speeds. Thus, the cost of curtailed wind energy, which occurs at high wind 
speeds (i.e. at low prices), is low. Moreover, the authors described how overplanting may positively impact investment deferral, 
long-term generator capacity allocations, and ancillary services. Authors found that under a FIT of £95/MWh, the optimal 
overplanting rate is around 8 % which ensures the net present value (NPV1) rise of 2.3 %. 

In 2015, Henderson et al [67] presented two overplanting studies performed by DONG and DNV-GL with very similar results. 
Specifically, the authors found that the electrical infrastructure should be sized at around 97% of the OWF capacity. This allows 
reducing the cost of the OWF energy by 0.5 % - 1 %.  

In 2016, Getreuer et al [30] found that the optimal overcapacity of OWF is only 0.04% higher than the transmission rating. 
This is only 1/20th of the capacity for one additional wind turbine at 350-MW OWF. Nevertheless, the authors suggest that 
overplanting up to 10% may be feasible in certain situations related to the unavailability of some wind turbines or due to the 
combination of grid costs and energy prices. In addition, Getreuer et al [30] investigated the thermal overloading of offshore grids 
(the detailed discussion is presented in Section C).  

                                                           

1 The net present value is the sum of the discounted cash flows normalized to their present value. 
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In 2017, Chen and Thiringer [18] investigated the correlation between the wind energy generation and the market price in the 
context of overplanting. It is demonstrated that the total profit of wind farm owners, using a fixed overplanting rate (equal to 
113 % in this study), could be increased from 15% to 45.6% depending on wind-price correlations.  

In 2019, Mora et al. [15],[9] integrated the uncertainty of site/technology characteristics, as well as financial constraints, into 
the decision process for the optimal sizing of an OWF with overplanting, modelled as a two-stage stochastic problem. The authors 
considered the influence of risk aversion or risk neutrality of the wind farm developer. They found that overplanting rates between 
2% and 8% demonstrate better performance than the no-overplanting case. Moreover, the authors identified that wind farm 
availabilities and capacities, turbine sizes as well as shore distances had a significant influence on the optimal overplanting rate. 
At the same time, wind speeds, wake effects, inter-array cable availability as well as water depths had a still significant, but less 
important, influence. Further studies were conducted in Mora’s doctoral thesis [68] on assessing the trade-offs between different 
costs in the context of overplanting while considering uncertainties and the sensitivity of overplanting to several factors (either 
site or technology-related). Dykes [11] demonstrated that the wake losses of overplanted OWF may be significant, and thus, they 
could restrict the overplanting strategies if the space for an OWF is limited.  

Different regulations were also considered in 2020, where Wolter and al. [14] compared the overplanting of offshore wind 
farms under different regulations. Specifically, the authors studied the Danish and the UK systems and found that the UK 
regulation is economically more favourable to increased use of OWF network capacity. Although being less favourable, the 
Danish case was also profitable.  

In 2021, Couto and Estanqueiro [59] investigated the feasibility of adding new wind and/or solar farms (i.e. overplanting) to 
existing onshore wind farms (i.e. creating a hybrid power plant) in Portugal without reinforcing the electrical network. Authors 
determined that adding only wind turbines to the existing wind farms (i.e. the classical view on overplanting) is less efficient 
because of high curtailments (up to 30 % of total production). At the same time, adding solar farms ensure only 5% of 
curtailments. The most interesting result is that combining solar and wind farms as additional power sources ensures the highest 
annual generation of an overplanted farm in comparison with the case when only one renewable technology is used for 
overplanting. Nevertheless, the level of curtailment for the added wind/solar units may remain up to 15%. 

In 2022, Silva and Estanqueiro [69] suggested an algorithm to assess the feasibility of converting the existing wind farms into 
hybrid power plants. As an alternative, authors considered repowering existing wind farms without hybridization but using 
overplanting (only for wind turbines). It was shown that hybrid power plants ensure higher installed capacities and capacity 
factors, as well as better utilization of network infrastructure and lands.  

In summary, all these studies have shown the positive impact of overplanting under various conditions, with an optimal 
overplanting rate depending on the considered hypotheses. 

C. Dynamic thermal rating as a technology for better utilization of underground cables 

Overplanting studies from the previous section consider the conservative assumption of static thermal rating (STR), as 
opposed to dynamic thermal rating (DTR), as will be discussed in this section. STR corresponds to the maximum constant current 
that can be applied to a cable without violating its maximum allowable temperature (usually 90℃ for XLPE cables [70]) [71], 
[72]. However, an OWF presents a variable generation profile during its lifespan [73]. In fact, OWFs may produce at full power 
only 100 hours per year [74]. Moreover, due to the soil thermal inertia (depending on the cable installation, soil characteristics, 
burial depth along the cable route and laying configurations of the cable system), the export cable temperature may be kept far 
below 90℃. Hence, it is more realistic to consider dynamic thermal rating (DTR), as opposed to static thermal rating (STR). 
Large companies such as DNV GL [65], [66], and Danish wind energy platform Megawind [75] also indicate that the economic 
benefits of overplanting (around 8 %) could be significantly enhanced if the cables thermal inertias were exploited. 

When DTR is considered, maximum temperature limits, as opposed to maximum current limits, are used for limiting the 
power flow in a transmission equipment. Note that the export cables of OWFs may represent bottlenecks for the whole offshore 
network infrastructure [16] when other pieces of equipment (e.g. J-tubes, transformers) are sized for a greater power rating [76]. 
It is also important to note that, within an export cable, several sections may represent a thermal bottleneck, such as junctions and 
the landing section. However, in this paper, at the first stage, we restrict our study to the subsea section excluding both the landfall 
section and the junctions. It may be noted that, in HVAC export cables, the conductor temperature usually represents the limiting 
factor for the transfer capacity rather than other constraints such as voltage swing or surge impedance [77].  

Several studies have considered the combination of overplanting and DTR. In [73], authors showed that it is possible to reduce 
the cross section of an export cable by 25 % without violating the temperature constraints if both the actual power profile of the 
OWF and the cable thermal inertia are considered. Danish system operator Energinet used this technique for sizing the export 
cables at 400 MW for OWF “Horns Reef 3” in Denmark [73]. Dutch operator TenneT also allows overplanting and the 
exploitation of thermal inertia [16]. More specifically, TenneT permits operating the export cable above its steady state power 
limit (i.e. its STR), as long as the power flow remains below a certain limit and if the cable temperature does not exceed a pre-
defined limit. The details on how TenneT sizes its export cables considering DTR are given in [78]. In practice, in OWF zone 
Borssele in the Netherlands, 8% to 9 % overplanting is allowed [15], [10],[79]. The network infrastructure capacity for sites I, II 
and IV of the Borssele OWF is equal to 350 MW and 330 MW for site III accordingly [79]. At the same time, the maximum 
allowed OWF installed capacities for these given sites are 380 MW and 360 MW respectively, thus corresponding to 30 MW 
above the network capacity in each case [15]. In [80], the overplanting for the Hollandse Kust OWF in the Netherlands is 
considered, and the same overplanting rates as for Borssele OWF (350MW+30 MW) are used for sites I-IV. Another study [81] 
exists for Hollandse Kust (Site V) having 760 MW of wind capacity versus 700 MW of guaranteed transmission capacity.  
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Few studies exist on DTR for offshore grids. For instance, Getreuer et al [30] investigated the thermal overloading of meshed 
offshore grids in 2016, including an oversized OWF (by 4%). They concluded that during the maintenance periods of the meshed 
network, short-term overloading (in terms of temperature) insignificantly reduces energy curtailments relative to non-overplanted 
OWF: the difference is around 0.1%-1.4%. However, this effect on energy curtailments will be reassessed in the following studies 
considering overplanting rates higher than 4%. Pilgrim and Kelly [74] suggested a method to find the optimal number of wind 
turbines considering the DTR of the submarine export cable. They considered the minimization of the cable contribution to the 
LCOE and showed that the LCOE could be reduced by £1/MWh (the generation costs of OWF are assumed as £70/MWh) while 
increasing the wind farm production by 19%. This is equivalent to reducing the cable CAPEX by 14 %. In 2020, Hernandez 
Colin presented a doctoral thesis on day-ahead (DA) management including probabilistic algorithms considering DTR [82], [13]. 
In 2021, another doctoral thesis by Syed Hamza Kazmi addressed the DTR of offshore infrastructure including both cables and 
transformers [83]. Specifically, the thesis defines the thermal bottlenecks of the OWF infrastructure and solves the operational 
problem (for onshore lines and transformers only [84], [85]) and the integrated sizing-operational optimization problem under 
uncertainties (for export cables and transformers) [86],[87].  

D. Day-ahead planning and paper goals  

As mentioned earlier, DA planning considering the combination of overplanting and DTR was analyzed in Hernandez Colin 

[82]. This research considered a revenue, based on energy prices fixed at least the day before, and a curtailment strategy. 

However, as forecasts are inherently imperfect, there may be significant mismatches between the power profile forecast by the 

energy supplier and the farm's actual power profile. These discrepancies may be compensated by the TSO through balancing 

reserves. On a financial level, the Balance Responsible Party (BRP) in charge of a given Balance Perimeter, to which the energy 

supplier belongs, is therefore either paid by the TSO for an excess of energy compared to the production forecast or pays the 

TSO in case of an energy deficit. Recently, offshore wind farm Borkum Riffgrund 1 started supplying secondary reserves to 

the German grid [88]. One of the goals of this paper is therefore to consider the additional revenue/penalties linked with 

imbalances when considering a DA power commitment strategy in an overplanted OWF where DTR is allowed. 

DA commitment strategies are based on forecasts of OWF power output among others [89]. These forecasts are usually 

provided to the energy supplier in the form of several quantiles. These quantiles are expressed as a daily profile where each 

hourly quantile “PX” refers to the level of power that the wind production has (100%-X%) chance of exceeding. For instance, 

the P50 quantile represents a forecasted power level which could be exceeded with a 50% chance (100%-50%). Quantiles may 

be used to generate scenarios with which stochastic optimization studies can be performed, therefore producing optimal 

stochastic commitment strategies. However, developing these scenarios requires considering some hypotheses regarding the 

temporal structure of the wind power profile. Usual models consider statistic time-series models such as ARMA, ARIMA, etc. 

However, they do not perform well to capture the volatility of wind power on timescales of tens of minutes [90]. This constitutes 

an issue as imbalance settlement periods are soon to be harmonized at a shorter timescale of 15 min in Europe [91], despite 

quantiles being provided on an hourly basis. Hence, energy suppliers tend to continue using a relatively simple commitment 

strategy based on the 50% quantile called the P50. Another goal of this paper is therefore to consider several commitment 

strategies, which will be compared with the usual P50 strategy. 

In our paper, both the DA prices and the imbalance prices are considered as known in advance while the wind power 

production remains uncertain. Hence, these cases are theoretical, as DA prices are known after the market clearing (i.e. after 

the commitment has been done) while imbalance prices are known a posteriori, but they allow to provide an upper boundary 

on the maximum revenue that could be expected. DA price forecasting has been studied in many studies [92]. As renewables 

are becoming the main cause of imbalances in many power systems, such imbalances may become more and more predictable 

at different lead times [93]. Research on imbalance volume and price forecasts is emerging, as there may indeed be some 

significant benefits for the energy market actors to exploit imbalances [94], although this may be worrying for grid operators 

[93], [95]–[97]. 

E. Contributions  

The main contributions of this paper are as follows:  

1. Benefits of overplanted OWF with DTR are quantified for the case when revenue/cost from both DA energy sales and 
imbalances are considered.  

2. The “business as usual” P50 commitment strategy is compared with other commitment strategies in the context of overplanting, 
and its combination with DTR. 

3. Economic metrics such as NPV, LCOE and discounted payback periods are estimated for low and high market prices.  

4. The economic benefits of DTR for export cables over the lifetime of an overplanted OWF are estimated.   

The paper is organized as follows: Section II details the models and data used in our paper, Section III presents the methodology 
and Section IV describes the results and discussion. Finally, Section V concludes our research. 

II. MODELLING AND INPUT DATA  

In our case study, the OWF is connected through one submarine cable to an onshore substation (see Figure 1). Other elements 
e.g. offshore and onshore power transformers, J-tubes, etc. are assumed to be sized at a sufficient rating so that they do not 
represent a thermal bottleneck. This approach is similar to the one investigated by TenneT [12] for a 350 MW OWF presenting 
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30 MW of possible overplanting (i.e. resulting in a maximum rated capacity of 380 MW) where the J-tubes (having particularly 
low thermal inertia levels) [16], as well as the transformers [98],  are sized for the maximum rated capacity or above. Hence, the 
export cable (including its landfall and submarine sections) may represent the bottleneck of the network infrastructure. In our 
study, only the submarine part of the HVAC export cable is considered. The cable junctions have not been considered at this 
stage due to the absence of available models although they present lower thermal inertia than the rest of the submarine cable. 

 

Figure 1 Illustration of the electrical infrastructure of an OWF 

In this paper, a HVAC 3-core submarine cable is considered. Its cross-section is equal to 1000 mm2, its rated power to 
339 MVA, and its rated voltage to 225 kV. Its geometry and materials characteristics are provided by the French transmission 
system operator RTE. Note that throughout this paper, we always use the same export cable (339 MVA). Therefore, the OWF 
installed capacity will change as a function of the overplanting rate, but the export cable capacity remains always the same (339 
MVA). Figure 2 shows the cross section of a similar export cable and its 3D view, both created using the site Cableizer [99]. In 
the first stage, we assume a power factor equal to one. It is important to note that cables generate reactive power, therefore 
potentially requiring reactive power compensation devices, while energy producers are also legally required to provide reactive 
power absorption/supply services. Hence, the transfer of active power through the considered cable can never be equal to the 
apparent rated power of the cable, which represents a limitation of this study. Future research will consider this aspect.  

 

Figure 2 Cross-section and 3D view of a cable similar to the one used in our paper. Reproduced with the permission of Cableizer 

A. Mathematical formulation  

The problem considered here consists in maximizing the annual revenue obtained from the OWF. As will be described later 
in this section, most of the strategies studied in this paper are based on heuristics, but a daily optimization problem is also 
considered (more specifically the optimal power profile strategy POptimProfile which will be described later). This daily optimization 
problem is expressed as follows:  

max
𝑃𝑝𝑙𝑎𝑛(𝑡)

𝐶𝐸(𝑑)   =  ∆𝑡 ∙ ∑ [𝑃𝑝𝑙𝑎𝑛(𝑡)] ∙ 𝑐𝐷−1(𝑡) − [max (0, 𝑃𝑝𝑙𝑎𝑛(𝑡) − 𝑃𝑎𝑐𝑡𝑢𝑎𝑙(𝑡)] ∙ 𝑐𝐵−(𝑡)

𝑡=23ℎ45

𝑡=0

+ [max (0, 𝑃𝑎𝑐𝑡𝑢𝑎𝑙(𝑡) − 𝑃𝑝𝑙𝑎𝑛(𝑡)] ∙ 𝑐𝐵+(𝑡) (1) 

Subject to 

𝐼𝑎𝑐𝑡𝑢𝑎𝑙(𝑡) =  
𝑃𝑎𝑐𝑡𝑢𝑎𝑙(𝑡)

√3 ∙ 𝑉 ∙ 𝑐𝑜𝑠𝜑
 (2) 
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(𝐼𝑎𝑐𝑡𝑢𝑎𝑙(𝑡) ≤ 𝐼𝑎𝑑𝑚 = 871 𝐴 (if the current constraint is considered, i.e. STR case)  
or  

𝑇(𝑡) ≤  𝑇𝑚𝑎𝑥 = 90℃ (if the temperature constraint is considered, i.e. DTR case) 

(3)  

𝑇(𝑡) = 𝑓 (𝐼𝑎𝑐𝑡𝑢𝑎𝑙(𝑡0,…,𝑡))    (4) 

Where ∆𝑡 – time step of 15 minutes 

𝐶𝐸(𝑑) – OWF revenue for the day 𝑑 

𝑃𝑝𝑙𝑎𝑛(𝑡), 𝑃𝑎𝑐𝑡𝑢𝑎𝑙(𝑡) – the OWF committed and actual power output at time 𝑡 

𝑐𝐷−1(𝑡) – DA price at time 𝑡 

𝑐𝐵−(𝑡), 𝑐𝐵+(𝑡)  – imbalance prices for under-production and over-production regulation 

𝐼𝑎𝑐𝑡𝑢𝑎𝑙 – actual current injected into the export cable from the OWF (after the step-up transformer at the offshore substation)  

𝑉 – nominal voltage of the export cable. We assume that the voltage is constant and equal to 225 kV.  

𝑐𝑜𝑠𝜑 – power factor. We assume that the power factor is equal to 1 which corresponds to the requirements for OWF on their 

reactive power capabilities in a normal operation (0 MVAr) [98]. This is of course an assumption since different components 

in offshore grids may be producers and consumers of reactive power, especially underground cables, thus needing potentially 

reactive power compensation devices [100]. Considering a unity power factor is therefore optimistic, and a more refined 

assumption will be analyzed in future work. 

𝐼𝑎𝑑𝑚 – admissible current of the export cable per IEC standard 60287 (steady-state rating) 
𝑓 (𝐼𝑎𝑐𝑡𝑢𝑎𝑙(𝑡0,…,𝑡)) – thermal model of the export cable based on IEC standard 60853-2 

𝑇(𝑡) – export cable temperature 

𝑇𝑚𝑎𝑥 – maximum allowable temperature of the export cable  

Note that we limit the actual current 𝐼𝑎𝑐𝑡𝑢𝑎𝑙(𝑡) only at the delivery time. This means that day before (d-1), the commitment 

can be done for any power profile, provided that it is below the installed OWF installed capacity. This assumption represents 

the situation where a TSO would curtail the wind power output in real time if the cable limits are exceeded (90 ℃ for the DTR 

case or 871 A for the STR case). The curtailment algorithm, simulating this TSO behaviour, is given in Section III.  

B. OWF generation forecast and actual production 

In this article, we use power measurements of real Belgian OWFs and the corresponding forecasts in the form of quantiles 
(P90, P50 and P10) to model the OWF power profile. This data is provided by Belgian system operator Elia [101]. In general, 
the number in the quantile abbreviation, as 50 in P50, means how often the actual power output of OWF is expected to be below 
its forecasted power output (see Figure 3 for the performance of Elia’s forecast data). Thus, P10 would be prone to underestimate 
the actual power output whereas P90 would be prone to overestimate it. The P50 quantile is balanced as 50% of the time the 
actual power would be below P50 and another 50 % of the time the actual power would be above the P50 forecast.  

 

Figure 3 OWF forecast performance for quantiles: P10, P50 and P90. Source: Elia [101] 

 Figure 4 shows the actual production of the OWFs connected to Elia’s network, as well as the corresponding quantile profiles 
in per units. To generate a power profile in MW for the given overplanting rate (for both the measured and the forecast data), 
their initial power profile in pu is multiplied by the targeted installed capacity: from 339 MW up to 679 MW. It must be noted 
that this proportional method is approximate, as it does not consider any changes in the power profile shape due to 
upscaling/downscaling (no increased power smoothing due to the aggregation effect in a larger farm, wake losses variation, etc.). 
However, this was deemed sufficient for the purpose of the considered study. 
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Figure 4 Power generation forecasts and actual measurements of the OWFs connected to Elia’s network 

C. Energy prices: day-ahead prices and imbalances prices 

The electricity generated by the OWF is considered here to be sold on the DA market and does not include any subsidy. It is 
also assumed that mismatches between the commitment and the actual production are purchased/remunerated at the imbalance 
prices. The ENTSO-E datasets for the period of January 13, 2018 – January 12, 2019, in France were used for both energy prices 
(both DA and imbalances) [102], [103]. It is important to note that the wind production and price data are selected from two 
different countries (Belgium and France respectively), as no offshore wind farm was being operated in France (which our study 
targeted) when this research work was carried out. Although a price difference may be observed between France and Belgium, it 
was assumed that offshore wind production is still sufficiently small not to influence the market prices. Hence, it was assumed 
reasonable to combine these two sources of data in our study. Note also that this period of market prices does not correspond to 
the period of the wind production and forecasts time series (13 January 2016 - 13 January 2017) due to a lack of reliable imbalance 
prices for this period. Nevertheless, it was assumed that the decoupling of power and price time series should not affect the study. 

 

Figure 5 Market prices in France and different situations where the DA price may be higher, in-between or less than the imbalance 

prices. 

It is interesting to note that DA prices may be higher or less than the imbalance prices, as shown in Figure 5. This means 

that selling energy as an imbalance, rather than on the DA market, may sometimes be more beneficial in terms of the revenue. 

Knowledge of the future energy prices (DA and imbalance) is of course limited, as DA prices can only be known after the 

market clearing (i.e. after a commitment is done) while the imbalance prices are known a posteriori after the imbalance 

settlement period (soon to be harmonized to 15 min in Europe) and can therefore only be estimated before real time. However, 

the DA price can be forecasted to some extent and there has been recently a growing interest in imbalance price and volume 

forecasting, as mentioned in the introduction. Hence, in this paper, we assume that imbalance prices are known perfectly in 
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advance to allow the choice between the DA market and the imbalance regime. This represents a theoretical case which allows 

us defining the upper boundary for the maximum revenue than can be obtained. 

D. Thermal modelling of the export cable and validation  

For the type of an export cable given in Section II, the maximum allowed temperature is equal to 90°C. We assumed that 
curtailment of wind power is applied as soon as the temperature reaches this value. However, temperature monitoring devices 
may present a coarser precision of a few degrees. This may require to curtail a wind power at a few degrees less than 90°C (a 
sensitivity analysis was carried out in this perspective in this paper). The electro-thermal model used in this paper was developed 
in MATLAB based on IEC standard 60853-2 [104]. The IEC 60853-2 model is based on a two-cell RC equivalent circuit which 

is shown in Figure 6. The soil temperature is assumed to be always equal to 18 ℃ and the cable burial depth is 1.87 meters. 

 

Figure 6 Equivalent thermal circuit with two cells and corresponding values  

As the IEC standard presents a sophisticated procedure with some ambiguities, we decided to provide the details of our model 
in supplementary material to be published soon on the project webpage [105]. In this paper, however, we show only the validation 
results for this thermal model. Specifically, the thermal model was developed in MATLAB and then validated against temperature 
profiles provided by RTE (see Figure 7). As a result of these simulations, the difference in temperature estimation between the 
MATLAB and reference data converges to zero, and never exceeds 2°C. Hence, it is assumed that our MATLAB model is 
sufficiently precise at this stage for the simulations presented in this paper. Note, however, that the MATLAB model provided in 
open access [106] is a little bit different from the MATLAB model used in the simulations shown here, as the latter was 
additionally calibrated thanks to confidential data. Nevertheless, the only difference for the open-access model consists in several 
parameters whose absence would still result in similar temperature calculations as for a calibrated model.  

 

Figure 7 Validation of the thermal model against reference temperature profiles 
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III. METHODOLOGY 

In this section, we present the methodology used to estimate the annual revenue generated from an OWF as a function of 

several commitment strategies combined or not with DTR. The methodology considering CAPEX and OPEX is also presented 

in this section.  

A. Case studies 

Four case studies are considered in this paper. Each case study estimates the influence of a given aspect or their combination 

on the annual revenue. Their characteristics are presented in Table 1.  

Table 1 Characteristics of the 4 case studies considered in this paper 

Case 

study # 

Commitment 

strategy 

Overplanting 

rate, pu 

Cable 

limit 

Aspect studied in the case study 

 

1 P50 quantile 1 Current 871 A Reference (Business as usual) 

2 
Five commitment 

strategies 

1 Current 871 A Commitment strategy 

3 1-2 Current 871 A Commitment strategy + Overplanting 

4 1-2 Temperature 90 ℃ Commitment strategy + Overplanting + DTR 

Five commitment strategies are considered: the business-as-usual strategy (referred to as P50), the fixed quantile strategy 

(PFixedQuantile), the actual power profile strategy (Pactual), the variable quantile strategy (PVarQuantile), the optimum power profile 

strategy (POptimProfile). Table 2 shows the description of each strategy used in this paper. 

Table 2 Description of the different commitment strategies 

Symbol Description of strategy 

P50 

This is a business-as-usual strategy and it is used as a reference in this paper. The idea of the P50 strategy is that 

the power profile commitment corresponds to the P50 quantile. Under the P50 strategy, we assume that the P50 

quantile is selected as the power commitment every day of the year. In other words, the P50 remains always the 

commitment strategy whether or not it may violate the cable limits, especially at high overplanting rates. Any 

actual violation of the cable limits is assumed to be mitigated thanks to curtailments close to the delivery time. 

Therefore, any deviation from the committed power profile would be remunerated (or penalized) at the current 

imbalance price. This is assumed to be representative of a case where no thermal model is shared by the 

transmission system operator, for instance for commercial confidentiality reasons. 

PFixedQuantile 

This strategy is very close to the P50 strategy, but instead of using the P50 quantile, another quantile is retained 

that maximizes the annual revenue over the year considered. Again, this quantile is used for the power 

commitment profile for every day of the year. In this paper, we calculated exhaustively the annual revenue for 

all 99 quantiles: P01…P99. Note also that we assume that no cable constraints are applied on the committed 

power profile (except that it should be lower than the OWF installed capacity). In other words, the submitted 

power profile may violate the cable limits in the case of an overplanted OWF, but this again is assumed to be 

mitigated through curtailment close to the delivery stage, if necessary (the algorithm of such power curtailment 

is given in the next section). 

Pactual 

This strategy represents the ideal situation: the committed profile matches the power profile which would 

actually occur on the next day. In this case, the cable constraints (either in terms of current or in terms of 

temperature) are considered. This represents the hypothetical situation where generation forecasts are perfect 

(i.e. with an accuracy of 100 %), and a sufficient level of information (e.g. on the cable thermal model) is shared 

between the different actors (transmission system operator, OWF manager, etc.), with a sufficient lead time, so 

that the commitment can be done on the actual power profile (considering cable constraints). This case is 

theoretical but this strategy allows to provide an upper boundary on the maximum revenue obtained from the 

DA market. Note that in this case, no quantiles are considered because the actual power profile may shift from 

one quantile to another and even not follow them at all. Thus, this strategy should neither be considered as 

quantile-based as the two previous ones, nor as the next strategy. The Pactual strategy also represents the situation 

when the revenue does not include any imbalance cost/rewards as the submitted power profile is equal to the 

actual power profile. Hence, the revenue of such a strategy would depend only on the revenue from the DA 

market whereas the revenue generated from all other strategies presented in this table may incorporate imbalance 

costs/rewards.  

PVarQuantile 

This strategy is quantile-based as the previous P50 and PFixedQuantile strategies. However, these two strategies 

assumed that the same quantile is used each day over the whole year. In contrast, PVarQuantile assumes that the 

optimal quantile is selected (ensuring the highest revenue on a daily basis). 

POptimProfile 

This strategy is not quantile-based and not related to any power profile as in the case of the actual power profile 

strategy (Pactual) strategy. Thus, the main difference of this strategy is that it allows committing to any power 

profile on the DA market. However, under such strategy, an optimization problem must be solved to choose the 

optimal power profile shape that maximizes the daily revenue, while not exceeding the OWF installed capacity. 

Moreover, the strategy (in a similar way to the quantile-based strategies) does not imply possible violations of 
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the cable limits. In this case, again, curtailment would be assumed to occur close to the delivery time and the 

resulting energy deficit would be paid as an imbalance. This strategy generates the highest theoretical revenue, 

assuming perfect forecasts on both wind power production and energy prices. Again, this case is theoretical, and 

we do not try to propose the best strategy under uncertainty, as our goal is to quantify the upper boundary for 

revenue from the OWF.  

 

B. Block scheme  

The general flowchart of simulations is presented in Figure 8. The block scheme consists of three main stages:  

1. Data preparation. At this stage, we convert the initial power profiles from Elia’s site (in per units) into MW values for 
the given overplanting rate. As it is mentioned in Section II, this is done by multiplying each per-unit power profile by 
the OWF installed capacity corresponding to the selected overplanting rate. This stage is essential because the capacity 
of OWF changes as a function of overplanting rate (from 339 MW to 679 MW) but the capacity of the cable remains 
the same (339 MVA).  

2. Day-by-day simulations to calculate the OWF’s revenue. In this stage, we go through each day, day by day, until the 
last (365th) day is simulated. In each iteration, we calculate the OWF revenue as a function of the different commitment 
strategies and cable limits (current or temperature). Here, we also calculate the actual OWF power profile which may 
require power curtailment. The curtailment algorithm, simulating the TSO requests and wind farm manager actions, is 
given below in pseudo-code:  

Algorithm for power curtailment 

 

1. Input: OWF daily current profile (15-min resolution): 

Icable (t) where t =1 : 96  

 

2. If a current limit is applied (871 A) (static thermal rating case) 

        Check if Icable(t) > 871 A:                                          

               while Icable (t) > 871 A  

(a) Find the time instants when the current exceeds its limit: 

                                       idx_current =find(Icable(t)>871 A) 

(b) Reduce Icable when it exceeds its limit for the first time: 

                Icable(idx_current)= 871 A 

                end  

 

3. If a temperature limit is applied (90°C) (dynamic thermal rating case) 

     

        Check if Icable(t) > 871 A:                                          

 

        Calculate the daily temperature profile Tcable  of the export cable: 

           [Tcable(t)]= f (Icable (t0, …, t))  

 

        Check if Tcable(t) > 90 ℃:                                          

               while Tcable (t) > 90 ℃  

(a) Find the instants when the temperature exceeds its limit: 

                      idx_temperature =find(Tcable(t)>90); 

(b) Reduce Icable when T exceeds its limit for the first time: 

             Icable(idx_temperature (1))= Icable(idx_temperature (1)) × (1-∆), where ∆ = 0.01 

(c)   Calculate the daily temperature profile of the export cable after the curtailment  

                     [Tcable(t)]=f (Icable (t)) 

     end 

  

4. Return the current profile, respecting the cable current or temperature constraint 

 

 

3. Post-processing of the obtained results. Once all daily simulations are performed, we calculate the annual revenue 
corresponding to the different commitment strategies. 
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Figure 8 Block scheme for performing the simulations 
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C. Methodology for the analysis of LCOE, NPV and payback periods 

In this section, we describe the data and the methodology used for the analysis of LCOE, NPV and discounted payback 

periods. To conduct such analysis, we use data on capital and operational expenditures for OWF from CATAPULT [107]. The 

CATAPULT data [107] represents CAPEX and OPEX broken down into equipment categories which are especially useful in 

our case as it allows us to separate costs of export cables (130 000 £/MW) from other balance of plant costs (array cables, power 

transformers among others). According to provided CATAPULT data [107], the CAPEX and OPEX change linearly as a 

function of overplanting rate (see Figure 9).   

 

Figure 9 CAPEX and OPEX of OWF as a function of the overplanting rate 

For the calculation of LCOE, we use the formula representing the ratio between total discounted costs and discounted energy 

production: 

𝐿𝐶𝑂𝐸 =
𝐶𝐴𝑃𝐸𝑋 + ∑

𝑂𝑃𝐸𝑋
(1 + 𝑑)𝑡

27
𝑡=1

∑
𝐸(𝑡)

(1 + 𝑑)𝑡
27
𝑡=1

 (5) 

Where 𝑑 − the discount rate of 2.5 %; 𝐸(𝑡) −  generated annual energy, MWh; 𝑡 − studied year (from 1 to 27) 

For the calculation of NPV, we use the following formula: 

𝑁𝑃𝑉 =  −𝐶𝐴𝑃𝐸𝑋 + ∑
𝐶𝑎𝑠ℎ 𝑓𝑙𝑜𝑤 (𝑡)

(1 + 𝑑)𝑡

27

𝑡=1

 (6) 

Where 𝐶𝑎𝑠ℎ 𝑓𝑙𝑜𝑤 (𝑡) − the cash flow at the year t, representing the difference between the annual revenue and OPEX. Note 

that the nominal cash flow 𝐶𝑎𝑠ℎ 𝑓𝑙𝑜𝑤 (𝑡) in the numerator is assumed to be the same for all years t.  

        for each commitment strategy: 

      for each overplanting rate 

            set t=0 and Discounted revenue=0 

            calculate CF i.e. cash flow for a given strategy and overplanting rate 

            while CAPEX >Discounted revenue(t) 

                     t=t+1 

                     if Discounted Revenue (t-1) = Discounted Revenue (t) 

                         t=inf and break 

                     else 

                 Discounted revenue (t) = Discount revenue (t-1)+CF/(1+d)t 

                     end 

             end 

        end 

end 
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IV. RESULTS AND DISCUSSION 

A. Impact of the commitment strategy on the annual revenue (Case study 2) 

In section A, different commitment strategies are compared for a non-overplanted OWF (339 MW). Thus, no curtailment is 

required and therefore cable limits are based on the STR. Figure 10 shows the annual revenue for different commitment 

strategies, compared to the “business as usual” commitment strategy where the P50 quantile is used (the grey bar).  

 

Figure 10 Impact of commitment strategies on the annual revenue of a non-overplanted OWF: Case 2  

The blue bar, representing the fixed quantile strategy (“PFixedQuantile”), shows that there is no significant additional revenue 

from using the best-fixed quantile, which is equal to P55 here. In general, the function of fixed quantiles is relatively flat over 

a large quantile range, as shown in Figure 11. Note that the difference between the highest and lowest value of the curve is 

around 4% for non-overplanted OWF. For overplanted OWFs, as we will see later in Figure 17, this difference may increase up 

to 6% (for an overplanting rate equal to 2 pu). Nevertheless, this still shows the relative flatness of the considered problem 

within a large quantile range.  

 

Figure 11 Annual revenue as a function of fixed quantile for a non-overplanted OWF 
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This revenue flatness can be explained by the symmetrical dispersion of prices difference against power mismatches (see 

Figure 12). As a result, this leads to close average values for the imbalance prices and the DA prices. On the one hand, the 

deficit in energy leads to the revenue paid at the DA price for the committed volume of energy minus the cost paid at the 

negative imbalance price (imbalance-) for the difference between the committed and the actual power production. On the other 

hand, an excess of energy leads to the revenue paid on a smaller committed volume of energy plus the revenue paid at the 

positive imbalance price (imbalance+) for the rest of the produced energy. However, the costs/rewards are similar on a yearly 

average, regardless of whether the energy is sold on the day-ahead market or at the imbalance price. Hence, the annual revenue 

is quite insensitive to the selected quantile when a fixed quantile strategy is used. 

 

Figure 12 Scatter plot showing the  price and power differences for a non-overplanted OWF 

Going back to Figure 10, it shows that the Pactual strategy (the cyan bar) for which the commitment is made on the actual 

OWF production, i.e. in the ideal case where the forecast is perfect, would help to gain only 2% of additional revenue. In such 

a case, all the energy produced would be sold at the DA price only. This implies that this strategy does not consider exploiting 

imbalances, which can sometimes be paid at higher prices than the DA prices. Figure 13 shows the positive imbalance prices 

(imbalance+) plotted as a function of the DA prices at the same instant. The positive imbalance price (referred to as imbalance+ 

in this paper) corresponds to the price at which the excess of energy would be sold. 

 

Figure 13 Imbalance+ prices versus DA prices during the considered period in France 
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All points above the red line show market conditions when it is possible to sell wind energy at a higher imbalance+ price 

(y-axis) than the DA prices (x-axis). This situation happens 27% of the year and it would be more beneficial, in these cases, to 

sell energy at the imbalance prices rather than at the day-ahead prices. However, as the “actual” strategy avoids any mismatch 

between the committed and actual power generation, then it does not allow to sell an excess of wind energy at higher imbalance+ 

prices when is it possible to do that. Thus, the final gain remains low despite the perfect knowledge of the OWF’s actual 

production. However, it confirms the relevance of using a fixed quantile strategy (the P50 or any other quantile around it) as 

similar gains are expected if the wind production forecast is perfect. This suggests that improving production forecasts only, 

and not in combination with an imbalance price forecast, may not lead to a significant increase in revenue.  

The green bar in Figure 10, corresponding to the variable quantile strategy (“PVarQuantile”) leads to a more significant growth 

in revenues – 5 % in comparison to the P50 strategy. Graphically, this strategy includes some of the points above the red line 

in Figure 13 which represent the days when the revenue can be increased by selling energy at imbalance prices higher than the 

DA prices. Considering such days, the additional revenue may be doubled in comparison with the actual power strategy (from 

2% to 5% with respect to the P50 strategy). This shows the benefit that could be gained from exploiting imbalances, even though 

the commitment profile is restricted to a quantile profile which is based on forecasts. 

Finally, the yellow bar in Figure 10, corresponding to the optimal profile POptimProfile strategy, shows the highest margin of 

additional revenue (21 %). In this case, full exploitation of the DA and imbalance prices is allowed as there is no restriction on 

the power commitment profile that can be adopted, except that it cannot exceed the maximum rated power of the farm. For 

instance, Figure 14 shows the situation (bottom subplot) on February 29, 2018, in France when imbalance prices were mostly 

higher than the DA prices. The top subplot shows the power profiles of the OWF for POptimProfile strategy and other previous 

strategies for information.  

 

Figure 14 Example of the day when DA prices were below the imbalance prices.  

Note that up to 06:00, POptimProfile strategy (the green line) suggests a zero power commitment at the DA market. This is 

because it is more beneficial to sell all actually-generated energy at the imbalance+ price which is much higher than the DA 

price at this period. However, as the DA price becomes higher during other intervals (e.g. around 06:00 and 07:00), it is more 

beneficial to sell the energy at the DA market. Hence, we see two troughs on the green line during the same periods. Similarly, 

Figure 15 shows the power profiles of POptimProfile strategy in the case where the DA price is higher than the imbalance+ price. 

In such a case, all wind energy should be sold on the DA market even if it does not follow the actual production on delivery 

day (the light blue line). This is explained by the fact that the revenue from high DA prices will exceed the losses due to 

imbalance costs. Therefore, we see that the green line is almost always equal to the installed capacity of a non-overplanted 

OWF (339 MW). There are also days when the DA price is located between the positive and negative imbalance prices.  

As a result, the POptimProfile strategy shows that there is a significant theoretical potential (up to 21%) for the revenue increase, 

compared to the P50 strategy. The POptimProfile strategy may be exploited by market actors, provided that they get sufficiently 

accurate forecasts of the imbalance prices within a considerable lead time. As mentioned earlier, studies on this type of forecast 

are indeed emerging. 
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Figure 15 Example of the day when DA prices were mostly higher than the imbalance prices 

In summary, adopting a fixed quantile strategy is relevant, but the problem seems to be relatively flat and quantiles other 

than the P50 may be adopted without a significant loss of revenue. Note, however, that this conclusion is drawn for Elia’s OWF 

data and may be different for other OWFs, especially under different market conditions. Moreover, improving the forecasts to 

commit as close as possible to the actual power profile leads to a significant, but small, revenue increase of 2 % at most. 

Selecting a variable quantile each day, as opposed to a constant quantile during the year, may lead to a maximum revenue 

increase of 5 %. Finally, it was shown that there is a large theoretical potential (up to 21%) for the revenue increase if market 

actors exploit the imbalance prices as well as the DA prices (POptimProfile strategy). Again, this implies a sufficient level of 

knowledge on future energy prices with a sufficient lead time. However, it should be remarked that POptimProfile strategy, although 

indeed it maximizes the revenue of an OWF, may complicate the TSO’s operation planning due to mismatches between the 

submitted OWF power profile on the DA market and the actual delivery the following day. Note also that the above-mentioned 

results are obtained for a not-overplanted OWF i.e. they do not consider the overplanting.  

B. Impact of joint use of overplanting, DTR and commitment strategy on the revenue (Case studies 3 and 4) 

In contrast to the previous section (Case study 2) where the revenue was calculated for a non-overplanted OWF, this 

subsection provides the results for overplanted OWFs. Specifically, Figure 16 shows how the revenue of an overplanted OWF 

changes as a function of the five commitment strategies. The left figure shows that the additional revenue in the case of STR 

varies between 0 % and 87% (i.e. 187% of the reference revenue). This range is increased up to 104% (i.e. 204% of the reference 

revenue) if DTR would be used as the cable limits (right figure).  

 

Figure 16 Annual revenue as a function of overplanting rate and commitment strategies, with STR (left) and DTR (right). 
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In Figure 16 and Figure 17, we see that there is no significant difference between the P50 and PFixedQuantile strategies regardless 

of the overplanting rate. In other words, there are small to negligible variations in annual revenue between all the 99 quantiles. 

It should be noted that the optimal quantile decreases as the overplanting rate grows (see the middle plot in Figure 17), which 

is explained by the increasing volume of curtailed energy. However, even though the optimal quantile is reducing down to P30, 

its difference with P50 in terms of annual revenue remains negligible (see the bottom plot). Once again, the problem seems to 

be relatively flat with respect to the quantiles, even for overplanted OWFs. 

 

Figure 17 Annual revenue for PFixedQuantile (top). Best fixed quantile as a function of the overplanting rate (middle). Revenue difference 

between the best-fixed quantile strategy and the P50 strategy (bottom).  

Going back to Figure 16, it can be observed that in the Pactual strategy, which is the case of an ideal forecast, the additional 

revenue compared to the P50 strategy increases only by 2% for a non-overplanted farm, and is limited to 7% for a farm with a 

theoretical overplanting rate of 200% (DTR case). On the contrary, and as already observed earlier for a non-overplanted case, 

the revenue increase when energy is sold as an imbalance is theoretically equal to 21% (no-overplanting) and increases with 

the overplanting rate. This shows that it may be more interesting economically to enhance the forecasts of the imbalance prices 

than in the production itself. However, this former task may be more complex than the latter. 

For the STR case, it is interesting to observe the overplanting rate above which the revenue loss linked to the energy 

curtailment is no longer compensated by the exploitation of the energy price variability (imbalance and DA). This can be 

observed by comparing the increase in revenue (e.g. 175% for the variable quantile strategy with DTR) to the corresponding 

overplanting rate (150%). As a result, the overplanting would be economically viable up to at least 170% for the optimal profile 

strategy, 120% for the variable quantile strategy, and 110 % if the actual power strategy was used. This shows the importance 

of commitment strategies on the value of the optimal overplanting rate. The same conclusion can be drawn from the results 

where DTR is allowed. 

As for the cases with DTR (the right plot in Figure 16), it can be observed that the increase in revenue is always greater than 

the overplanting rate if the optimum profile strategy is used. This increase ranges between 21% when the non-overplanting 

option is considered and decreases slowly to 4% when an overplanting rate of 200% is considered. This means that, despite an 

increasing level of curtailment, which may go up to 35 % when DTR is used, the revenue decrease linked to energy curtailment 

is more than compensated by exploiting the energy price variability. Although overplanting could remain economically viable 

up to at least 130% for the P50 strategy, it is shown here that with a variable quantile strategy, the minimum rate was at least 

equal to 150%. This drops to 130% if the fixed quantile strategy and the actual power profile strategies are used. Again, these 

cases are theoretical as energy prices are considered as known in advance, but it suggests that sufficient knowledge of these 

prices may have an important influence on the selection of an optimal overplanting rate, as well as the commitment strategies. 

However, defining the level of forecast quality above which this knowledge would play a significant role is out of the scope of 

this paper. 

A sensitivity analysis was carried out regarding the maximum revenue (related to the POptimProfile) that could be obtained from 

an OWF with different overplanting rates as a function of the maximum allowed temperature (i.e. DTR is enforced here). As 

mentioned previously, although 90°C represents the maximum allowed temperature in XLPE-based cables, temperature 

monitoring devices may present a coarser precision of a few degrees. This may require curtailing the wind power at a few 

degrees less than 90°C. Hence, Table 3 describes the loss of revenue as a function of the maximum allowed temperature 

normalised to the revenue obtained when the 90°C limit is enforced. Although it is expected that temperature monitoring devices 
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would have an accuracy of a few degrees up to 5°C, the results for a temperature limit of 80°C are also presented for the sake 

of illustration. It can be observed that, when an 88°C or 85°C temperature limit is adopted, the revenue loss is small to negligible, 

not exceeding 2% for the ideal case of a 2 pu-overplanted farm, while a more realistic case of a 1.5-pu overplanted farm leads 

to a revenue loss around 1% only. Hence, in this paper, only a temperature limit of 90°C was considered. 

Table 3 – Sensitivity analysis on the maximum revenue (POptimProfile) as a function of the maximum allowed temperature 

Optimal revenue difference with the 90°C limit  
Overplanting rate  

1 pu 1.5 pu 2 pu 

Temperature limit of export cable 

80°C 0.0% -2.6% -3.4% 

85°C 0.0% -1.2% -1.6% 

88°C 0.0% -0.5% -0.6% 

 

C. Analysis of LCOE, NPV and payback periods  

This section complements the revenue analysis by evaluating such metrics as NPV, LCOE and payback periods of 

overplanted OWF with DTR or STR. Figure 18 shows the LCOE as a function of overplanting rate for DTR and STR. Compared 

to the non-overplanting case, the overplanting with both DTR and STR allows reducing the LCOE down to 1 €/MWh and 0.1 

€/MWh correspondingly. Any increase beyond these optimal overplanting rates (1.1 pu for STR and 1.3 pu for DTR) leads to 

a significant increase in LCOE.  

 

Figure 18 LCOE as a function of the overplanting rate 

As the overplanting rate grows in  Figure 18, the LCOE difference between STR and DTR becomes more and more evident 

and reaches almost 10 €/ MWh for the final overplanting rate 2 pu. The difference between STR and DTR along the range of 

overplanting rates is explained by the lower amount of wind curtailments thanks to the full exploitation of the cable’s transfer 

capacity by DTR. As almost no wind curtailment occurs before 1.3 pu for DTR, the optimal overplanting rate is then shifted to 

1.3 pu. Although from an LCOE perspective, it may seem necessary to select an overplanting rate of 1.1 pu for the STR case 

and 1.3 pu for the DTR case as optimal overplanting rates, it may be not so evident which overplanting rates are optimal from 

the NPV perspective, as described below. 

As the first part, a NPV analysis was conducted for market prices in France corresponding to 2018, which was before the 

global COVID outbreak and the ongoing energy crisis due to the war in Ukraine. At that time, the mean average day-ahead 

price in France was 51 €/ MWh as well as imbalance prices were around 47-55 €/ MWh. One may notice that these prices are 

already below LCOE (e.g. 69.6 €/ MWh) obtained earlier in Figure 18. In other words, the market price at that time was below 

the minimum energy price needed to recover capital and operation expenditures over the lifetime of the studied OWF. Note 

also that capacity factors of the OWF reduce from 37% down to 30% as the overplanting rate grows. As expected for low energy 

prices and moderate capacity factors, NPV was negative even for the no-overplanting case (see NPV=-220 M€ in Figure 19). 

This means that for the studied OWF there is no incentive or a possibility to be profitable on the wholesale market (as of 2018) 

regardless of the overplanting rate or a commitment strategy (even the best POptimProfile) or increased cable capacities thanks to 

DTR. Graphically, this can be seen in Figure 19 as all bold lines, corresponding to various commitment strategies, reduce along 

the overplanting rates regardless of STR (the top figure) or DTR (the bottom figure). 
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Figure 19 NPV as a function of the overplanting rate and the commitment strategy. The top figure corresponds to the case when STR is 

taken as a limit of export cable. The bottom figure corresponds to the case when DTR is retained as a limit of export cable. Dash lines in 

the upper part of each subfigure correspond to 2022 market prices while bold lines (in the lower part of each subfigure) correspond to 2018 

market prices  

Despite the negative NPVs at market prices of 2018, the overplanting may be profitable for the supportive mechanisms 

where the energy price can be set higher than the market price/ LCOE. For instance, we investigate two FITs: 69.6 €/ MWh and 

143 €/ MWh. The FIT of 69.6 €/ MWh corresponds to the lowest LCOE of overplanting rate 1.3 pu (see the light green line in 

Figure 19). The FIT of 143 €/ MWh was taken as the industry reference as such FIT was selected for the first OWF in France 

(Saint-Nazaire) [108]. Note that the FIT of 143 €/ MWh is almost 3 times higher than the 2018 market price (51 €/ MWh) and 

2 times higher than the LCOE of a non-overplanted OWF (70.6 €/ MWh). As a result of FITs, the corresponding NPVs become 

positive and for FIT of 143 €/ MWh NPV reaches from 1.5 billion € (in the case of STR) up to 2.2 billion € (in the case of 

DTR). These maximal NPVs are achieved at overplanting rates of 1.5 pu (STR) and 1.7 pu (DTR) which are higher than the 

overplanting rates ensuring the lowest LCOE (1.1 pu for STR and 1.3 pu for DTR). We believe that such a discrepancy between 

the optimal overplanting rates of “the lowest LCOE” and “the highest NPV” is explained by the relation between the amount 

of electrical energy produced and the price at which this energy is sold. To clarify this statement, the OWF, as the overplanting 
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rate increases, produces the same amount of energy as its lower overplanting rates plus the additional energy surplus. It seems 

that the economic benefits from this energy surplus may overlap (due to the high FIT) the costs of additional installed capacity 

and therefore shifting the optimal overplanting rate, from the NPV perspective, away from the optimal overplanting rates from 

the LCOE perspective. Note also that the benefit of using DTR against STR in the case of FIT (143 €/ MWh) reaches 0.7 billion 

€ (see NPV differences for dark green lines at the top and bottom of Figure 19). This benefit was not evident from LCOE 

calculations in  Figure 18 and it seems that such high benefits advocate in the favour of DTR against STR.  

Although our previous analysis showed that the overplanting was non-profitable at market prices of 2018 and profitable for 

FIT, it should be noted that amid the ongoing energy crisis, the market prices in 2022 increased by 5 times if compared to 2018 

and even exceeded the studied FIT of 143 €/MWh. For instance, the average day-ahead price in France in 2022 was 273 €/MWh 

and average imbalance prices were around 255 €/MWh and 282 €/MWh. Therefore, it was decided to reconduct the NPV 

analysis for the market prices of 2022. As a result of this analysis, conclusions on the profitability of overplanted OWFs in the 

market were reversed. First, the NPV for ongoing prices is always positive and varies from 4 billion € for a non-overplanted 

OWF (339 MW) up to 9.5 billion € for OWF with the largest overplanting rate in our study – 2 pu (or 679 MW). The higher 

the overplanting rate is, the higher NPV is and the convergence to some maximal NPV values only starts appearing. Graphically, 

all dash lines in Figure 19, corresponding to market prices of 2022, grow as a function of overplanting rate. This means that 

OWF has all incentives to be profitable in the energy markets (in contrast to energy prices of 2018) and overplanting remains 

the feasible way to increase the profitability of an OWF. Note also that the difference between commitment strategies reaches 

several billion euros, e.g. 9.5 billion € for POptimProfile versus 6.2 billion € for P50. This testifies to the promising incentive and 

motivates an OWF operator to carefully choose the commitment strategy. Moreover, the economic benefits of using DTR 

against STR rise to approximately 1 billion € (see NPV differences between the same strategies in Figure 19).  

Note that the NPV analysis in our study is held for 27 years as CATAPULT data [107] suggests this period. Anyway, the 

NPV analysis does not explicitly define the year when NPV becomes positive if it becomes positive at all (in the case of the 

negative NPV). Therefore, Table 4 shows the discounted payback period i.e. the year when NPV becomes positive considering 

the time value of cash flows. Similar to NPV analysis, we estimate the payback period for energy prices before the energy crisis 

and COVID (B scenario) as well as after them (A scenario). For completing the analysis, payback periods of FIT mechanisms 

are also estimated.  

Table 4 Payback periods of overplanted OWF (years) 

Overplanting, 

pu 

Commitment strategy on the day-ahead market or FIT 

P50 PFixedQuantile Pactual PVarQuantile POptimalPower 
FIT  

69.6  

€/MWh 

FIT  

143  

€/MWh B A B A B A B A B A 

DTR case  

1 101 4 101 4 86 4 71 4 41 3 28 9 

1.1 96 4 96 4 82 4 69 4 41 3 28 9 

1.2 92 4 92 4 80 4 68 4 40 3 28 9 

1.3 92 4 92 4 79 4 67 4 40 3 27 9 

1.5 145 4 145 4 103 4 82 4 43 3 29 9 

1.7 Inf 5 Inf 5 Inf 5 157 4 50 4 34 9 

1.9 Inf 5 Inf 5 Inf 5 Inf 5 62 4 39 10 

2 Inf 5 Inf 5 Inf 5 Inf 5 70 4 43 11 

STR case 

1 101 4 101 4 86 4 71 4 41 3 28 9 

1.1 101 4 101 4 86 4 71 4 41 3 28 9 

1.2 141 4 141 4 104 4 82 4 44 3 30 9 

1.3 Inf 5 Inf 5 175 5 105 4 47 4 32 9 

1.5 Inf 5 Inf 5 Inf 5 Inf 5 58 4 38 10 

1.7 Inf 5 Inf 5 Inf 5 Inf 5 76 4 46 11 

1.9 Inf 6 Inf 6 Inf 5 Inf 5 114 4 57 12 

2 Inf 6 Inf 6 Inf 6 Inf 5 194 4 65 12 
B – Based on 2018 prices before the energy crisis and COVID: the average day-ahead price is 51 €/MWh 

A – Based on energy 2022 prices i.e. “after” the energy crisis: the average day-ahead price is 273 €/MWh 

FIT 69.6 €/MWh – Feed-in tariff corresponding to the lowest LCOE (the overplanting 1.3 pu with DTR) 
FIT 143 €/MWh – Feed-in tariff of the first offshore wind farm in France (Saint-Nazaire) 

First of all, we see that for market prices of 2018 (i.e. before the energy crisis and COVID), the NPV will become positive 

only if an OWF would operate for around a century which is far beyond the operating time of OWF. However, even if OWF 

could operate for 100 years, some investments in overplanting would still never be paid back (see Inf symbols in Table 4). This 

is because the discounted cash flow at such long periods will become zero (due to a discount rate of 2.5 %) and therefore making 

the payback time to be infinite. Nevertheless, this analysis allows us to make two observations. The first observation is that the 
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payback period as a function of overplanting rate seems to be convex. For instance, the minimum payback period for the Pactual 

strategy occurs for the overplanting rates around 1.3 pu (which at the same time is the overplanting rate corresponding to the 

lowest LCOE). The second observation is that commitment strategies may have a significant impact on the payback period. For 

instance, POptimProfile strategy allows reducing the payback time for the non-overplanted OWF from 101 years down to 41 years, 

which is still higher than the usual operating time of an OWF but this is much closer to realistic time intervals. Note that these 

results correspond to market prices which are lower than LCOE so it is expected to have such long payback times in the context 

of low energy prices. Concerning the context of high energy prices, we can see that the payback period varies between 3 and 6 

years. Note that FIT of 143 €/MWh ensures a payback period of 9-11 years, which seems to be a reasonable payback time. 

Hence, the remaining operating time of up to 27 years would let the OWF generate profits. 

V. CONCLUSION 

The results of this paper allow us to formulate several conclusions on the annual revenue of overplanted OWFs and their 

profitability over their lifetime.  

Concerning the annual revenue of OWF, it was observed that the annual revenue is relatively insensitive to the selected 

quantile of power forecast. This confirms that the business-as-usual quantile – P50 - is a good option for trading on the day-

ahead market if OWF operators prefer to use the same quantile-based strategy over the year. At the same time, the P50 or best-

fixed quantile strategies earn the lowest revenues in our case study. To further increase revenues, an OWF operator may adjust 

the quantile of the power forecast on a daily basis (instead of fixing it for the whole year). This, as it turned out, may be an even 

better strategy than using an ideal power forecast, which will perfectly match a committed power profile with the future (actual) 

power profile. Such a non-evident difference is explained by the possibility for quantile-based strategies to generate additional 

profits from imbalance prices compared to the strategy based on the ideal forecast that does not cause any imbalances at all. 

Therefore, the strategy based on the actual power profile cannot earn profits from imbalance prices which are sometimes higher 

than the day-ahead prices. Note, however, that the additional profit would be limited to the shape of a quantile-based power 

profile. If we assume that the OWF could submit any shape of power profile (not only wind-power profile based on a quantile), 

then such a strategy (corresponding to POptimProfile) could ensure the highest-possible revenue that may be taken from day-ahead 

and imbalance prices. Although such a strategy remains a theoretical one, it allows us to estimate the highest-possible revenue 

that the OWF may obtain from the given market prices.  

Concerning the profitability of the OWF, it was confirmed that the final profitability of an overplanted OWF significantly 

depends on market prices. For the market prices before the energy crisis, the NPV of an overplanted OWF remains always 

negative despite positive benefits from overplanting, DTR or commitment strategy. This is simply explained by the fact that the 

average market price at that time was lower than the LCOE of OWF. Therefore, the least-losing approach under such low prices 

(and moderate capacity factors) was actually to not overplant the OWF at all. However, under existing FIT levels, the 

overplanting of the OWF becomes profitable and reaches 1.5 – 2.2 billion euros. The corresponding optimal overplanting rates 

are 1.5 pu (for STR) and 1.7 pu (for DTR). This difference of 700 million euros also corresponds to the economic benefit of 

DTR under FIT support. Under market prices of 2022 (i.e. corresponding to the ongoing energy crisis), the economic benefit of 

DTR may rise up to 1 billion euros. To the best of the author’s knowledge, this is one of the highest economic benefits of DTR 

in relation to the NPV given in the literature. Concerning the profitability of overplanting, we observed that the high energy 

prices of 2022 imply the following logic: the higher is the overplanting rate, the higher is the NPV. In our case study, the highest 

NPV was 9.5 billion euros and it was achieved under the maximal overplanting rate of 2 pu, used in the study. The discounted 

payback of overplanted OWF under energy prices of 2022 varies between 3 and 6 years only. Note that market prices, before 

the energy crisis, would have resulted in positive NPV only after 41 years or even in never-paid-back situations. Therefore, the 

profitability of overplanting at low market prices was indeed questionable but with high market prices, the higher overplanting 

rates ensure higher profits for the OWF. 

Concerning the LCOE of OWF, we found that the optimal overplanting rates from the LCOE perspective are 1.1 pu (for 

STR) and 1.3 pu (for DTR). These optimal rates correspond to the lowest LCOE: 70.5 €/ MWh for STR and 69.6 €/ MWh for 

DTR. Compared to the LCOE of a not-overplanted OWF (70.6 €/ MWh), LCOE was reduced by 0.1 €/MWh and by 1 €/MWh 

correspondingly. Nevertheless, the “optimal” overplanting rate from the LCOE perspective may not correspond to the “optimal” 

overplanting rate from the NPV perspective. For instance, the optimal overplanting rate under high market prices is 2 pu as it 

ensures the highest NPV. However, the overplanting rate of 2 pu is not optimal from the LCOE perspective as the corresponding 

LCOE becomes 20.7 €/MWh (for STR) and 9 €/MWh (for DTR) higher than the LCOE of a not-overplanted OWF. For NPV 

based on FIT of 143 €/MWh, the optimal overplanting rates are 1.5 pu (for STR) and 1.7 pu (for DTR) respectively. Again, the 

LCOE of these overplanting rates exceeds the LCOE of a not-overplanted OWF. Having such discrepancy between the LCOE 

and NPV perspectives, it seems that the research on optimal overplanting rate should consider both NPV and LCOE perspectives 

to clarify the economic performance of an OWF. 

For the purpose of open science, we provide MATLAB code and data, used in this article, in associated the GitHub repository 

[106].   
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