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Abstract. Negative electricity prices are becoming more frequent in Europe, and whether they fall in windy hours depends
on whether wind or solar feed-in causes the surplus. We ask how this driver affects the operation, the economics and the
environmental value of a wind farm that stops its turbines on a revenue signal. We simulate the Lillgrund offshore wind farm
hour by hour in one model of control, fatigue loads, contract settlement, financing and carbon accounting, on three constructed
price futures with the same share of negative-price hours, driven by wind, by wind and solar, and by solar. One farm-wide
rule stops all turbines in hours in which the projected farm revenue falls below a threshold, which we vary from zero to low
positive values. The controlled shutdown removes the hours of lowest revenue, and the driver decides what else these hours
carry. Under wind-driven prices they are windy hours with high fatigue loads, and the fatigue budget left unused permits a
lifetime extension of about ten years. Under solar-driven prices they are hours of average wind, and the extension is about one
year. The years gained are worth a few million euros in every future. The net displacement of emissions rises by about 17 %
under wind-driven prices and falls slightly under solar-driven prices. Three contracts for difference require the same support
in present value, but the strike of the production-based contract, which pays nothing on energy delivered at negative prices,
rises by about 40 % under wind-driven prices, while the strikes of two capability-based contracts, which pay on the energy the
farm could have delivered, stay near their historical level. Raising the threshold above zero adds little value here, and a contract
settled on delivered energy blocks any load-reducing control whose fatigue value lies below the difference payment. Only a

contract that pays on available energy at every price leaves the decision to the operator.

1 Introduction

The share of hours with negative day-ahead electricity prices in northwestern European bidding zones has grown persistently
with the deployment of variable renewables (ACER, 2024; Prokhorov and Dreisbach, 2022). Prices fall below zero when wind
and solar feed-in exceeds demand and part of the generation does not reduce output (ACER, 2025). System studies expect
such surplus hours to become more frequent, and they differ widely in how many of them clear at negative prices (ENTSO-E
and ENTSOG, 2025; Danish Energy Agency, 2024; Seyyedeh-Barhagh et al., 2026). Which hours they are depends on the

generation mix. Where wind causes the surplus, the negative-price hours are windy hours. Where solar causes it, they are
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midday hours. For a wind farm this driver of the negative prices decides what a given share of negative-price hours costs.
Under wind-driven negative prices the farm loses revenue in the hours in which it produces most. Under solar-driven negative
prices it produces at or below its average in those hours and loses less.

The operator can respond by curtailing. Stopping production in hours of negative revenue gives up energy and avoids the
loss. It also changes the fatigue accumulation of the turbines, by an amount that again depends on which hours are curtailed.
Whether an operator takes this response is decided by the support contract and not by the market price alone. Where payments
are withheld in negative-price hours, production drops (Hirth, 2026; Van Steenberghe and Ovaere, 2026). Where payments
continue, generators have been found to keep producing through negative prices (Van Steenberghe and Ovaere, 2026). The
settlement function of the contract determines whether a curtailed hour forfeits support, and who carries the consequences
when the driver changes during the life of the contract.

Two research domains each address part of this situation, and each holds fixed what the other varies. Wind farm control
research quantifies the physical side. Curtailment and derating change fatigue accumulation and can extend structural lifetime
(Meyers et al., 2022). In this domain the market enters as a price level or an exogenous series, the support contract is absent,
and loads are coupled to money in a separate model chain or by scaling after the fact (Réthoré et al., 2014). By contrast,
support-scheme research addresses the contract side and treats the settlement function as an instrument of risk allocation and
operational incentives (Schlecht et al., 2024; Ioannou et al., 2026). In this domain operation has no physical consequence. A
curtailed hour changes cash flows but never loads or lifetime. The curtailment decision sits at the intersection that the two
domains leave open. Evaluating it requires five elements together: a controlled price-shape axis, loads carried in the same
simulation as revenue, a comparison of settlement functions, strikes solved endogenously, and a financing layer. Each element
has precedent in its own domain: parametric price axes (Mehta et al., 2024), joint revenue—load operation (Zheng et al., 2026;
Anand et al., 2025), endogenous design-dependent strikes (Johanndeiter et al., 2025a) and contract design against debt sizing
(Pukan et al., 2025). To our knowledge, no prior study combines them. Section 2 discusses the closest studies.

Beyond the economic consequences, the resulting control strategies also have environmental implications. On the one hand,
changes in fatigue loading may affect component reliability and, in turn, the emissions associated with plant maintenance over
its lifetime (Grife et al., 2025). On the other hand, changes in the timing of electricity production affect the greenhouse-gas
emissions displaced in the connected electricity grid (Wheatley, 2013; Thomson et al., 2017; Kainz et al., 2025). While these
effects have been studied individually, to our knowledge, no study has assessed how varying operational strategies affect net
environmental performance over the plant lifetime, considering both plant- and grid-related consequences.

This paper addresses four research questions (RQs), each asked as a function of the driver of the negative prices at a given

negative-price share:

— RQ1 (market value): How does the driver of negative prices change the market remuneration of wind production, and

how much of the loss does revenue-triggered curtailment recover for the operator?

— RQ2 (physical value): What structural fatigue relief and lifetime extension does revenue-triggered curtailment provide?
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— RQ3 (contract value): How does the settlement function change the required strike, the composition of public payments

and the operator’s curtailment incentive?

— RQ4 (environmental value): How do the settlement function and the price futures affect the net environmental perfor-

mance of the wind farm, considering both plant-related emissions and displaced grid emissions?

The study answers these questions in hourly simulations of the Lillgrund offshore wind farm, in which fatigue accumulates
from the same operation that produces the energy and settles the contracts. Prices follow a historical path and three futures
constructed from observed prices. The futures are not forecasts. They hold the negative-price share fixed and vary the driver
between wind and solar feed-in. Five settlement functions are compared, each priced at the operation its own rule implies.
Section 2 reviews the literature, Sects. 3 and 4 present the methodology and the case study, Sect. 5 gives the results in the order

of the research questions, and Sect. 6 discusses them with their limitations.

2 Background and related work
2.1 Negative prices and the market value of wind

Wind revenue depends on the shape of the price distribution, not only on its level. The value factor is the ratio of the capture
price, the production-weighted average price, to the time-weighted average price. It declines as the share of variable renewables
grows, because their output lowers the price in the hours in which they produce (Hirth, 2013; Lépez Prol et al., 2020; Stiewe
et al., 2025). In model results, the decline is steep where subsidies or quotas drive the expansion of wind and solar. It is much
smaller where a carbon price drives it (Brown and Reichenberg, 2021). The occurrence of negative prices in European bidding
zones has grown alongside the decline (ACER, 2024, 2025). Negative-price hours are the extreme of the same mechanism. In
a model with a high wind share, the price falls to zero in the hours in which wind produces most (Hirth, 2013). Solar output
lowers the price around midday instead (Hirth, 2013; Lépez Prol et al., 2020). In European zones, solar output has so far had
little effect on the value factor of wind (Stiewe et al., 2025). A surplus caused by solar therefore costs a wind farm less than
a surplus caused by wind. The growth of solar capacity has widened the midday surplus (ACER, 2025). In several European
zones, the negative-price hours have moved from windy hours to sunny hours with average wind (Sect. 4.1).

How often prices turn negative in the future is uncertain. Energy system models usually leave out support payments and the
operating limits of power plants, so their prices do not fall below zero (Ruhnau, 2022; Antweiler and Miisgens, 2025; Geis
et al., 2026). The number of hours with a price of zero or with curtailment varies widely with the assumed storage capacity,
flexible demand, and interconnection (Koivisto et al., 2020; ENTSO-E and ENTSOG, 2025). The mechanism behind that
spread is the absorption of the surplus. In a system study for Germany, batteries set the price in the surplus hours first, and
electrolysers join them from 2035 on (Gesis et al., 2026). Where flexible electrolysis grows with the renewable fleet, it absorbs
the surplus at its own willingness to pay, and the market value of wind stabilises. The European network scenarios vary these
assumptions together with the generation mix, but they publish no prices (ENTSO-E and ENTSOG, 2025). Which technology

causes the surplus is therefore as uncertain as how often it occurs.
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Stylised or parametric price scenarios have been used in turbine design (Mehta et al., 2024) and in the comparison of support
instruments (Kitzing, 2014). In both, the farm produces whenever the wind allows. Mehta et al. (2024) vary the price level
and its correlation with wind, and they test a higher price variability as a sensitivity. Their prices are drawn from a normal
distribution and include negative hours, and the farm produces in these hours as well. Kitzing (2014) work with monthly price

statistics. Neither represents a farm that stops.
2.2  Wind farm control, fatigue and lifetime

Wind farm control research quantifies how operation changes structural loading. The review of Meyers et al. (2022) covers
wake steering, induction control and dynamic individual pitch control as instruments that redistribute loading across a farm. It
notes that the value of load mitigation is harder to assess than a change in power, because the link from loading to component
reliability, remaining lifetime and O&M cost is difficult to establish. Kanev et al. (2018) simulate wake control on several
existing commercial farms. They fold the fatigue loads into a lifetime extension factor and maximise the lifetime energy
production. No price enters, so the hourly price shape plays no role. Pettas and Cheng (2018) show down-regulation and
individual blade control as levers that slow fatigue accumulation and enable lifetime extension, at the turbine level and without
a market. Braunbehrens et al. (2024) test wake steering that maximises profit subject to a lifetime constraint in a wind tunnel.
Fatigue damage enters through a cost model and the lifetime constraint, and no support contract is represented.

Two companion studies supply the control axis of the present work. Pettas et al. (2026) present a farm-response framework
with surrogate-based turbine loads and condensed health metrics. Grife et al. (2026a) study revenue-triggered shutdown with
lifetime extension under a feed-in tariff, a two-sided contract for difference and market revenue. The shutdown responds to the
market revenue alone, and the study uses one historical price series.

The economic value of load-reducing operation depends on the joint hourly timing of price, wind and fatigue accumulation.
Studies that weigh energy or revenue against loads commonly approximate this coupling. In Réthoré et al. (2014), damage-
equivalent loads from a separate aeroelastic chain enter the financial balance through component degradation cost functions.
Kolle et al. (2022) evaluate farm flow control against simulated day-ahead prices. For a single turbine, they also switch hour by
hour between shutdown and two pitch-control modes on wind and price, and they report the load changes without monetising
them. Pettas (2024) optimises the operation of a single turbine on time series of wind and price, with surrogates for its revenue
and for the fatigue damage of several load channels. The gain from managing both together depends on the wind—price cor-
relation of the scenario. Hulsman et al. (2020) combine independent power and load surrogates through a user-set weighting
factor. Simley et al. (2024) value wake steering against nodal prices with structural loads outside the model. Requate et al.
(2023) optimise energy against damage budgets with the economic valuation deferred to a separate downstream step. Recent
work integrates market revenue and priced component damage in one operational framework (Zheng et al., 2026; Anand et al.,
2025). Anand et al. (2025) also count the revenue gained or lost through a longer or shorter life. Zheng et al. (2026) shut the
farm down at negative prices, with a minimum duration that limits start-stop cycles. Neither study includes a support contract

or project financing. No chain carries loads, contract settlement and project financing together. Where a price enters, it is a
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given series or scenario. None of the studies varies the price formation as a controlled axis, so none can state under which price
formation load-reducing operation has market value.

Lifetime extension adds an assessment question on top of the accumulation question. Lifetime-extension standards assess the
remaining fatigue life of each load-carrying component, and the IEC specification does so for each of its failure modes (DNV,
2021; IEC, 2025). The component with the shortest remaining life limits the extension (Ziegler et al., 2018). Techno-economic
assessments take the extension period as given and weigh operating costs against revenue (Ziegler et al., 2018). Component-
level assessments with an economic case exist (Rubert et al., 2019; Nielsen and Sgrensen, 2021) but are the exception. A
fatigue measure averaged over components or load channels can diverge from the weakest one when the channels respond

heterogeneously to the same operation.
2.3 Environmental performance

Wind farm control also has environmental consequences beyond its economic and structural effects, affecting both the emis-
sions associated with the wind farm itself and the emissions displaced in the connected electricity system. The former is
commonly assessed using life-cycle assessment (LCA), covering impacts from manufacturing and installation through oper-
ation and maintenance (O&M) to end-of-life (Arvesen and Hertwich, 2012; Bonou et al., 2016). In the operational phase,
electricity production is typically represented through estimated capacity factors (Arvesen and Hertwich, 2012), without ex-
plicitly modeling the operational strategy of the wind farm. O&M emissions are often either neglected or based on specific
component-replacement scenarios (Arvesen and Hertwich, 2012; Garcia-Teruel et al., 2022). More recent work has incorpo-
rated detailed failure rates into offshore wind LCA (Garcia-Teruel et al., 2022) and studied the impacts of varying failure rates
on the lifetime O&M emissions (Grife et al., 2025). However, these approaches prescribe failure rates independently of wind
farm operation and therefore do not capture how control-induced changes in fatigue loading propagate to component reliability
and O&M emissions.

Beyond emissions associated with the wind farm itself, its operational strategy also affects the emissions displaced in the
connected electricity system. The emissions displaced by an additional unit of wind generation can be represented by the
marginal displacement factor (MDF), which varies over time as it depends on factors such as market rules, dispatch decisions,
cross-border electricity flows, and real-time system conditions (Kainz et al., 2025). To estimate the MDF of wind energy,
data-driven approaches have mainly been used, ranging from regression-based models (Wheatley, 2013; Thomson et al., 2017)
to more sophisticated machine-learning approaches that capture nonlinear relationships and interactions between multiple
system variables. Kainz et al. (2025) combined an artificial neural network (ANN) with a system-balance constraint to estimate
technology-specific MDFs. They also examined the effect of wind farm control on displaced emissions over a two-year period,
considering additional generation from wake steering. However, the environmental consequences of revenue-based curtailment

and other operational strategies, particularly over the wind farm lifetime, remain unexplored.
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2.4 Support-scheme design and curtailment incentives

Support-scheme research addresses the contract side. Its focus has moved from the cost of support to how contracts allocate risk
and how they shape operating and investment decisions. Beiter et al. (2024) argue that contracts for difference remain the central
instrument for allocating price risk and for financing new capacity. The EU electricity market reform takes the same position.
From July 2027 it requires direct price support for new wind and solar generation, among other technologies, to take the form
of two-way contracts for difference (CfDs) or equivalent schemes, which may include capability-based contracts (European
Union, 2024). The Commission followed in December 2025 with design guidance on reference prices, reference volumes and
dispatch incentives (European Commission, 2025b). Neuhoff et al. (2022) show that once technology costs approach wholesale
prices, the comparison between instruments is dominated by how they allocate risk and hence by the cost of capital they imply.
Schlecht et al. (2024) show that the conventional form of the CfD, in which payments follow metered production, distorts short-
term operation because the difference payment is earned only by generating. They propose a financial CfD whose payments
follow a reference generator modelled from weather data instead of the plant’s own output, so that the operator faces the market
price at the margin. Newbery (2023) reaches the same end by paying on the plant’s capacity times a reference capacity factor
for its location, whether the plant generates or not. The capability contracts of this study settle on the farm’s own available
energy and are closest to this second design (Sect. 3.3). The gated variant does so only in negative-price hours and is otherwise
production-based.

The evidence that operators respond to these rules is direct. Where support is withheld in negative-price hours, stopping pays.
Germany withholds the market premium for runs of negative prices that reach a set length, and for plants commissioned since
February 2025 in every negative-price period. Which plants still have a reason to keep producing therefore depends on their
remuneration class and commissioning year (Kern et al., 2024; Hirth, 2026). In 2025, almost all German wind generators had
a reason to stop at deeply negative prices, and about half of them did (Hirth, 2026). British contracts from the fourth allocation
round onward pay no difference amount in any negative-price hour (Low Carbon Contracts Company and Department for
Energy Security and Net Zero (UK), 2024). Where payments continue, the opposite holds. British offshore wind farms under
the first CfDs, which carry no negative-price rule, kept producing close to full output in negative-price hours. Comparable
merchant farms cut their output by about three quarters in the same hours. The difference payment offsets the negative market
price and so removes the reason to stop. Farms whose payments are withheld in runs of six or more negative-price hours cut
their output in those runs about as much as the merchant farms (Van Steenberghe and Ovaere, 2026). The same physical action
is therefore worth taking under one settlement rule and not under another, whether or not the rule was designed with that
response in mind. Scheme design is an operational incentive instrument, not only a risk-allocation instrument.

Three properties of this literature limit its reach for the present question. First, operation has no physical consequence in
these models, so the fatigue value of the incentivised behaviour cannot appear. Second, the evaluations differ in their strike
convention, which sets what a comparison of designs can show. Where strikes are scenario parameters or administrative prices
(Veenstra and Mulder, 2024; Fabra and Imelda, 2023), a comparison of designs is also a comparison of support levels. Where

strikes are solved for each design (Johanndeiter et al., 2025a, b; Pukan et al., 2025), the designs are compared at their own
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strikes. Kitzing et al. (2017) give each scheme the same expected support and solve the margin at which investment starts. The
operational response to the contract is either not represented or evaluated together with the design, and not separated from it.
Third, Johanndeiter et al. (2025a) fix the strike at award and report how widely investor profits and consumer prices spread
across market scenarios. Which side carries a shift of price formation in one direction, such as from wind-driven to solar-driven
negative prices, is not examined there or in the other evaluations. Sections 3.4 and 4.3 describe how this study separates the

settlement function from the operation it induces.

3 Methodology

All results derive from WINPACT, an integrated techno-economic assessment framework for wind farm projects (Grife et al.,
2026a), motivated by the observation that the dominant risks in wind farm development interact across technical and financial
domains and resist evaluation in separate models (Grife et al., 2026b). The framework couples its modules over one hourly
timeline spanning the project life (Fig. 1). This study relies on six modules. The meteorological and market environments
supply the resampled wind series, the price futures and the displacement factors (Sects. 3.1, 3.7). The farm-response module of
Pettas et al. (2026) converts the hourly inflow of each turbine under the active controller into farm power and fatigue damage
per load channel, with an engineering wake model and load surrogates trained on aeroelastic simulations (Sects. 3.2, 3.5).
The damage-coupled O&M model carries its own cost and emission accounting (Sect. 3.6). The lifetime-extension module
(Sect. 3.5) and the settlement functions of the support schemes (Sect. 3.3) feed the valuation, which hosts the strike solver
(Sect. 3.4) and the carbon balance (Sect. 3.7).

Energy, loads, settlement and emissions thus derive from one hourly simulation. Sub-hourly shutdown and start-up transients
are represented by composing each event hour from one transient load window plus trailing-state windows, so that lifetime
damage and energy stay consistent with the hourly resolution. Relative to Grife et al. (2026a), the present study adds the
capability contracts with the control-gated availability basis, the strike convention of anchoring at the reference dispatch, and

the two-driver merit-order transform.
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Figure 1. Integrated simulation pipeline.

3.1 Price futures: observed prices, merit-order transform, bootstrap

K* solver: NPV = 0 at rational dispatch

= ¥ Indirect (availability / lifetime)
= % K*anchoring loop

Price futures are constructed from observed data rather than from a stochastic price model. The observed day-ahead price p;
and the observed system wind and solar feed-in W; and S;, each normalised to installed capacity, share the calendar of the
meteorological data, so the correlation between local wind and prices is measured, not modelled. Deeper negative-price futures

are generated by a merit-order transform of the observed series,

W, S
Di=p—t+(1l—p) 21, (D

p:& = max(pt —ADy, pﬁoor) ) W 5

where TV and S are the mean feed-ins over the path, D, is the renewable surplus driver, p is the wind share of the variable
renewable energy in the driver, ) is the additional price depression per unit of driver above its mean, and g0y is the exchange
price floor. Hours with mean driver at its mean keep their observed price. Hours of surplus are depressed, hours of scarcity
lifted. Because D, averages to zero, the transform preserves the mean price and changes only the shape of the price distribution:
it shears the price—driver cloud about the point of mean driver and mean price. This is a convention that separates the shape
from the level: the hours of surplus lose what the other hours gain (Sect. 6.4). For each target negative-price share, A is solved
by bisection. With p =1 the driver is wind alone and the transform reduces to p, = max(p; — Aw (W — W), Door) With
Aw = A/W, the price depression per unit of wind feed-in above its mean. The driver mix p decides which hours become

negative: with wind alone they are windy hours, with solar alone they are sunny hours. The futures thus impose most of the
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price response to the drivers, while the observed path contributes its weather, its calendar and its residual price variability. The
driver mix, the share target and the calibration of the futures are case settings (Sect. 4.1). All financial quantities are in real
terms, and prices and strikes are not indexed to inflation.

Twenty-year hourly series are assembled by block-bootstrapping whole calendar years. Each drawn year brings its local
wind, its system feed-in and its prices together, so the measured correlation between them is kept. The hourly prices of every
drawn year are then shifted, so that the mean price of the year equals a common level. The transform of Eq. (1) is applied
afterwards and preserves this level. Different seeds give replicate weather—price paths. The pool of years, the common price

level and the number of replicates are case settings (Sect. 4.1).
3.2 Control: revenue-triggered shutdown

The control axis is a single farm-wide rule: all turbines shut down in hour ¢ if the projected farm revenue falls below a threshold
0,

P(vy)pe < 0, 2)
where P (vy) is the farm power projected from the ambient wind speed via the turbine power curve, without wake correction.
This is the information available to an operator at gate closure. Restart follows when the condition clears. Start-up and shutdown
transients contribute their own load windows (Sect. 3).

The threshold 6 = 0 is the negative-revenue stop, the reference dispatch of the price-exposed schemes (Sect. 3.4). Larger
thresholds curtail hours of positive but low revenue. Whether the fatigue relief and the lifetime they buy outweigh the forgone
income is the question of Sects. 5.2-5.3. The rule is the farm’s operating rule for its whole life, the extension years included
(Sect. 3.5). The sweep over thresholds is an experiment on that rule, not an optimisation of dispatch. The threshold values,
their derivation and their calibration are case-specific and given in Sect. 4.2. A derating control arm is outside the scope of this

study.
3.3 Support schemes as settlement functions

Support schemes are implemented as pure settlement functions. They map the price series, the delivered energy and an avail-
ability basis to cash flows, and they do not alter dispatch. All physical curtailment is decided by the controller (Sect. 3.2). This
keeps the scheme and control axes of the experiment apart. Any behavioural difference between schemes enters only through
the operating point at which each scheme is evaluated (Sect. 3.4).

Let p; denote the day-ahead price in settlement interval ¢ (1h), E&¢! the delivered farm energy, K the strike price, and Dim(t)
the time-weighted average price of the month containing ¢, which serves as the reference price for the CfD family. Revenue in

interval ¢ is the market leg plus a support leg on a scheme-specific basis By:
Ry =pi B} + (K = () Br. (3)

with the following five configurations:
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1. Market: no support leg (B; = 0), the farm earns the market leg only.

2. FiT: R; = K E{°!. The tariff, the FiT’s strike, replaces the market leg instead of adding a support leg to it. FiT support

totals are therefore gross payments, not directly comparable with the schemes of Eq. (3).

3. CfD: two-sided generation-based contract, B; = Ef° - 1{p; > 0}. The indicator implements the negative-price rule of
current European practice: no support is paid on energy delivered in hours with negative day-ahead price. The support
leg pays the difference payment K — p,, ;) per unit of basis and is signed, so settlement periods with p,,, ;) > K produce

paybacks.

4. Capability CfD: B; = E?V, the effective available energy defined below. Support is paid on what the farm could have

delivered, so operator curtailment does not forfeit support.

5. Capability CfD, delivered-gated: B, = Ed! + (Efv - Egd) -1{p, < 0}. The availability basis applies in negative-
price hours only. Curtailment at non-negative prices is settled on delivered energy. The two capability variants differ
in this one clause and are otherwise identical. We denote them as the ungated and the gated capability contract in the

following.

The available energy E is the production of the same farm under the same weather without price-driven control, taken
from the uncontrolled baseline simulation including wake losses. The effective basis credits availability deficits only when they

are caused by the controller:
B = pdel (B — thﬂ)Jr - 1{shutdown commanded in ¢}. 4)

This control gate mirrors settlement practice, in which availability deficits count only during logged downregulation commands.
Deficits caused by technical unavailability, such as storm cut-outs and startup transients, are never compensated, and numerical
disagreement between the baseline and scenario simulations cannot enter the settlement. A relative dead band of 2 % of the
interval’s available energy is retained as a secondary numerical guard. The gated quantity is hereafter simply the available
energy. Throughout the paper the support leg of the capability contracts is split by its basis into support on delivered energy
and support on curtailed availability, at negative and at non-negative prices. The delivered-energy gate of the gated variant
removes the part at non-negative prices. The lifetime totals of the two legs are the market revenue and the support.

The capability contracts take from Schlecht et al. (2024) the principle that support does not depend on the operator’s own
output. Their basis is the farm’s own available energy, which Schlecht et al. (2024) avoid because it has to be estimated at the
site. They follow the companion study of contract design (Ioannou et al., 2026), which examines the settlement basis and the
relation between support and strike for the same contracts. Both variants are stylised. Curtailment instructed by the system
operator is not modelled, because settling it requires an estimate of the production foregone, as the curtailment compensation
of the British contract does (Low Carbon Contracts Company and Department for Energy Security and Net Zero (UK), 2024).

That estimate lies outside this study.
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Support is paid for the nominal life only, as in contracts written today. The support window closes at the nominal end, and
the extension years of Sect. 3.5 earn market revenue under the same operating rule. Support that follows the extension years is

discussed as a sensitivity (Sect. 6.2).
3.4 Strike determination: anchoring at the reference dispatch

Comparing support schemes requires a strike price for each. We solve a separate required strike K*(s,r) for every scheme s

and price future r: the strike at which the project’s net present value is zero on the reference weather—price path,
NPV (s,r, K*;05) =0, ©)

evaluated at the scheme’s reference dispatch 0%F. The reference dispatch is the negative-revenue stop of Sect. 3.2 applied to the
revenue the scheme itself settles. Under the CfD, support is suspended in negative-price hours. Under both capability contracts,
support continues on available energy and does not depend on whether the operator delivers. In all three cases producing in
these hours adds only the negative market revenue, so all three schemes induce the negative-revenue stop (6 = 0). Under the
FiT the settled revenue is never negative, the stop never triggers, and the reference dispatch is continuous production, the
uncontrolled baseline. Market carries no strike and is evaluated at the stop. A scheme evaluated at its reference dispatch with
the strike so solved is its anchor, and value results are reported relative to it. The NPV is computed in real terms from unlevered
free cash flow with a loss-carry-forward tax ledger at a corporate tax rate of 22 %, discounted at a fixed real WACC of 5.4 %
for all schemes. Decommissioning is paid at the end of operation and moves with the extension. The fixed discount rate closes
the financing-risk channel, under which lower cash-flow variance would earn cheaper capital. The strike is found by bisection
over the full settlement and valuation chain on fixed physics, to a tolerance of 10* € in NPV.

The strike absorbs the cash flows of the dispatch it is solved under. A capability contract priced under continuous production,
for example, would carry the losses of producing through negative prices in its strike, although an operator under that contract
stops. Solving every strike at the scheme’s reference dispatch ties each strike to the operation its rule implies. Because that
dispatch is the same negative-revenue stop for all price-exposed schemes, their strikes are solved on identical physics and
differ through the settlement functions alone. First, the present value of support at the anchor is the same for all price-exposed
schemes. With identical physics and NPV = 0 it equals total costs minus market revenue, the support requirement. Scheme
choice therefore changes the composition, timing and risk of the support, not its amount. Second, evaluating each scheme
under the complementary dispatch, continuous production for the price-exposed schemes and the stop for the FiT, with its
strike frozen, compares the two dispatches under one contract. It shows whether the reference dispatch is worth more to the
operator than the complementary one, and it prices what a scheme that induced the complementary dispatch would have to
cover.

Strikes are solved once, on the reference path, and frozen across the replicate paths, consistent with contracts priced ex ante.

The replicate paths show whether the results depend on the drawn path. All results are reported on the reference path (Sect. 5).

11
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3.5 Fatigue accumulation and lifetime: the aggregation chain

Fatigue information exists at four levels: load channel, component, turbine and farm. The O&M model reads it as one hazard
modifier per component and the lifetime decision as one scalar per farm, and each averaging step on the way can hide a
channel that responds differently from its neighbours. The chain from the channel series to these two consumers follows the
normalisation and aggregation conventions of the farm-response framework of Pettas et al. (2026). We state them first, then the

lifetime decision and the worst-channel check that bypasses the averages.
3.5.1 Channel level: the load-surrogate pipeline.

The primary fatigue data are produced per turbine ¢ € {1,...,48} and hour by the load surrogates of the farm-response frame-
work, from the turbine’s waked inflow and power setpoint. Each operating mode is served by a surrogate bundle trained on
aeroelastic simulations of the corresponding IEC design load case. The modes are power production and derated operation,
start-up, shutdown and idling. Transient events are therefore represented by their own trained models and not by scaling.
The training method is documented by Vad et al. (2026). The output per interval is a damage-equivalent load for each of the
nine channels of Table 1. Channel-specific Wohler exponents and reference cycle counts convert it into a damage increment,
and Palmgren—Miner accumulation yields the cumulative damage D; .1, (t) of turbine ¢ in channel ch. Everything below is a

functional of these series.

Table 1. Exercised load channels, their component mapping and the weights of the component index (Eq. 7, applied to baseline-normalised

channel ratios, with the weights of Pettas et al. (2026)). All channels are covered by all four operating-mode bundles.

Component  Channel Physical quantity w
Rotor blades wrot_Bl1RadOFlpMnt blade-root flapwise moment 0.5
wrot_BllRadOEdgMnt blade-root edgewise moment 0.3
wrot_BllRad0TorMnt blade-root pitching moment 0.2
Drive train wtrm_LoSpdShftRotXMnt shaft torsion 0.7

wtrm_LoSpdShftStaProjYzMnt  shaft combined bending moment 0.3

Tower wtow_HOFAMnt tower-base fore—aft moment 0.5
wtow_HO0SSMnt tower-base side—side moment 0.3
wtow_HOTorMnt tower-base torsional moment 0.2

Yaw system  wtow_H100ProjFASSMnt tower-top combined moment 1.0

3.5.2 From damage-equivalent loads to normalised damage

Damage values need a common reference before they can be aggregated. The Palmgren—Miner increment of an interval scales
as dj cn, x n-DEL]"'5", with channel-specific Wohler exponents and reference cycle counts that are not calibrated to the as-built

structures. Absolute damage values are therefore arbitrary, and across Wohler classes they differ by orders of magnitude. Only
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ratios of like quantities are meaningful. The reference is always the same quantity under the uncontrolled baseline, so every
reported fatigue result is a ratio that equals 1 under no control.

Ratios are formed at the channel level first, following the two-step aggregation of Pettas et al. (2026). Each channel series is
divided by its own baseline end-of-life value, for the same turbine and channel,

Di,ch (t)

Ricn(t) = paserm - 6
) h( ) DE%ZE(T) ( )

The component index is the weighted sum of these ratios over the channels of the component,

Ri,c(t) = Z We,ch R’L,Ch(t)a Z We,ch = 1, (N

chec chéec

with the weights of Table 1. A raw-weighted index would track a single channel, because of the difference in magnitude
between Wohler classes. The component index is a modelling convention that provides a scalar per-component state. It is not
the damage of any physical location, since the channels of a component load different hot spots. Raw damages are added only

over turbines within one channel, for the worst-channel check of Sect. 3.5.3.
3.5.3 Lifetime extension

The farm health at nominal end-of-life 7" is the equal-weight mean of the normalised consumptions over the /V; turbines and

the N, structural components per turbine, rotor blades, tower and yaw system,

Hian(T) = 53 303 ReelT), ®)

equal to 1 for the baseline by construction. The drive train is replaceable machinery and enters the O&M route only. The fatigue
relief of an operation is 1 — Hg,n (T'), the share of the nominal-life fatigue budget, the baseline’s end-of-life damage, that it
leaves unused. Per component and channel the relief is 1 — R. The extension continues operation at the same damage rate until
the budget is used,

1

L=— " .
Hfarm(T)

Toxe =T (L —1), ©9)

the farm-mean rule, under which a farm that consumed 80 % of its budget at T" operates 0.257 longer. Extension operation
is simulated by replaying the operating pattern deterministically, so the budget is exactly used at the end of the extension
years. No cost is charged for the assessment and refurbishment a real extension requires, so the value of the extension years
(Sect. 5.3) is the margin available for them. The extension so defined is the fatigue-permitted one: it isolates the limit state that
the operating rule changes, while corrosion, erosion, ageing of the electrical system, spare-part supply and the terms of permits
and grid connection limit a real extension as well and do not respond to curtailment, so the fatigue-permitted extension bounds
the realisable one from above.

The chain feeding Eq. (8) averages twice: the weighted channel mean inside each component (Eq. 7) and the equal-weight

component mean inside the farm health. Averages do not resolve heterogeneous responses within a junction: a channel with
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little relief, or with damage growth, is concealed by a strongly relieved partner, and a highly consumed component by relieved
neighbours. Lifetime-extension standards, by contrast, assess each failure mode of each component (Sect. 2.2). As a convention

of this study, not a certification assessment, we therefore carry a worst-channel check alongside the farm health,

1 . D,L c T
Lorst = 5 Rep = M’ (10
maxcy, Ren > Do (T)

over the channels of the structural components, and read every average-based extension as an upper bound on what an assess-

ment of each failure mode would allow.
3.6 Operation and maintenance: the load-to-cost bridge

The O&M model converts failure rates into expected costs, analytically. Each component carries a set of failure modes (minor
repair, major repair, replacement) specified by published offshore reliability data: Weibull-derived base occurrence rates, repair
times, spares costs, labour, and the service vessel each mode requires.

The bridge from loads to costs is the wear-out hazard coupling. The model consumes fatigue per component, at farm level,
as a time series: the farm-mean consumption ratio of Sect. 3.5.2, D.(t) = Ni > Ric(t), which equals 1 at the baseline’s end
of life. For each maintenance window W, the replacement (wear-out) failure rate of component c is scaled by the accumulated

consumption,
Nett (€, W) = Apase(€) (14+a (De)w ) (an

with (-)y the time average over the window, « the coupling sensitivity, and the multiplier clamped to a plausible band. Minor-
and major-repair rates do not depend on damage. The linear coupling is a stylised representation of how wear-out rates depend
on accumulated fatigue. The sensitivity « is not calibrated (Sect. 6.4). The fatigue relief of the control lowers the repair intensity
more and more over the life. The end-of-life ratios R, = bC(T) are reported per component with the results.

Each component and failure mode is a small continuous-time Markov chain over operation, waiting for logistics, waiting
for a weather window and repair, solved for its steady-state occupation per maintenance window. Its outputs are expected
failure counts, downtime and component availability, expectations without sampled events and deterministic given the inputs.
They are priced with spares, labour and vessel costs into a monthly payment series, together with the preventive-maintenance
schedule and fixed O&M. The technical availability of the farm (approximately 95 %) scales the settled energy (Sect. 3.3).
The extension years use the same failure rates, repair durations and access conditions as the nominal life. Ageing enters only
through the accumulated-damage hazard of Eq. (11), which makes the O&M of the extension years slightly more expensive
per year.

The same expected event counts carry the O&M emissions of Sect. 3.7. They are summed into a monthly series next to the

cost series, separately for the nominal and the extension years.
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3.7 Environmental assessment

In addition to the economic assessment, the impact of the market scenarios, support schemes and revenue-triggered shutdowns
is evaluated from an environmental perspective. Following the metric definitions of Canet et al. (2023), three carbon-related
indicators are used: environmental cost, environmental value and net environmental value. The environmental cost, also known
as the carbon footprint, reflects the life-cycle greenhouse gas (GHG) emissions attributable to the wind farm, including emis-
sions from its manufacturing, construction, maintenance, and end-of-life treatment. The environmental value reflects the GHG
emissions displaced in the connected electricity system by the energy the wind farm generates. The net environmental value
is the difference of the two, with a positive value indicating that the wind farm saves emissions in net terms. Each indicator is
evaluated both as a total over the realised lifetime (ktCO-2e) and per unit of electricity delivered (kgCO2e/MWh). The totals are
referred to as total life-cycle emissions, total displacement and net displacement, while the energy-normalised quantities retain
the terms environmental cost, environmental value and net environmental value.

The life-cycle emissions that do not depend on the operating strategy are quantified with the DETECT framework (Kainz
et al., 2024), a parameterised toolchain that derives the life-cycle inventory and the resulting GHG emissions of an offshore
wind farm configuration. These emissions cover the life cycle from raw material extraction through manufacturing and instal-
lation to decommissioning and end-of-life treatment. O&M emissions are assessed separately because the shutdown strategies
change them. They follow the failure-rate-based method of Grife et al. (2025): component failure rates are translated into O&M
emissions through the vessel fuel consumed in transit and on site, the production and maintenance emissions of the vessels
allocated to their lifetime usage, and the embodied emissions of the spare parts replaced. The embodied emissions encompass
all upstream emissions from raw material extraction through processing, manufacturing, and transportation to the installation
port. A limitation of this study is that emissions arising from decommissioning and end-of-life treatment related to spare parts
are disregarded, as their calculation would require a full software coupling with the DETECT framework, which is left for
future work.

An operating strategy enters the environmental cost in two ways: through the lifetime electricity production that normalises it,
and through the component loads, whose failure rates set the O&M activities and their emissions (Sect. 3.6). For each strategy,
the O&M emissions are added to the strategy-independent life-cycle emissions and divided by the electricity delivered over the
realised life.

The environmental value is quantified with MDFs, the GHG emissions displaced in the electricity system by a marginal
increase of generation from a given technology. The MDF model of Kainz et al. (2025) combines an ANN that predicts the
emissions of the electricity system with a mathematical model that derives technology-specific MDFs from the trained network.
Adapted to the electricity system of this study (Sect. 4.1.2), it gives an hourly MDF series for wind energy. The displaced
emissions of each hour are the wind farm’s generation multiplied by the MDF of that hour, integrated over the operational life.
Because the MDF varies strongly over time, the environmental value depends not only on how much electricity is produced but
also on when it is produced. Strategies with different temporal generation profiles differ in environmental value even at similar

total production.

15



430

435

440

445

450

455

https://doi.org/10.5194/wes-2026-188 WIND

Preprint. Discussion started: 23 October 2026 Py ENERGY
(© Author(s) 2026. CC BY 4.0 License. e we \ SCIENCE

® european academy of wind energy
m

Market scenarios and support schemes affect the environmental assessment through the operating strategies they incentivise,
which change the amount and timing of generation and the O&M activities. The assessment therefore records how economic
rules translate into operating behaviour and, through it, into environmental performance. For the support schemes, the environ-

mental benefit is also related to the public support required, giving the benefit per unit of support.

4 Case study and design of experiments
4.1 Site, data and assumptions

The case is the Lillgrund offshore wind farm in the @resund, with 48 Siemens SWT-2.3-93 turbines and 110.4 MW. Its layout
is one of the densest in operation, with a minimum spacing of 3.3 rotor diameters, so wake interaction is strong and results on

wake-related quantities are at the upper end of the plausible range.
4.1.1 Meteorological and market data.

Meteorological input is an ERAS5-based hourly series of wind speed, wind direction and turbulence intensity at the site for
2015-2025. Market input is the ENTSO-E day-ahead price and the wind and solar feed-in of the DK2 bidding zone for the
same hours. Lillgrund settles in the Swedish SE4 zone. We use DK?2 as the market environment because of its data coverage

and its strong interconnection with SE4 across the @resund.
4.1.2 Emission data.

The life-cycle emissions of the plant, excluding O&M and therefore independent of the operating strategy, are derived from
the DETECT inventory adapted to the Lillgrund farm (Kainz et al., 2024), amounting to approximately 140kt COqe. O&M
emissions are computed from the event counts of the O&M model with the vessel and spare-part factors of Grife et al. (2025)
(Sect. 3.7). The marginal displacement factors come from the MDF model of Kainz et al. (2025) adapted to the Danish elec-
tricity system of 2017-2020 via hourly generation, demand and exchange data (Energinet, 2026), with technology-specific
emission factors from Ecoinvent (Wernet et al., 2016) and emission factors for electricity imports from Electricity Maps
(2024). The mean derived from an ensemble of ANNs trained on different data splits gives the hourly series. The factor
averages 252 kgCO2e/MWh over the four years and varies strongly with the generation mix, with values ranging from —588.4
to 1336.1 kgCO2e/MWh. Negative values, where additional wind generation raises the system emissions, occur in less than 2%
of the hours. Figure 3a shows the hourly factor over ten days in June 2017, where it falls during the wind passages and peaks

in the calm spell. The production-weighted factor of the farm is about 230 kgCO2e/MWh.
4.1.3 Path construction.
The twenty-year paths of Sect. 3.1 are drawn from the pre-crisis years 2015-2020. The years 2021-2023 are excluded because

the gas-price crisis is a structural break in price formation that the merit-order transform is not intended to represent. The years
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2024-2025 are not drawn either, so that all drawn years share one price formation. Each drawn year is shifted to the common
real mean of 60 € MWh ™!, so paths differ in weather and price shape but not in price level. Five seeds give five replicate paths.
One of them is the reference path, on which the strikes are solved and the figures are drawn (Sect. 4.3).

The hourly MDFs cover 2017-2020 and follow the same year draw. Drawn years outside this coverage, 2015 and 2016, take
a factor conditioned on the feed-in decile and the month, calibrated on the 2019-2021 overlap of the displacement-factor and
feed-in series. These filled years carry the conditional mean without its hourly variation. The factors are held fixed across the

price futures. The futures move the hours of surplus in the prices, not the marginal mix of the electricity system.
4.1.4 Price futures.

Figure 2 shows, for six bidding zones, the wind and solar feed-in in negative-price hours relative to their annual means. In
2019 and 2020 the negative hours of the Danish and German zones were windy hours with little sun. By 2025 they are sunny
hours in every zone, with wind near or below its annual mean. The futures of this study span that range. We construct three
futures that share one negative-price share of 10 % and differ in the driver of Eq. (1): wind alone (p = 1), a mix (p = 0.6) or
solar alone (p = 0). With the historical path they form the future axis of the paper, and the three transformed futures are the
stressed futures. On the wind axis the zone-years of 2019-2020 lie between the solar-driven and the wind-driven future, and

those of 20242025 near or below the solar-driven future.

n 25 0] 57
e o
3 =]
[] [=]
= & =
.g 2.0 a g 4 - DELU
=—_ =
o . o . e
£o . 23 . R
= E 2E 5] * DK1
og L5 ® O'mg [
Q5 - U S & ES
<< DELU cc I
c < cc NL
z° & NL =0
£ x A £ x 24
-8 e ¢ DK1 S = z
o * @ .
u— - ° FR u; P
=]
c = $es 5 hd
s 0.5
= # DK2 v |
T T T T T T T T T T T T T T
2019 2020 2021 2022 2023 2024 2025 2019 2020 2021 2022 2023 2024 2025
= model, 10% share, wind-driven (p=1) model, 10% share, solar-driven (p=0) —@— observed bidding zone
= model, 10% share, mixed (p=0.6) crisis years, excluded

Figure 2. Wind and solar feed-in in negative-price hours as a multiple of the annual mean, six bidding zones 2019-2025 (2021-2023
excluded), and the three futures of the study at the 10 % negative-price share. Zone-years with fewer than 0.5 % negative hours are omitted;

dotted: no relation.

The share of 10 % lies above the 3 to 7 % observed in 2025 and below the deep-penetration projections. It is the level at
which the three drivers are compared at an equal number of negative hours. The historical path keeps the observed prices. The

price floor is the exchange minimum of —500€ MWh~!. Figure 3 shows the transform on the observed 2015-2020 series: a
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ten-day window with a calm spell, a storm passage and clear days (a), the price—feed-in cloud with the fitted slope of every
future (b), and the calibration of A (c). An hour without the driver gains the full slope, up to a third of the mean at night under
the solar-driven future and up to two thirds of it in calm hours under the wind-driven one. The fitted slope is steepest for the
wind-driven future and flat for the solar-driven one, whose price no longer responds to wind. The solar driver saturates near a
quarter of the hours, because only daylight hours can be pushed below zero. Table 2 calibrates the four futures on the reference
path. The solar-driven future needs the smallest slope because its driver is concentrated in daylight hours. Its negative hours

are daylight hours with wind near its annual mean, whereas half of the negative hours of the wind-driven future fall at night.
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Figure 3. The transform on the observed 2015-2020 series, each year re-levelled to 60 € MWh ™!, and the displacement factor of the same
hours. (a) Wind and solar feed-in (top), hourly prices (middle) and the hourly displacement factor (bottom), 12-21 June 2017. Prices:
observed, and the three futures; solid black: zero; dashed: the common mean. Displacement factor: the series of the Danish system, the same
in every future. (b) Price vs system wind feed-in over the full pool (observed: grey, wind-driven future: blue; thinned) with the fitted slope of

each future. (c) Share of negative-price hours as a function of A per driver; dotted: the 10 % target; markers: the solved .
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Table 2. Calibration of the future axis on the reference path: transform slope A per unit of driver (for the wind-driven future Ay per unit
of wind feed-in, Eq. 1), achieved negative-price share, mean price, correlation between price and wind feed-in, wind and solar feed-in in

negative-price hours relative to their annual means, and the share of negative hours in daylight.

hist. wind-driven  mixed solar-driven

driver p - 1 0.6 0
A[€MWh™'] - Aw =129.0 510 21.4
achieved share [%] 0.04 10.00 10.00 10.00
mean price [€ MWh™!] 60.00 60.00 60.00 60.00
corr(price, wind feed-in) —0.35 —0.93 —0.59 —0.03
wind feed-in in negative hours [ X mean] 1.55 2.49 1.53 0.86
solar feed-in in negative hours [ X mean] - 0.68 4.04 4.89
daylight share of negative hours - 0.47 0.94 1.00

4.1.5 Engineering and cost data.

The load surrogates of Sect. 3.5 are trained for the SWT-2.3-93. Failure rates of the O&M model follow the offshore reliability
data set of Grife et al. (2025). Repair times, material costs and logistics parameters are scaled from published offshore O&M
data to the 2.3 MW class. Capital and operating costs are representative of the nearshore 2-3 MW class and not calibrated to
the asset, so absolute financial levels are stylised. Proportional cost errors leave the orderings, signs and mechanisms of the
reported differences intact but scale their magnitudes. Every required strike fills the financing gap that the cost level sets, so

the strike spreads of Sect. 5.3 are specific to this cost basis.
4.2 Threshold grid

The revenue thresholds are constructed, not optimised. The reference scale is the farm’s rated-power revenue at the mean price,

O = Prytea P = 110.4AMW x 60€ MWh ™! = 6624€h ™1, (12)
and the grid comprises 6 = 0 (the negative-revenue stop) and § = f © with f € {3,6,9,12,15,18 %}, i.e.
{199,397,596,795,994,1192} €h~".

The dimensionless form makes the grid portable to other farms and price levels. The fractions were calibrated on the historical
path so that the induced farm idle time rises densely from the stop, about 18 % of hours with weather idling included, to a
deliberate overshoot of plausible operation, about 35 % on the historical path and more in the stressed futures.Two design
choices matter for interpretation. First, the threshold is defined on projected farm revenue (€ h~1), not on price (€ MWh~1).

The rule curtails hours by the value at stake, so a low-wind hour is curtailed at a higher price than a high-wind hour. Second, the
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grid is held fixed in absolute terms across futures. Because all futures share the same mean price and the same farm, a given 6
represents the same value at stake everywhere, and the fraction of hours it triggers becomes a future-dependent outcome rather

than a controlled input.
4.3 Design of experiments

The experiment varies four dimensions: the support scheme (five settlement functions, Sect. 3.3), the future (historical, wind-
driven, mixed and solar-driven, Sect. 4.1), the shutdown threshold (Sect. 4.2) and the weather—price path (five replicates,
Sect. 4.1). Not every combination is run. Scenarios fall into three classes, defined by the dispatch they evaluate (Table 3).

Anchor scenarios evaluate every scheme at its reference dispatch in every future (Sect. 3.4). The required strikes are solved
here, and all value results are reported relative to these scenarios. Complementary-dispatch scenarios evaluate the same con-
tracts, strikes frozen, under the other dispatch. The uncontrolled run of this class is also the physical reference of the whole
experiment. The threshold sweep evaluates all five schemes on the threshold grid beyond the negative-revenue stop in the three
stressed futures.

The three classes comprise 130 scenarios per path, 650 in total. Two sensitivities run on the reference path only. The first
repeats the wind-driven future at negative-price shares of 5 and 20 %, with all three classes, and is reported in Sect. 5.4. The
second is an anchor run without lifetime extension, whose re-solved strikes are reported with the strike results (Sect. 5.3). The
worst-channel check of Sect. 3.5.3 is evaluated on the same simulations as the farm-mean rule, for comparison, and shown with
the lifetime results (Sect. 5.2). Three invariants of the design are checked on every campaign and reported with the results. The
FiT strike is identical across futures, because its settlement does not depend on prices. The two capability variants coincide
at the negative-revenue stop, where all curtailment occurs at negative prices and the delivered-energy gate is inactive. Energy,

fatigue and extension are identical across schemes for a given dispatch, so settlement does not enter the physics.
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Table 3. Scenario classes. Anchor scenarios solve the required strike K™ (Eq. 5) on the reference weather—price path. All other scenarios

evaluate the frozen strikes. All classes are repeated on five replicate paths.

Class Dispatch Role Futures  Scenarios/path
Anchors (reference negative-revenue stop (0 =0) for defines the contracts (K* — NPV =0); 4 20
dispatch) Market, CfD and both capability origin of the value axis

variants; continuous production for

FiT
Complementary dis-  continuous production for the price- value of the reference dispatch under a 4 20
patch exposed schemes; negative-revenue  frozen contract; the uncontrolled run is

stop for FiT also the physical reference (fatigue nor-

malisation, availability basis)

Threshold sweep 6 €{199,...,1192} €h!, all five value and physics of curtailment beyond 3 90

schemes the negative-revenue stop

Market carries no strike and participates in the anchor class as the unsupported reference. The historical path has no sweep. The share sensitivity and the run without lifetime

extension use the reference path only.

5 Results
5.1 Market revenue: delivered energy and capture price

Figure 4 relates the energy delivered in the nominal 20 years to its capture price, the production-weighted average day-ahead
price of that energy over the same period, for every threshold and future. Their product is the undiscounted market revenue of
the nominal 20 years, so the grey contours, lines of constant product, are lines of equal market revenue.

The uncontrolled farm delivers the same energy in every future, because the physics does not see prices, so its points stack
vertically. Its capture price is set by the driver of the future, not by the number of negative hours, which is the same in the three
stressed futures. The transform moves value out of the hours in which the driver is in surplus. Under wind-driven prices these
are the farm’s own producing hours, and the farm captures about half of the mean price. Under solar-driven prices they are
hours in which the farm sells little, while the lifted night hours are the ones it produces in. The farm then captures the mean
price, at the fixed mean price of the futures slightly more than on the historical path. The mixed future lies between.

The negative-revenue stop moves the farm across the contours, to less energy and more revenue, in every future. The energy
given up and the revenue gained depend on the future. Under wind-driven prices the stop removes the windiest hours, about a
quarter of the energy, and the remaining production still sits in the cheaper positive hours, so the capture price stays below the
mean. Under solar-driven prices the stop removes midday hours in which the farm produces little, and the remaining production
is priced above the mean, because it falls in the hours solar does not serve. Producing less earns more, but the gain shrinks

along the axis.
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Beyond the negative-revenue stop each further step removes hours of positive but low revenue. Revenue falls, little at first
and faster with the threshold, because each step removes hours of higher revenue than the last. The capture price rises, because
the removed hours carry far less revenue per megawatt-hour than the farm captures on average. Under wind-driven prices the
sweep from the stop to the deepest threshold removes about a quarter of the remaining energy and about 10 % of the revenue.
The three futures form separate curves, ordered by the wind coupling of their negative prices.

The higher capture price does not recover the revenue. Under wind-driven and mixed prices the farm earns less in the market
over the nominal life than on the historical path, under solar-driven prices more. The negative-revenue stop recovers only the
negative revenue. No dispatch can earn back what the historical path earned in the hours now priced at or below zero, and the
remaining hours sell for less than before. After the stop the farm delivers less energy at a higher capture price, and its market
revenue still falls short of the historical path. The financing gap, the costs that the market revenue does not cover, is therefore

wider than on the historical path under wind-driven and mixed prices and narrower under solar-driven prices.

o
3
L

=

s

> s

8 50+ =~

Y S

o S=sal

g BRREES

=] Rty

B 40 - ‘\E

] future =~
—o— hist. Bt S

30 | —@=wind-driven \\\“E

=&~ mixed

solar-driven

T T T T T T
35 4.0 4.5 5.0 5.5 6.0

delivered energy, settled, nominal 20 y [TWh]

Figure 4. Capture price against delivered energy per future, both over the nominal 20 years (energy settled, reference path). Grey: lines of
equal undiscounted market revenue over the same period, in M€, the product of the two axes. Open squares: uncontrolled baseline; dashed:

activation of the negative-revenue stop; labels: threshold in € h~!.

5.2 Physical impact of curtailment: fatigue relief and lifetime

Figure 5 shows the relation between prices and fatigue on which this section builds. For five channels of Table 1, one per
response family, it plots the cumulative share of the channel’s damage held by the hours below a price cut, next to the share
of delivered energy, per future. Under wind-driven prices the channels separate. The blade-flap curve lies far above the energy
curve, the tower-base side—side curve well above it, the blade-edge and tower-base fore—aft curves a little above it, and the
tower-top curve below it. The hours priced below zero hold most of the blade-flap damage but only about a quarter of the
energy, so the negative-revenue stop removes more damage than energy for four channels and less for the tower-top channel.
This order follows from the wind speed of the removed hours, which are the windiest hours of this future, and from how each
channel’s damage grows with wind speed, a property of the load surrogates. Blade-flap damage grows steeply with wind speed

up to cut-out, and tower-base side—side damage keeps growing to cut-out as well. Blade-edge and tower-base fore—aft damage
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grow up to rated wind speed and little beyond it, where the controller limits thrust. The tower-top moment is largest in partial
load, so its damage sits in hours of moderate wind. Under mixed prices the curves keep this order with smaller gaps, because
only part of the negative-price hours are windy hours. Under solar-driven prices the negative-price hours are midday hours with
average wind. Every channel’s curve lies on the energy curve, the stop removes damage in proportion to energy, and the price

carries no information about loads.
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Figure 5. Cumulative share of a channel’s damage and of delivered energy (grey) in the hours below a price cut, per future. Channels: blade-
root flapwise and edgewise, tower-base fore—aft and side—side, tower-top combined moment. Damage: farm mean of the hourly damage-
equivalent load over the 48 turbines, raised to the channel’s Wohler exponent; price: hourly farm revenue per megawatt-hour; producing

hours of the uncontrolled baseline, reference path. Vertical line: the negative-revenue stop.

Figure 6a aggregates this to the component indices used by the O&M and lifetime models (Sect. 3.5). Every component is
relieved at every threshold in every stressed future, and the relief grows along the sweep, but its size and its order are set by the
future. Under wind-driven prices the blades are relieved most, then the drive train, the tower and the yaw system. Under solar-
driven prices the relief is small and the blades are relieved least, because their damage sits in the windiest hours, which a stop
at midday does not touch. Three mechanisms limit the relief. Channels that accumulate damage while parked, the tower-base
side—side channel above all, keep a large share of it, because curtailment converts producing hours into idle hours rather than
removing them. Start-up transients keep a part of the damage the negative-revenue stop removes from the producing hours,
about 20 % of the blade-flap baseline under wind-driven prices, independent of the threshold. Channels whose damage sits in
partial-load hours, the tower-top channel of the yaw system, are little affected by a stop that removes windy hours. A farm-level
average hides all three. The worst-channel check reports them (Appendix A).

Figure 6b converts farm health into lifetime. The farm-mean rule yields about ten years at the negative-revenue stop under
wind-driven prices, three under mixed and one under solar-driven prices, and more along the sweep. The worst-channel check
confirms an extension wherever the least-relieved channel is relieved. Under wind-driven and mixed prices it yields roughly
half of the farm-mean years. At the stop under solar-driven prices it yields nothing, because the start-up transients return what

the stop removes from the blade-flap channel, which ends at its baseline budget (Appendix A).
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The damage-coupled O&M model (Sect. 3.6) turns the fatigue relief into a small reduction of the nominal-life O&M cost
and a larger O&M cost during the extension years, which Sect. 5.3 nets against the extension revenue. The O&M response is
small against the market and settlement responses.

Figure 7 compares curtailment strategies by their revenue cost and their fatigue benefit. It plots the cumulative revenue
given up, p, against the cumulative fatigue consumption avoided, §. Each producing hour of the uncontrolled farm consumes
an increment of the farm health of Eq. (8), and the hours of the nominal life sum to one. § counts the baseline increments of
the removed hours, so it exceeds the realised relief of Fig. 6, because the idle hours add damage. The solid curves remove
hours in the order of a falling revenue threshold. The dotted curves are the upper bound for any selection of hours beyond the
negative-revenue stop.
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Figure 6. Component damage and lifetime along the threshold sweep (reference path). (a) End-of-life damage of the component index (Eq. 7)
relative to the uncontrolled baseline, one panel per stressed future, one line per component (marker and line style); = 0 is the negative-
revenue stop; shared axes. (b) Farm lifetime ratio L from the farm mean (solid) and from the worst channel, 1/ max.;, R (dotted); right

axis: extension years. Channel detail in Appendix A.

Up to the negative-revenue stop no load information is needed. Every negative-revenue hour raises revenue and avoids
fatigue, so the solid curves run left and upward from the origin, and the dotted curves coincide with them. The leftmost point
of each curve is the stop, and every selection that removes all negative-revenue hours ends there, whatever its order. Beyond
the stop the curves turn right, because every further hour gives up revenue, and the order of removal matters. An hour of low
positive revenue is either a calm hour, which carries little fatigue at any price, or a windy hour at a price just above zero, which
carries much. Revenue does not tell them apart. The solid curves, which remove hours in revenue order, therefore avoid fatigue
only in proportion to revenue and straighten towards the unselective diagonal in every future. Under solar-driven prices, as on
the historical path, they run along the diagonal from the start. The dotted curves, which remove the windy low-price hours first,
rise steeply from the stop, and the gap between the two is what load information would add. The revenue signal is an exact
proxy for a fatigue-efficient selection up to the stop and a proxy of declining quality beyond it. An optimal curtailment beyond

the stop requires load information.
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The overlaid points show the realised value of each simulated threshold under Market settlement. On the historical path
the negative-revenue stop and the uncontrolled baseline lie within a million euros of each other, because few hours are priced
negative. Under mixed prices the optimum lies a few steps beyond the stop, where the value of the additional extension exceeds
the small revenue loss of curtailing further. Under wind-driven and solar-driven prices it lies at the stop or one step beyond it,
within a million euros of the stop’s value. This is within the variation between the replicate paths.

Figure 8 collects the structural response of every operating rule against the wind coupling of negative prices with the observed
bidding zones on the same axis. Relief and extension rise with the coupling at every threshold, and the gain from a deeper
threshold rises with it as well. A deeper threshold does not make up for a weak coupling. The structural value of price-

responsive operation is a property of wind-driven price formation.
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Figure 7. Cumulative revenue given up p (relative to gross positive revenue) vs cumulative fatigue consumption avoided ¢ (farm-health
increments, Eq. 8), per future. Solid: hours removed in revenue order; dotted: upper bound beyond the negative-revenue stop (all negative-
revenue hours, then the remaining hours in order of fatigue avoided per unit revenue); grey: unselective. Points: simulated thresholds coloured

by realised ANPV (Market); star: best realised threshold. p < 0: curtailment increases revenue.
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one line per threshold (light to dark), reference path. Below (a): the observed bidding zones on the same statistic, from their first observed

year (2019 or 2020, ES 2024; hollow marker) to 2025 (filled marker).

5.3 Contracts decide what flexibility is worth
5.3.1 Required strikes.

Figure 9 shows the required strikes K*(s,r) of Eq. (5), one per scheme and future. On the historical path the four schemes
with a strike require nearly the same strike, between 95 and 100-€ MWh~1. Under recent price shapes the choice of scheme
has little effect on the strike. The futures separate the schemes, and the separation follows the wind coupling of the future,
not its negative-price share, which is the same in all three. The CfD pays on delivered energy in non-negative-price hours.
Under wind-driven prices the negative-revenue stop removes a quarter of the energy and the rest captures half the mean price
(Sect. 5.1). A large financing gap is then paid on a small basis, and the strike rises far above its historical level. Under solar-
driven prices the stop removes little energy and the farm captures more than the mean, so the gap is small and the strike stays at
its historical level. The capability contracts pay on available energy at the stop, where the two variants coincide, and this basis
does not shrink with the stop. Their strike stays near its historical level under wind-driven prices and falls below the FiT under

solar-driven prices, where the farm earns more in the market than on the historical path at the fixed mean price of the futures.
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The FiT strike does not move, because its settlement does not depend on prices. The spread between the CfD and the capability
strike thus arises between contracts that deliver the same zero-NPV project on the same physics, so it is the settlement function
alone. The two bases differ by the energy in the negative-price hours. The wind coupling sets how much of the farm’s energy
falls into these hours and how large the gap paid on the bases is, so the spread grows with the coupling.

The hollow markers are the strikes re-solved for a farm decommissioned at the nominal end. The extension years earn
market revenue and cost O&M, and their net income closes part of the financing gap, so the strike of the base case can be
lower. Removing the extension raises every price-exposed strike by a few euros per megawatt-hour, most under wind-driven
prices, where the extension is longest, and more for the CfD, whose basis of delivered energy at non-negative prices is the
smaller one. The extension therefore has positive market value. An operator without support in the extension years extends.
The FiT strike is unchanged, because its anchor carries no extension, and the ordering of the schemes is the same with and
without the extension. On the replicate paths the magnitudes change slightly, and no ordering of the schemes and no sign of a

result changes.
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Figure 9. Required strike K™ per scheme and future (NPV =0 at each scheme’s reference dispatch, reference path). Filled: base case,
support over the nominal life and the extension on market revenue; hollow: re-solved without the extension; stem: the change of the strike

when the extension is removed. The capability variants overlap; dashed grey: mean price.

5.3.2 Composition of the support.

Figure 10a shows the lifetime support at the negative-revenue stop. The CfD and the capability contracts pay the same total
at each future, as the strike determination implies (Sect. 3.4), and that total is the financing gap of the future, highest under
wind-driven prices (Sect. 5.1). The schemes differ in what the support is paid for. The CfD pays only for delivered energy. The
capability contracts pay support on delivered energy and on curtailed availability alike, and the support on availability curtailed
at negative prices is about 50, 30 and 20 % of the total under wind-driven, mixed and solar-driven prices. The total does not
increase by this. The support moves from hours in which the farm also earns the market leg into hours in which the market leg

is zero, which is why the capability strike can fall while the CfD strike rises (Fig. 9). The FiT is shown as a line rather than a
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bar, because it pays the tariff on all delivered energy and is the same in every future. A farm that stops under a FiT forfeits part
of it.

Figure 10b shows, per contract, how the lifetime support changes if the operator curtails to the deepest threshold instead of
at the negative-revenue stop. The stop has already removed every negative-price hour. A deeper threshold removes only hours
with non-negative prices, and the contracts differ in how they settle these hours. The CfD pays on delivered energy. Every
curtailed megawatt-hour forfeits the difference payment, the strike minus the reference price, and the support falls. The loss
is largest under wind-driven prices, where both factors are largest. The strike is highest there. The energy removed is largest
there too, because the hours priced just above zero are windy hours. The same threshold in euros per hour therefore removes
about twice the energy it removes under solar-driven prices, where those hours are calm midday hours. The gated capability
contract also settles curtailment at non-negative prices on delivered energy. Its support falls in the same way, at the smaller
difference payment of the lower capability strike. The ungated capability contract pays for curtailed availability at every price.
Its support on delivered energy falls by the same amount as under the gated contract, and its support on availability curtailed at
non-negative prices rises by that amount, so the total does not change in any future. The small remainder is the higher technical
availability that the fatigue relief produces in the O&M model. The public therefore pays the same support for less delivered

energy.
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Figure 10. Lifetime support (reference path). (a) At the negative-revenue stop, per future: CfD (left bar) and capability contracts (right bar;
both variants coincide at the stop), split into support on delivered energy and on availability curtailed at p < 0; dashed: FiT (gross basis).
(b) Change of the lifetime support when the operator curtails to the deepest threshold instead of at the stop, per contract and future; three bars
per future: CfD, gated capability, ungated capability. The distance between the two capability bars is the support on availability curtailed at
p=>0.
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5.3.3 Private value of curtailment.

Figure 11 shows the NPV of threshold operation relative to each scheme’s anchor. Because all schemes settle the same physical
dispatch, every curve is the Market curve plus the present value of the change in that scheme’s support, decomposed in Fig. 10b.
The Market curve is the physical value of the action. The hours beyond the negative-revenue stop carry little revenue, and the
revenue given up per step is small at first and grows with the threshold (Fig. 4). Over the first steps the extension value and the
O&M cost reduction balance it, and the optimum lies at the stop or a few steps beyond it. At the deepest threshold a merchant
operator loses up to eight million euros under wind-driven prices, small against the contract effects below. Against continuous
production the stop itself is worth 20, 18 and 10 million euros to a merchant under wind-driven, mixed and solar-driven prices.
Two thirds of that is the avoided negative revenue, one third the extension years. The three contracts solved for the stop pay
no support on delivery at negative prices, so producing through these hours costs a CfD or capability operator the merchant’s
loss. Under the CfD the forfeited difference payments make the same curtailment the most costly, deepening with the wind
coupling. Under the gated contract the forfeit at the lower strike places its curve between the CfD and the market, and its
optimum returns to the stop. Under the ungated contract the support does not change with curtailment, so its curve coincides
with the Market curve up to the small technical-availability effect, as long as support ends at the nominal life. In total, the
same physical action changes the operator’s NPV from a gain of one or two million euros to a loss of tens of millions among
the price-exposed schemes, depending only on the settlement function. The same comparison can be made per megawatt-hour.
Every megawatt-hour removed beyond the stop buys the operator a little more extension and a little less O&M cost within
the nominal life. Together these gains, the fatigue value of the removed energy, amount to between one and seven euros per
megawatt-hour, least under wind-driven prices, where the extension years are the cheapest. Against them stand two losses. The
first is the market revenue of the removed energy, which is small just beyond the stop. The second arises under the contracts
that pay on delivered energy, the CfD and the gated capability contract. Under these, every removed megawatt-hour forfeits its
difference payment, the strike minus the reference price. That payment averages between thirty and eighty euros per megawatt-
hour across the contracts and futures. The forfeit exceeds the fatigue value several times over, and this ratio, not settlement
on delivered energy as such, keeps a CfD operator and a gated operator at the stop. A control whose fatigue value exceeded
the difference payment would be worth taking under these contracts too. The forfeited payments are support that the public
no longer pays, so the operator’s loss is not a loss to the electricity system. The system loses only the fatigue value that stays
unused when the operator remains at the stop, at most one or two million euros in any future. The FiT is solved for continuous
production, and every stopped hour forfeits the gross tariff. The stop costs a FiT operator tens of millions of euros in every

stressed future. Continuous production is worth more to it than the stop, and the FiT lies outside the figure.
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Figure 11. NPV of threshold operation relative to each scheme’s anchor, per future (stars: best realised thresholds). All schemes settle the

same physical dispatch. FiT omitted for scale (—32 to —112 M€ at the deepest threshold, relative to continuous production).

5.3.4 Carbon effects of curtailment

Support is paid per megawatt-hour of availability or delivery. One rationale for such support is the reduction of carbon emissions
in the connected electricity system through wind generation. This subsection explores that rationale in three steps: First, the
effect of curtailment on the amount of displaced emissions is examined. Second, the balance between plant-related emissions
and displaced emissions is established, and the impact of lifetime extension on this balance is assessed. Third, the support
amount per displaced tonne is determined. A key limitation of the following analysis is that, although the results are evaluated
under different futures, the MDF time series used to calculate displaced emissions is held constant across all scenarios and
corresponds to the historical case.

Curtailment removes production within the nominal life, and the resulting reduction in displacement depends on the hours
in which production is curtailed. Across all price scenarios, the reduction in displacement is smaller than the reduction in
energy. Under wind-driven prices, this difference is most pronounced. The displacement factor during curtailed hours is, on
average, about 10 % below the overall average, resulting in a correspondingly smaller reduction in displacement than in energy.
Under mixed prices, a similar pattern is observed, but the difference between the reductions in displacement and energy is less
pronounced. Under solar-driven prices, the reductions are almost identical, although the reduction in displacement remains
slightly smaller than the energy reduction. Further details are provided in Appendix B.

Figure 12 shows the balance between total displacement in the grid (environmental value of energy) and total life-cycle
emissions attributed to the farm (environmental cost of energy) at the negative-revenue stop of each future, expressed as abso-
lute GHG emissions (Fig. 12a) and per unit of energy delivered to the electricity grid (Fig. 12b). O&M emissions are separated
from other life-cycle emissions, and displaced and O&M emissions associated with lifetime extension are distinguished from
those occurring during the nominal lifetime. At the uncontrolled baseline, the total life-cycle emissions amount to about a
seventh of the total displaced emissions. The nominal-life O&M emissions account for about one third of the total life-cycle

emissions, mainly caused by fuel consumption due to on-site vessel activities (see Appendix B).
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The negative-revenue stop removes displacement in the nominal years and adds displacement in the extension years. The
sign of the overall change in displacement is set by the extension length, which, in turn, is determined by the fatigue relief of
the future (Sect. 5.2). In the wind-driven price scenario, the stop removes a quarter of the nominal displacement. A lifetime
extension of 10 years compensates for this loss, resulting in a net increase in displacement of about 17 %. This is because the
curtailed hours have below-average displacement factors, while the extension years displace above the average factor. Under
mixed prices, the three extension years return what the stop removed, and the net displacement stays within two percent of the
baseline. Under solar-driven prices, the extension is little more than a year and the net displacement falls by a few percent.

Similar to displaced emissions, curtailment and lifetime extension affect the life-cycle O&M emissions. Fatigue relief re-
duces O&M emissions by a few kilotonnes during the nominal lifetime through fewer replacements, while the increase as-
sociated with lifetime extension is approximately an order of magnitude larger, mainly due to vessel fuel consumption. Nev-
ertheless, these changes remain small compared with the changes in displaced emissions and do not alter the sign of the net
displacement. Along the studied threshold sweep, a net gain persists at every threshold under wind-driven and mixed prices,
and a net loss at every threshold under solar-driven prices (see Appendix B).

Per megawatt-hour delivered, environmental cost, value, and net value respond less to curtailment than the respective total
emission quantities, as they are expressed relative to the lifetime energy yield. Curtailment reduces energy production, displace-
ment, and O&M emissions, while lifetime extension increases all three. Differences in the energy-specific metrics therefore
only reflect differences in the magnitude of these changes. As a result, environmental cost, value, and net value remain within
a few percent of the baseline at every stop. The trends observed for the overall emission quantities remain unchanged, but the
changes are smaller in magnitude.

The carbon payback time, defined as the total life-cycle emissions divided by the displacement per operating year, rises
with curtailment. Production per nominal year decreases with curtailment, reducing the associated displacement and O&M
emissions. At the same time, the associated lifetime extension substantially increases life-cycle O&M emissions. Although
the extension also adds energy production, this additional production is not accounted for in the payback calculation. Thus,
carbon payback performance is mainly determined by the amount of curtailment. With a payback time of about three years, the
baseline shows the shortest payback, followed by the solar-driven and mixed-price futures, while the wind-driven future has
the longest payback, exceeding four years at the negative-revenue stop and reaching about six years at the deepest threshold
(Appendix B). However, a longer payback time does not indicate poorer environmental performance, because the extended
lifetime also provides additional years of displacement that are not captured by the payback metric.

Table 4 relates the financial support received by the wind farm to the associated emissions displacement. The support per
displaced tonne is calculated as the lifetime support divided by the total displacement over the realised life and can therefore be
interpreted as the implicit abatement cost of the support. At the reference dispatch, it has one value per future, because every
price-exposed scheme pays the same support there. Similarly, the table lists the support per net tonne, which also accounts
for the life-cycle emissions linked to the wind farm, resulting in about 17 % higher values. The displacement per megawatt-
hour delivered is nearly the same in every future, about a quarter of a tonne, because it is set by the generation the farm

displaces in the Danish electricity system based on historical data only. However, it rises slightly with curtailment. The support

31



740

745

https://doi.org/10.5194/wes-2026-188 ¢ WIND
. . . ~ Q
Preprint. Discussion started: 23 October 2026 < ENERGY
© Author(s) 2026. CC BY 4.0 License. eawe \ g
~ o) european academy of wind energy (@) SCI ENCE

DISCUSSIONS

(a) totals, realised life In (b) per MWh delivered
=
" = 250 A =
2 1500 A 7 % / V/ Z 7,/ /]
S 7/ 772727 &' 200 4
L 1250 o / yd o /
= /] o A
£ 1000 4 = 150 4
] =
o =
@ 750 - g
Q $ 100 +
= o
45' 500 4_9
50
£ 250 @
5 E
S o0 s 07
= =
] AR N >
-250 - s -
T T T T T . T T T T T
baseline hist. wind-driven mixed solar-driven @ baseline hist. wind-driven mixed solar-driven
stop stop stop stop stop stop stop stop
mm displaced, nominal years m lifecycle emissions without O&M aa O&M emissions, extension years
ava displaced, extension years . Q&M emissions, nominal years ® net environmental value

Figure 12. Lifetime carbon balance at the uncontrolled baseline and at the stopping point of each future. In (a), the absolute quantities
are shown over the realised lifetime, with CO2 displacement above zero and life-cycle emissions below zero; the markers indicate the
net environmental value in absolute terms, the net displacement of Sect. 3.7. In (b), the same quantities are expressed per megawatt-hour
delivered, with environmental value above zero and environmental cost below zero; the markers indicate the net environmental value per
megawatt-hour delivered. Displacement is separated into the nominal 20-year period and the extension years. For life-cycle emissions, O&M
emissions during the nominal lifetime and during the extension years are shown separately. The uncontrolled baseline is shown only once
because its environmental performance is identical across all price futures: weather, displacement factors, and maintenance are unchanged,

while only prices differ between futures.

per megawatt-hour delivered is the financing gap per unit of energy and follows the market revenue of the future: highest
under wind-driven prices, and under solar-driven prices below the historical path, because the farm earns more in the market
(Sect. 5.3). The support per displaced tonne therefore varies between futures with the financing gap, while the displacement
per megawatt-hour hardly differs. The extension period introduces two additional effects: the wind-driven and the mixed future
result in similar values, although the wind-driven gap is larger. This is because the ten extension years deliver energy without

support and dilute the support per megawatt-hour more than during the three extension years in the mixed scenario.
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Table 4. Implicit abatement cost of the support at the anchors per future: support per megawatt-hour delivered, displacement per megawatt-

hour, and their ratio per displaced and per net tonne.

hist. wind-driven mixed solar-driven

support per displaced tonne [€t™'] 168 217 208 137
support per net tonne [€t™!] 196 253 244 161
displacement [t MWh™!] 0.233 0.244 0.238 0.234
support per MWh delivered [€ MWh™ ] 39 53 49 32

5.4 Share sensitivity under the wind driver

The wind-driven future was also solved to negative-price shares of 5 and 20 % (Sect. 4.3), with all three scenario classes on the
reference path. Table 5 lists the results at the negative-revenue stop. The wind feed-in in negative-price hours stays a property
of the driver. It drifts down mildly with the share, because the hours that a deeper share adds are less windy than the first ones.
A deeper share removes more of the same windy hours, so the relief and the extension grow with it. The net displacement stays
above the baseline at every share, because a deeper share removes more nominal displacement and the longer extension returns
it. The support total rises by about a tenth over the range, because the transform preserves the mean price. The strikes therefore
move through the basis and the reference price rather than through the amount. The CfD strike rises steadily with the share, to
four fifths above its historical level at 20 %, because its basis shrinks. The capability strike lies above its historical level at 5 %
and below it at 20 %. Two effects work against each other. The financing gap grows with the share, and the monthly reference
price falls in the windy months, in which the available energy is largest. At 5 % the first dominates. At 10 % the two balance.

At 20 % the second dominates. Over the whole range the capability strike stays within about 10 % of its historical level.

Table 5. Share sensitivity under the wind driver: the wind-driven future solved to 5, 10 and 20 % negative-price hours, reference path, at the
negative-revenue stop. Coupling: wind feed-in in negative-price hours relative to its annual mean; relief: 1 — H at the nominal end; extension
from the farm mean; strikes at the reference dispatch; support: mean of the contracts for difference, undiscounted over the nominal life; net

displacement over the realised life relative to the uncontrolled baseline.

negative-price share 5% 10% 20%
wind coupling [ X mean] 255 249 230
relief at the nominal end 022 034 053
extension [y] 55 10.5 22.2
CfD strike [€ MWh™!] 123 140 181
capability strike [€ MWh™*] 106 101 90

support at the negative-revenue stop [M€] 339 358 372
net displacement vs baseline [%] +15 +17 414
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6 Discussion

Control, support contract and price future were co-varied in one hourly simulation, so that loads, settlement and finance derive
from the same operation. The market and settlement effects are the largest, at tens to hundreds of millions of euros over the
project life. The lifetime extension is worth a few million euros in every future. The damage-coupled O&M effect is small at
the assumed coupling strength (Sect. 5.2). The integration is needed where these interact, in the position of the value optimum,

which balances an immediate revenue loss against discounted extension value after the nominal end.
6.1 Price driver and negative-price share

At one negative-price share the futures differ in market revenue, fatigue relief and extension, required strikes and carbon
balance. The share alone therefore does not fix these results. At a given share they are set by the wind feed-in in negative-
price hours relative to its annual mean, which is observable from published market data. The negative-price share, the stress
variable of the scenario literature, needs this second quantity beside it. Under the wind driver the share scales the magnitudes
without changing the ordering (Sect. 5.4). Which value of the coupling a given system reaches, and when, is the output of
an electricity system model. Linking such a model to the project-level valuation of this study would replace the constructed
futures by projected ones and turn the ordering reported here into a projection of the actual value. This link does not exist yet.

Where the coupling is strong, evaluations by energy yield or levelised cost rank operating policies inversely to their value,
because the negative-revenue stop removes energy and raises project value at once (Sect. 5.1). A ranking has to carry revenue.
The fatigue value of price-responsive operation is likewise a property of price formation. A price signal reduces fatigue only to
the extent that low prices coincide with high loads. Under wind-driven price formation they do, and price-responsive operation
is load-reducing operation. Under solar-driven price formation they do not, and fatigue relief requires load information in
the control (Sect. 5.2). The observed zones moved from wind-driven to solar-driven price formation between 2019 and 2025
(Fig. 2), so this value declined in the observed markets over that period.

The money value of the relief declines less than the relief itself, because the years it buys become more valuable as price
formation turns solar-driven. Three effects set the value of an extension year. First, the extension replays the future under the
negative-revenue stop’s own dispatch, so an extension year sells the hours the stop leaves, at the prices of that future. Under
wind-driven prices the stop has removed the windiest hours, and the remaining energy sells at the depressed capture price of
a wind-driven system. Under solar-driven prices the stop has removed little, and the remaining energy sells above the mean.
Second, the O&M cost of an aged farm does not depend on the future. It is close to the revenue of a wind-driven extension
year, so such a year yields little net income, while the revenue of a solar-driven year is well above it. Third, the extension years
follow the nominal life, and the longer the extension, the further its last years lie from the investment and the less they count
after discounting. The price formation that relieves the most fatigue therefore pays the least for the years it adds. Wind-driven
prices give many years of small net income. Solar-driven prices give fewer years of larger net income. The steps beyond the
stop show the same pattern. The threshold is set in euros per hour, so a step removes hours of the same revenue in every future,

and the revenue it gives up is of similar size. The step removes different hours in each future. Under wind-driven prices it
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removes two to three times the energy it removes under solar-driven prices, because the hours in the same revenue band are
windy hours at low prices in the one future and calm hours at moderate prices in the other. The years a step buys follow the
energy removed, most under wind-driven prices and fewest under solar-driven. Their value runs the other way, little under
wind-driven prices and much under solar-driven prices. The product is largest under mixed prices, where a step still buys most
of a year and the year still earns near the mean price. This is why the mixed curve lies above the wind-driven one in Fig. 11.
Monetised through an unsupported extension, fatigue is therefore worth a few euros per megawatt-hour of production. This
is the marginal value of the fatigue budget under the conventions of this study, and it values any control that saves fatigue. For
a control that gives up energy, such as the negative-revenue stop, it is set against the revenue given up. For a control that saves
fatigue without giving up energy, it is the value of the relief itself. A real extension is an option exercised at the nominal end,

with the prices and the condition known then.
6.2 Contract terms: basis, strike and support window

The support requirement under each price future is paid by each scheme at the reference dispatch. A scheme that induces
production through negative prices, as the tariffs of the past did, carries the cost of that production in its requirement, between
ten and twenty million euros in the stressed futures. Beyond that, the contract decides the basis on which it pays, the strike and
the support window. These three terms decide who carries which risk, which operation the contract pays for, and where the

fatigue value ends up.
6.2.1 Settlement basis.

Every price-exposed scheme covers the same gap, so a strike exceeds the reference price by the gap per unit of the scheme’s
settlement basis, the B; of Eq. (3). Strikes on different bases are therefore not comparable: a comparison of schemes by strike,
or an auction in which bids on different bases compete in one price per megawatt-hour, misranks them, and the comparable
quantity is the present value of support. Because the CfD strike rises with the wind coupling at unchanged costs successive
auction rounds would show rising CfD strikes where price formation turns wind-driven and none where it turns solar-driven.
The two variants of the capability contract separate two properties of the basis. Available energy does not depend on the
operator’s decisions, so under the ungated contract the operator is paid the same whether it delivers or curtails and faces the
market price at the margin. It curtails only where the fatigue value of an hour exceeds its market value, so the ungated contract
is the efficient one in this model and its optimum is the merchant’s. The delivered-energy gate removes this property at non-
negative prices. Under the gated contract an hour curtailed at a non-negative price forfeits its difference payment, although
the energy is worth only its market price to the electricity system, a few euros per megawatt-hour at the thresholds of the
sweep. This is the distortion of the production-based CfD. The gated operator therefore returns to the negative-revenue stop
and forgoes one or two million euros of extension value, while the public pays the same support either way. The gate buys
verification. The available energy is an estimate, and the gate limits the volume settled on it to the negative-price hours. It also
removes the gain from declaring a commanded shutdown in an hour of technical unavailability. The choice between the variants

is a trade between a small forgone surplus and a smaller, less contestable volume settled on available energy. A settlement on
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the output of a reference plant that the operator does not control (Newbery, 2023) needs no estimate of the farm’s available
energy and keeps the efficiency of the ungated contract without its contestable volume. The ungated contract is anchored at
the stop although its rule induces a dispatch at the stop or a few steps beyond it. A strike solved at the induced dispatch would
be lower by less than one euro per megawatt-hour, because the extension value the operator gains beyond the stop would then

count towards the financing gap. Solved at the stop, the strike leaves that value with the operator.
6.2.2 Strike.

What the capability contracts change is who carries the risk that price formation develops differently from what was assumed
at award. The CfD’s exposure to a wind-driven development is large and one-directional. Its basis shrinks, and the required
strike rises by up to about 80 % with the depth of the development. A strike fixed at award then falls short of the gap, which the
operator carries. The capability contract’s exposure is small and of either sign. Its basis, the available energy, does not shrink
with the development, and its strike moves through two terms that work against each other. A wind-driven development raises
the financing gap, which raises the strike. It also lowers the reference prices of the windy months, in which most of the available
energy lies, so every megawatt-hour of basis earns a larger difference payment at the same strike, which lowers it. The two
nearly cancel. The required strike ends above the awarded one under a mild development and below it under a deep one, within
about 10 % either way. Under a solar-driven development the reference price of the farm’s productive months hardly changes.
The gap shrinks, because the farm earns more at the fixed mean price of the futures, and the strike falls below its historical
level. A fall of the price level itself is not represented here. It would lower the reference price and raise the gap per unit of basis
by nearly the same amount, so the strike would move little. The stability is a property of the reference price. With an hourly
reference the support leg would be the strike times the basis minus the market value of the basis. The capability strike would
then be the costs per unit of available energy, independent of the price shape altogether, and the CfD strike would move through
its basis alone. The monthly reference leaves the deviation of the capture price from the reference price within the month with
the operator. That deviation is why the capability strike moves at all. For the same expected support the operator therefore
carries a lower risk under a capability contract, because its strike moves less with the price formation. Under risk-sensitive
financing a lower risk means a lower cost of capital and a smaller gap. Among the schemes that induce the negative-revenue
stop, this is the one route by which the choice of scheme lowers what the public pays. It lies outside the fixed cost of capital of
this study, so the equal-support result is a bound.

Which side should carry the remaining exposure is a question of allocation. Price formation in surplus hours is set by the
fleet mix, flexibility and interconnection, which the public steers, and by siting, technology and the curtailment behaviour of
the fleet, which developers set under the rules they are given. The observed shift to solar-driven formation came largely from
solar investment outside tenders, so neither side controls the driver alone. The systemic part belongs with the public and the
plant-specific part with the developer. A strike indexed to the realised coupling of the fleet, the wind feed-in in negative-price
hours relative to its annual mean, performs that split. It removes from the contract a forecast that both sides would find wrong
for most of a contract life that outlasts the observed drift (Fig. 2). The public carries the systemic development as it occurs.

The operator keeps capture price and operation, because the index is a system statistic and not the plant’s own revenue.
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6.2.3 Support window.

Under a support window that ends at the nominal life the extension lies outside the contract. The operator extends on market
revenue, the public pays nothing for the extension years, and the carbon gain of those years accrues without support (Sects. 5.3,
5.3.4). The contract’s only part in the fatigue value is then to leave it intact, which the CfD beyond the negative-revenue stop
does not. The basis decides whether relief beyond the stop is produced at all. The window decides whether the relief that is
produced remains a matter between operator and market or becomes a public payment. A window that follows the extension
years turns them into supported years. Under an ungated capability contract this is additional support for the curtailment that
produces them. The size of that payment follows the extension, which the aggregation level of the assessment and every limit
outside the fatigue budget set (Sect. 3.5). A window defined in years, as in current practice, ends at the nominal life and leaves

the extension to the market.
6.3 Carbon balance and carbon metrics

The carbon results of Sect. 5.3.4 show that the settlement function and the price futures maintain or improve the overall
environmental performance of the wind farm in most cases, with a substantial improvement in the wind-driven case and a
slight reduction only in the solar-driven case. Although curtailment reduces electricity delivery and consequently the emissions
displaced during the nominal lifetime, the associated reduction in fatigue loading enables a lifetime extension that largely
offsets, and in most cases exceeds, the displacement lost during the nominal lifetime. The additional O&M emissions associated
with the extension remain approximately one order of magnitude smaller than the corresponding displaced emissions. Likewise,
the life-cycle emissions of the wind farm are substantially smaller than the emissions displaced over its lifetime. These results
are obtained, however, from operating strategies selected on economic grounds, without environmental performance being
included as a decision criterion. Future work should investigate co-decision criteria that consider economic and environmental
implications jointly and move towards optimization-based operational strategies that seek to maximize both economic and
environmental performance.

The support paid for providing net environmental value reflects two complementary objectives of renewable-energy support.
First, it enables additional wind generation that displaces electricity from other generators and thereby reduces system-level
carbon emissions. Second, it ensures the delivery of low-carbon electricity to the system, even when its market value alone is in-
sufficient to cover the cost of generation. The support per displaced net tonne therefore captures only one part of the purpose of
the subsidy. At the reference dispatch, the support amounts to approximately 161-253 € per net tonne of COs displaced across
the considered futures. For comparison, the average European Union Emissions Trading System allowance price was around
65 €/tCO, in 2024 (European Commission, 2025a). This difference should not be interpreted as the support being an alterna-
tive price for CO9: an emissions price primarily provides an incentive to avoid emissions, whereas renewable-energy support
additionally enables the production and delivery of low-carbon electricity. This distinction becomes particularly relevant as the
electricity system becomes cleaner. In the present study, the lifetime emissions displaced by the wind farm are approximately

seven times larger than its life-cycle emissions, with the relatively modest ratio reflecting Denmark’s already high share of
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renewable generation during the 2017-2020 period used to derive the displacement factors. In more carbon-intensive electric-
ity systems, such as Germany, higher marginal displacement factors result in larger displacements and, consequently, higher
ratios of displaced to life-cycle emissions (Kainz et al., 2025). Conversely, as the electricity system decarbonises, less carbon-
intensive generation remains available to be displaced, reducing the CO5 displaced per additional MWh and consequently
increasing the support per displaced tonne. This should not be interpreted as a deterioration in the environmental performance
of wind energy, but rather as a shift in the role of renewable support: while displacement of carbon-intensive generation is par-
ticularly important in a carbon-intensive system, support in a highly decarbonised system increasingly facilitates the continued

supply of low-carbon electricity to meet growing demand.
6.4 Limitations

Links to the electricity system. The price series is an input. The farm’s curtailment does not feed back into prices. At fleet scale
it would. If every wind farm stopped at negative revenue, the surplus in those hours would shrink and with it the negative-price
hours that drive the results. The futures inherit the shape of the observed prices and are not projections of the kind system
studies provide (ENTSO-E and ENTSOG, 2025; Danish Energy Agency, 2024) (Sect. 6.1). The cost of capital is fixed for all
schemes (Sect. 6.2).

Conventions the results depend on. The futures hold the mean price, so the hours without the driver are lifted by what the
surplus hours lose. The results that follow from the negative-revenue stop, the energy removed, the relief, the extension and the
carbon balance, do not depend on this convention, and neither does the rise of the CfD strike under wind-driven prices, which
is a basis effect. The farm’s revenue gain under solar-driven prices, the lower support and support per tonne there, and the fall
of the capability strike do depend on it, and a development in which the price level falls is not represented. The extension is the
fatigue-permitted one and therefore an upper bound (Sect. 3.5.3). The re-solved strikes without extension give the lower bound
of its value. Its value counts the deferral of decommissioning and no cost for the assessment and refurbishment (Sects. 3.4, 3.5),
and the extension years are merchant years on a stationary future, so it is an ex-ante value under these conventions rather than
the value of a decision taken at the nominal end. The damage—O&M coupling sensitivity « is not calibrated. Its contribution is
linear in « and small at o« = 1 (Sect. 5.2), so no conclusion depends on it.

Quantities taken as known and terms not simulated. The capability contracts are evaluated with the available energy of the
uncontrolled baseline, a perfectly observed counterfactual. In practice available energy must be estimated from operating data,
and the estimate can be inaccurate or contested, so the results are the best case for settlement on it. Support that follows the
extension years and the indexed strike are proposed and discussed (Sect. 6.2), not simulated.

Fidelity of the physical model. The channel-level checks are per-axis in the nacelle-following frame while the structure
is fixed, so the channel directions sweep the tower circumference as the nacelle tracks the wind rose. This mixing spreads
single-channel damage over many locations, while the discarded phase correlation between channels can concentrate it at
single locations. The physically mixed case lies between the farm-mean and the worst-channel extension. The parked-mode

surrogates are wind-only, without wave excitation (Appendix A).
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Marginal displacement factors. A key limitation of the carbon analysis is that the hourly MDFs are held constant across
all future scenarios and are based on the historical 2017-2020 period. The resulting carbon metrics therefore do not capture
changes in the electricity system, generation mix, or marginal generation associated with the different future scenarios. A fully
consistent assessment would require scenario-specific MDF time series derived from an explicit model of the future electricity
system. Developing such a coupled electricity-system model is beyond the scope of this study.

Transferability. The case is a single site with unusually strong wake interaction, representative costs and a greenfield project.

Orderings, signs and mechanisms carry over. Magnitudes depend on the site, the wake interaction and the cost basis (Sect. 4.1).

7 Conclusions

We evaluated wind farm value, revenue-triggered curtailment and five support designs on the historical path and three price
futures with the same negative-price share, driven by wind, by wind and solar, and by solar feed-in. Loads, settlement and
finance were computed from one hourly simulation, and every contract was priced at its own reference dispatch. Four results
answer the research questions.

First, the share of negative-price hours alone does not measure a wind farm’s exposure to negative prices. The exposure
depends on whether the farm produces in these hours. When wind drives the negative prices, they are the farm’s most productive
hours. The uncontrolled farm then captures a price far below the mean, and the negative-revenue stop removes a large part of
its energy. When solar drives them, they are midday hours which are statistically decoupled from the wind speed. The stop
then removes little energy, and the farm captures a price close to or above the mean. At a given share, the wind feed-in in
negative-price hours relative to its annual mean therefore orders every result of this study, and the share scales them. The
observed bidding zones moved across the range of this coupling between 2019 and 2025.

Second, revenue-triggered shutdown is load-reducing control only under wind-driven price formation. There the negative-
price hours are hours of high wind and high fatigue damage, so the negative-revenue stop removes more fatigue than energy.
The lifetime can then be extended by several years. The market revenue of these years exceeds their operating cost by a
small margin. This margin is what remains to pay for the lifetime assessment and the refurbishment. Under solar-driven price
formation the stop removes fatigue only in proportion to the energy it removes. Fatigue relief then requires a control that uses
load information. The worst-channel check confirms a shorter extension than the farm-mean rule under wind-driven prices and
none under solar-driven prices.

Third, the contracts differ little where few hours are priced negative, and they separate where negative prices coincide with
wind. The CfD pays no support on energy delivered at negative prices. Under wind-driven prices a large part of the farm’s
energy falls into these hours, so the same financing gap has to be covered on less energy, and the CfD strike rises by about
40 %. At a negative-price share of 20 % it rises by about four fifths. The capability contracts pay support on the available energy
in these hours. Their strikes stay within about 10 % of the historical level and fall under solar-driven prices. The present value
of support at the reference dispatch is nevertheless the same for every price-exposed scheme. The scheme decides on which

energy and at what time the public pays, and who carries the risk. It does not decide how much the public pays, but it decides
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what curtailment beyond the negative-revenue stop is worth to the operator. The same physical action yields a gain of one or
two million euros under the ungated capability contract and a loss of tens of millions under the CfD. Most of this loss is support
that the operator no longer receives and the public no longer pays.

Fourth, the results show that curtailment based on economic criteria generally maintains the net environmental benefit of
the wind farm, with a significant improvement in the wind-driven future and a slight reduction in the solar-driven future.
Although curtailment reduces electricity production and emissions displacement during the nominal lifetime, the resulting
fatigue relief enables lifetime extension that largely offsets, and in most cases exceeds, the displacement lost. Additional
O&M emissions remain small compared with the displaced emissions, such that the net environmental benefit remains positive
across all considered cases and improves in several cases. While support per displaced tonne varies between futures with the
financing gap, displacement per megawatt-hour changes only slightly. These results describe the environmental consequences
of economically derived operating strategies. Future work should consider environmental performance alongside economic
criteria in operational decision-making.

These findings on contracts apply to any control that gives up delivered energy to reduce fatigue loads. The negative-revenue
stop studied here is one example, derating and partial curtailment are others. For every megawatt-hour such a control gives up,
the operator weighs three terms. It gains the fatigue value of that energy, which the control sets through the fatigue it saves per
megawatt-hour and the price formation sets through what an extension year earns. It loses the market value of the energy, which
the price formation sets through the hours in which the control acts. Under a contract settled on delivered energy it also loses
the support paid on that energy. This third term is a hurdle that the control cannot move. It equals the difference payment under
settlement on delivered energy and zero under settlement on available energy. A contract settled on delivered energy therefore
blocks every control whose fatigue value, net of the market value of the energy, lies between zero and the difference payment.
It saves the public nothing by doing so, because the operator simply does not act. The width of this band is a property of the
contract and the price formation, tens of euros per megawatt-hour here against a fatigue value of a few euros. It is widest under
wind-driven prices, where curtailment relieves the most fatigue and the CfD strike is highest. Better load information raises
the fatigue value and lets a control clear the hurdle, but it does not lower the hurdle. The negative-revenue stop clears it under
every scheme, because delivery at negative prices earns no support under any of them and the energy given up has negative
market value. Beyond the stop, the settlement basis decides whether a control is blocked, and the support window decides who
pays for the fatigue value it produces.

Four recommendations follow. First, the rule that pays no support on energy delivered at negative prices should stay. It makes
delivery at negative prices earn nothing under the CfD, as settlement on available energy does under the capability contracts, so
every price-exposed scheme induces the negative-revenue stop, and the stop needs no load information. A scheme that induces
production at negative prices has to cover the cost of that production, which adds between ten and twenty million euros to
the support requirement in the stressed futures. Second, at non-negative prices the hurdle is removed by settling support on
a basis that the operator’s control does not change, either the plant’s own available energy or the output of a reference plant.
The first has to be estimated, as the output forgone under instructed curtailment is estimated under existing contracts, and the

estimate can be disputed. The second needs no estimate but leaves the plant with the difference between its own output and the
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reference. Under either basis the operator curtails where the fatigue value exceeds the market value of the energy. The choice
between them is a choice of verification and risk allocation. Third, the strike can be indexed to the coupling of the fleet, so
that it follows a change in price formation after award. This index is proposed here and was not simulated. Fourth, the support
window should end at the nominal life. The operator then receives the fatigue value of its control through the extension years it
sells on the market, and the public pays nothing for the extension. A window that follows the extension would pay the operator

more than the fatigue value is worth and induce curtailment beyond the optimum.

Code and data availability. The WINPACT simulation framework, the Lillgrund input set, the experiment driver and the postprocessing
package that generates every figure and table from the raw campaign outputs will be archived at [DOI TODO] upon acceptance. Market and

meteorological input data are available from ENTSO-E and the ERAS archive respectively.

Appendix A: Load response of revenue-triggered shutdown: from operating modes to component damage

This appendix carries the channel-level evidence behind Sect. 5.2 in two steps: in which operating mode the damage accrues,

and what the component aggregation does to the channel responses. Both figures use the reference weather—price path.
Al Attribution: damage by operating mode

Assigning each hour’s damage increment to its operating mode (Fig. A1) locates each channel’s response and the two mech-
anisms that keep damage after the negative-revenue stop. Tower-base fore—aft damage accrues in producing hours and is
removed with them. Its idle and transient shares are small. Tower-base side—side damage also accrues while the turbines are
parked. Curtailment converts producing hours into idle hours instead of removing the exposure, and the side-side channel,
which has no aerodynamic damping, keeps accumulating wind-induced damage in those hours. Under wind-driven prices its
idle contribution is about a third of the channel’s baseline total and nearly independent of the threshold. This floor limits the
side—side relief and makes the channel the binding one for the worst-channel check under wind-driven and mixed prices. Blade-
flap damage accrues almost entirely in producing hours, and the stop removes most of it, but the start-up transients that follow
every stop keep about 20 % of the channel’s baseline total, again nearly independent of the threshold. Under solar-driven prices
the stop removes little producing-hour damage, because the stopped midday hours carry average wind, and the start-up tran-
sients return what it removes. The flap channel ends at its baseline budget and binds the worst-channel check, which therefore
yields no extension at that stop (Sect. 5.2). Shutdown contributions are negligible for all channels. The remaining uncertainties
are properties of the surrogate library. Parked-mode loads are wind-only, without wave excitation, and the transient windows

are represented by the dedicated start-up and shutdown surrogate bundles.
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driven and the solar-driven future (rows) and per threshold (bars; the first bar is the uncontrolled baseline). Bar height: channel ratio R.p;

colours: causing mode.

A2 Aggregation: channels to components

The channel responses meet the weighted normalised component index of Eq. (7) (Fig. A2, wind-driven future). The raw
baseline shares annotated in the figure show why the index is formed on ratios rather than on raw damages. Because Wohler
exponents differ between material classes, one channel can carry almost all of a component’s raw damage, fore—aft for the
tower base and edgewise for the blades. A raw-weighted index would track those channels alone. The weighted mean of ratios
gives every channel the influence of its weight. The index remains an average. Where the channels of a component are relieved
unequally, it reports a value between them, and a channel relieved less than its partners, such as tower-base side—side, enters

only at its weight. Integrity statements therefore use the worst-channel check of Eq. (10), which involves no weights.
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Appendix B: Carbon balance mechanics

This appendix documents the mechanics behind the carbon balance of Sect. 5.3.4: the displacement factor of the hours that
curtailment removes, the response of the balance terms along the threshold sweep, and the composition of the life-cycle
emissions by category.

Figure B1 shows the displacement lost within the nominal life against the energy removed, per future and threshold. The
slope of each line is the displacement factor of the removed hours relative to the farm’s average: below the proportional line
under wind-driven and mixed prices, on it under solar-driven prices (Sect. 5.3.4).

Figure B2 follows the terms of the balance along the threshold for the three stressed futures, relative to the uncontrolled
baseline. A deeper threshold removes more hours and lengthens the extension, and the terms respond to the two differently.
The displacement (a) rises along the sweep under mixed prices, where each added extension year returns more than the step
removes, stays about level under wind-driven prices and falls under solar-driven prices, where the extension is short. The O&M

emissions (b) rise with the threshold in every future, because each additional operating year adds nearly a full year of O&M
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Figure B1. GHG displacement lost against energy removed within the nominal life, relative to uncontrolled operation, per future (markers:
the seven thresholds). The dashed line represents proportional losses, where the relative loss in GHG displacement equals the relative loss in

energy.

emissions. In contrast, O&M emissions during the nominal lifetime decrease slightly due to the reduced repair intensity from
fatigue relief, but this reduction remains small compared with the additional emissions from the extension. The net displacement
(c) is the difference of the two: it stays above the baseline at every threshold under wind-driven and mixed prices and below
it at every threshold under solar-driven prices, so its sign is set by the future, not by the threshold. The carbon payback (d)
rises with the threshold in every future since curtailment reduces the displacement per operating year. However, fatigue relief
extends the operational lifetime and adds further displacement, so a longer carbon payback time does not necessarily indicate
a worse overall environmental performance.

Figure B3 separates O&M emissions from the fixed emissions associated with all other life-cycle phases. At the uncontrolled
baseline, O&M emissions account for about one third of total life-cycle emissions. Vessel fuel consumption alone accounts for
about one quarter of total life-cycle emissions, split between the crew transfer vessel and the field service vessel. Spare-part
production contributes about 5 %, while transport fuel and vessel construction together account for less than 3 %. Curtailment
leaves the fixed emissions unchanged but increases O&M emissions with each extension year. Consequently, the O&M share

increases with the extension, most under wind-driven prices, almost entirely due to additional vessel fuel consumption.
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net displacement; (d) carbon payback time, baseline value dashed. A threshold of zero refers to the negative-revenue stop.
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Figure B3. Life-cycle emissions by category over the realised life. The bars show the uncontrolled baseline, the negative-revenue stop, and

the deepest sweep threshold of each future. (a) shows the totals, while (b) reports relative shares. Transport fuel covers all vessel types;

on-site fuel is split by vessel class.
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