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A B S T R A C T

Dynamic Thermal Rating (DTR) enables real-time adjustment of HVAC submarine export cable capacity based 

on prevailing operating and environmental conditions, which offers a practical means to enhance offshore wind 

farm (OWF) export capability. This paper presents an integrated electro-thermal and Optimal Power Flow (OPF) 

framework, formulated as a binary-free Linear Programming (LP) problem, to co-optimize OWF generation dis­

patch and cable loading under DTR. The electro-thermal model, validated against high-fidelity finite element 

method (FEM) in COMSOL Multiphysics, accurately captures steady-state and transient heat transfer within the 

cable and surrounding seabed. Application to realistic offshore wind farm configurations, including overplanting 

and hybrid solar–wind scenarios, demonstrates that applying DTR to HVAC export cables can substantially re­

duce renewable energy curtailment, improve utilization of existing infrastructure, and defer the need for costly 

reinforcements. The results highlight DTR as a technically robust and economically attractive strategy to increase 

renewable energy delivery and support higher integration levels in offshore transmission systems.

1 . Introduction

The deployment of offshore wind farms (OWFs) is accelerating glob­

ally, driven by ambitious renewable energy targets and the urgent need 

to decarbonize the electricity sector. In Europe, installed offshore wind 

capacity has grown substantially over the past decade, supported by 

advances in turbine technology, economies of scale, and favorable pol­

icy frameworks [1]. OWFs are increasingly being developed farther 

from shore and in deeper waters to access higher and more stable 

wind resources, with individual projects now reaching capacities on 

the gigawatt scale. Achieving the European Commission’s target of 

230–450 GW of offshore wind by 2050 [2] will require not only con­

tinued investment in generation assets but also significant innovation in 

transmission systems to deliver power efficiently and reliably to onshore 

grids.

Export systems, typically based on high-voltage alternating current 

(HVAC) or high-voltage direct current (HVDC) technologies, repre­

sent critical infrastructure and one of the largest capital expenditures 

in OWFs [3]. HVAC submarine cables, in particular, are widely used 

for short to medium transmission distances due to their maturity and 

cost-effectiveness. However, their thermal limits often constrain export 

capacity, leading to renewable energy curtailment, reduced asset utiliza­

tion, and higher Levelized Cost of Energy (LCOE). Traditionally, cable 

ampacity is determined using Static Thermal Rating (STR) according to 

IEC 60287 [4,5], which assumes worst-case environmental and oper­

ating conditions. While this ensures operational safety, it underutilizes 

available capacity for most of the year and can result in oversizes and 

costly cable designs [6].

Dynamic Thermal Rating (DTR) offers an adaptive alternative to con­

ventional STR by continuously adjusting cable ampacity according to 

real-time or forecasted environmental and operational conditions [7,8]. 

Extensive research on DTR for overhead transmission lines [9–12] has 

demonstrated its potential to unlock latent capacity by taking advantage 

of favorable weather conditions, thereby enhancing asset utilization and 

deferring costly reinforcements. In overhead applications, parameters 

such as wind speed, ambient temperature, and solar radiation have a 

noticeable impact on conductor ampacity. In contrast, the application 

of DTR to submarine HVAC cables is relatively recent, with research 

still emerging to address the distinct thermal environment of seabed 

installations and their unique operational constraints. Nonetheless, it 

is gaining importance as offshore renewable capacity expands, partic­

ularly in projects employing overplanting strategies [13]. Studies have 
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demonstrated that integrating DTR with accurate thermal models can in­

crease export capacity, reduce curtailment, and postpone infrastructure 

upgrades [3,14,15]. These benefits are especially relevant for offshore 

systems with highly variable generation profiles, such as those combin­

ing overplanting with hybrid offshore solar–wind generation. A variety 

of modeling approaches have been proposed for implementing DTR in 

submarine cables. Physics-based methods, such as thermal–electrical 

equivalent (TEE) networks [16,17], strike a balance between compu­

tational tractability and modeling accuracy, making them suitable for 

integration into operational optimization frameworks. However, model­

ing three-core HVAC cables remains challenging due to the complexity 

of accurately capturing their coupled thermal and electrical behaviors 

[18]. Although adaptations of the TEE framework have been proposed to 

account for effective losses in long three-core HVAC cables [19], further 

refinement is still required to better capture thermal effects. Advanced 

sensing technologies, such as Distributed Temperature Sensing (DTS) 

using fiber optics [20,21], enable high-resolution temperature monitor­

ing along the cable route, which can provide essential data for real-time 

DTR operation. Even with these advances, it is still challenging to model 

the complex thermal behavior of submarine cables, account for changes 

in seabed conditions, and validate simplified models against detailed 

simulations. In parallel with these modeling challenges, recent studies 

have examined DTR from broader system perspectives, including op­

erational reliability, coordination, and system-level optimization under 

high renewable penetration [8,13,22–24]. In particular, the reliability 

impact of DTR under high wind penetration and frequency security 

constraints has been quantified, showing that dynamically adjustable 

thermal limits can enhance secure system operation in renewable-

dominated networks [22]. DTR has also been integrated with additional 

flexibility resources, including battery storage, network topology opti­

mization, and electric-vehicle scheduling, to enhance wind integration, 

reliability, and operational flexibility in onshore and microgrid contexts 

[23,24]. Nevertheless, for offshore HVAC export systems, the explicit 

integration of validated electro–thermal cable models into operational 

optimization frameworks remains limited.

This paper addresses these gaps by developing and validating an 

integrated electro–thermal–economic optimization framework that ex­

plicitly embeds a transient three-core cable model within a binary-free 

Optimal Power Flow (OPF) framework for OWF export systems under 

DTR operation. The framework:

1. Integrates a transient electro–thermal model of HVAC subma­

rine cables with a binary-free Linear Programming (LP)-based 

dynamic OPF formulation;

2. Accounts for hourly wind generation, electricity market prices, 

and environmental variability;

3. Validates the simplified model against high-fidelity finite element 

simulations in COMSOL Multiphysics;

4. Incorporates realistic offshore scenarios, including overplanting 

and hybrid solar–wind generation;

The remainder of this paper is organized as follows: Section 2 in­

troduces the modeling methodology, Section 3 presents the case studies 

with COMSOL model validation and DTR-based dynamic OPF numerical 

results, and Section 4 concludes with key findings and future research 

directions.

2 . Methodology

2.1 . Overview

In this section, a coupled electro-thermal and operational opti­

mization framework for HVAC submarine export cables under DTR is 

developed. The thermal behavior is modeled via a TEE network using 

lumped thermal resistances and capacitances, while conductor, dielec­

tric, sheath, and armor losses are represented as distributed heat sources. 

The resulting thermal dynamics are discretized using a backward Euler 

scheme [25] and embedded within a binary-free linear OPF formu­

lation. Nonlinear 𝐼2𝑅 loss terms are approximated through a lower-

convex-envelope linearization [26], enabling computationally tractable 

optimization over long time horizons.

The methodology follows a structured progression. The physical ca­

ble configuration (Section 2.2) forms the basis of the TEE representation 

(Section 2.3), from which electrical losses and heat sources are derived 

(Section 2.4). These quantities are incorporated into a thermal state-

space model (Section 2.5) to evaluate temperature evolution and limits 

(Section 2.6). The nonlinear loss expressions are subsequently linearized 

(Section 2.7), allowing their integration into the OPF formulations under 

STR and DTR constraints (Sections 2.8 and 2.9).

2.2 . High-voltage submarine three-core XLPE cable

A three-core XLPE-insulated HVAC submarine export cable is con­

sidered (Fig. 1), including conductor, conductor screen, insulation, 

insulation screen and lead sheath, inner sheath, fillers, fiber-optic, 

binding tapes, armor bedding, armor, and outer serving. The OWF is 

connected to shore via a single export circuit. Transformers, J-tubes, 

and switchgear are assumed adequately rated and non-limiting. Note 

that junctions/splices are neglected (consistent with [13,14,27]) due to 

limited DTR-grade models. 

2.3 . Thermal–electrical equivalent (TEE) network

The TEE network provides a simplified approach to modeling tran­

sient heat transfer in submarine cables [14,28].

Analogy. Temperature (𝜃) maps to voltage, heat flow (𝑊 ) to current, 

thermal resistance (𝑇 ) to electrical resistance, and thermal capacitance 

(𝑄) to electrical capacitance (Fig. 2). This permits nodal heat-balance 

via Kirchhoff’s current/voltage laws (KCL/KVL) [14].

Full and reduced ladder models. A full thermal ladder (Fig. 3) repre­

sents individual layers (conductor, insulation, lead, fillers, armor, jacket, 

soil) with 𝑇 /𝑄 elements [4,28]; a steady-state version (Fig. 4) opens 

capacitors. For DTR integration we adopt a reduced three-node model 

(Fig. 5) with equivalence [29]: 

𝑇𝑐 =
𝑇1
3

[K ⋅ m/W] (1a)

𝑇𝑠ℎ = 𝑇2 + 𝑇3 [K ⋅ m/W] (1b)

𝑄𝑐 = 3 ⋅𝑄con + 3 ⋅ 𝑝 ⋅𝑄𝑖 [J/m ⋅ K] (1c)

𝑄𝑠ℎ = (1 − 𝑝) ⋅ 3 ⋅𝑄𝑖 +
(

𝑇2+𝑇3
𝑇2+𝑇3

)2 (
3 ⋅𝑄shle +

𝑄𝑓

2

)

+
(

𝑇3
𝑇2+𝑇3

)2

(

𝑄𝑓

2
+𝑄𝑎 + 𝑝′ ⋅𝑄𝑗

)

[J/m ⋅ K] (2)

where 𝑇𝑐  denotes the per-core equivalent thermal resistance of the three 

identical conductors (each with thermal resistance 𝑇1), and 𝑇𝑠ℎ is the 

equivalent thermal resistance of the sheath region, consisting of the lead 

sheath-to-armor (𝑇2) and armor-to-soil (𝑇3) resistances. In (1c), 𝑄𝑐  is 
the effective thermal capacitance of the conductor region, consisting of 

the conductor capacitance 𝑄con and insulation thermal capacitance 𝑄𝑖. 
Similarly, 𝑄𝑠ℎ in (2) represents the thermal capacitance of the sheath 

region. It accounts for the insulation capacitance, the lead sheath capac­

itance around each core 𝑄shle, as well as the capacitances of the filler 

(𝑄𝑓 ), armor (𝑄𝑎), and outer jacket (𝑄𝑗). The thermal resistance ratio in 

the second term of (2) evaluates to unity for the present reduced formu­

lation but is retained to preserve traceability between the full thermal 

ladder and the simplified three-node model. Note that 𝑝 and 𝑝′ are Van 

Wormer’s coefficients based on [29] expressed in (15) to (17). Thermal 

resistances 𝑇1 to 𝑇3 are expressed as:

𝑇1 =
𝜌𝑖
2𝜋

ln
(𝐷𝑙
𝐷𝑐

)

[K ⋅ m/W], (3)

𝑇2 =
𝜌𝑘
6𝜋

𝐺(𝑋𝑘) [K ⋅ m/W], 𝑋𝑘 =
𝑇𝐵𝑡𝑐𝑘
𝐷𝑘

, (4)
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Fig. 1. General structure of a high voltage three-core XLPE submarine cable.

Fig. 2. The equivalent electrical circuit for heat transfer modeling.

Fig. 3. Full thermal ladder equivalent electrical circuit for a three-core XLPE submarine cable.

Fig. 4. Steady-state thermal ladder equivalent electrical circuit showing distributed losses across cable layers for a three-core XLPE submarine cable.

Fig. 5. Final simplified thermal ladder equivalent electrical circuit considering losses for a three-core XLPE submarine cable.

𝑇3 =
𝜌𝑗
2𝜋

ln
(

1 +
2 ⋅ 𝐴𝑆𝑡𝑐𝑘

𝐷𝑎 + 2 ⋅ 𝐴𝑡𝑐𝑘

)

[K ⋅ m/W] (5)

where 𝜌𝑖, 𝜌𝑘, 𝜌𝑗  are the thermal resistivities of the insulation, sheath, and 

armor materials, respectively, expressed in unit of K⋅m/W. 𝐷𝑐  is the con­

ductor diameter, 𝐷𝑙 is the lead sheath inner diameter, 𝐷𝑘 is the sheath 

outer diameter, and 𝐷𝑎 is the armor internal diameter, all expressed in 

meter m. 𝑇𝐵𝑡𝑐𝑘 is the thickness between inner sheath and armor; 𝐴𝑡𝑐𝑘

and 𝐴𝑆𝑡𝑐𝑘 are the thicknesses of the armor and armor serving; 𝐺(𝑋𝑘) is 
a dimensionless geometric factor as defined in [5,14], dependent on the 

normalized sheath thickness 𝑋𝑘. Soil-related terms are:

𝑇𝑠 =
1
2𝜋
𝜌𝑠 ln

(

2𝐿
𝐷𝑗

+

√

( 2𝐿
𝐷𝑗

)2
− 1

)

[K ⋅ m/W], (6)
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𝑄𝑠 =
𝜋
4
𝜓𝑠

(

𝐿2 −𝐷2
𝑗

)

+ (1 − 𝑝′)𝑄𝑗 [J/m ⋅ K] (7)

where 𝜌𝑠 is the thermal resistivity of the surrounding soil; 𝐷𝑗  is the outer 

diameter of the cable jacket; 𝐿 is the burial depth of the cable below 

seabed level; 𝜓𝑠 is the volumetric heat capacity of the soil; 𝑄𝑠 represents 

the soil’s effective thermal capacitance.

Ambient (seabed) temperature. The ambient node uses seabed tem­

perature 𝜃̄𝐴(𝑡). Considering only sea-surface temperature 𝜃surf(𝑡), a 1-D 

vertical conduction estimation is adopted: 

𝜃̄𝐴(𝑡) = 𝜃surf(𝑡) − 𝜙geo 𝜌𝑠𝑤𝐻, (8)

where 𝜙geo(W/m2), 𝜌𝑠𝑤(K.m/W), and 𝐻  are geothermal flux, seawater 

thermal resistivity, and water depth, respectively.

Layer thermal capacitances. Thermal capacity of each layer can be 

defined as:

𝑄con = 𝜓con ⋅ 𝐴con, [J/m ⋅ K] (9)

𝑄𝑖 =
𝜋
4
𝜓𝑖(𝐷2

𝑖 −𝐷
2
𝑐 ), [J/m ⋅ K] (10)

𝑄shle = 𝜋
4
𝜓shle(𝐷2

𝑜𝑙 −𝐷
2
𝑖 ), [J/m ⋅ K] (11)

𝑄𝑓 = 𝜋
4
𝜓𝑓 (𝐷2

𝑎 −𝐷
2
𝑜𝑙), [J/m ⋅ K] (12)

𝑄𝑎 =
𝜋
4
𝜓𝑎 ⋅𝑁𝐴𝑊 ⋅ (𝐴𝑡𝑐𝑘)

2, [J/m ⋅ K] (13)

𝑄𝑗 =
𝜋
4
𝜓𝑗

(

𝐷2
𝑗 − (𝐷𝑗 − 2 ⋅ 𝐴𝑆𝑡𝑐𝑘)

2
)

[J/m ⋅ K] (14)

Van Wormer coefficients are [29]:

𝑝 = 1

2 ln
(

𝐷𝑖
𝐸𝐷𝑐

) − 1
(

𝐷𝑖
𝐸𝐷𝑐

)2
− 1

, (15)

𝑝′ = 1

2 ln
( 𝐷𝑗
𝐷𝑎+2𝐴𝑡𝑐𝑘

) − 1
( 𝐷𝑗
𝐷𝑎+2𝐴𝑡𝑐𝑘

)2
− 1

, (16)

𝐸𝐷𝑐 = 𝐷𝑙 ⋅ exp
(

− 2𝜋𝑇𝑐
𝜌𝑖

)

(17)

Here 𝐷𝑖 denotes the insulation outer diameter, 𝐷𝑜𝑙 the lead sheath outer 

diameter, 𝑁𝐴𝑊  the number of armor wires, 𝐸𝐷𝑐  the equivalent con­

ductor diameter in Van Wormer’s formulation, and 𝜓  the volumetric 

heat capacity of the respective material. Note that in (17), 𝑇𝑐  repre­

sents the per-core thermal resistance used in the equivalent single-core 

formulation, as defined in (1a).

Material data. Thermal resistivity (𝜌) and volumetric heat capacity (𝜓)
are defined in Table 1 [5,13,14,30,31]. 

Table 1 

Thermal resistivity and heat capacity of materials.

Material 𝜌 [K⋅m/W] 𝜓  [×106 J/m3⋅K]

Copper – 3.46

Aluminum – 2.46

Lead / Lead-alloy (Pb) – 1.47

Armor (Steel wires) – 3.80

Polyethylene (PE) 3.5 2.40

Cross-linked PE (XLPE) 3.5 2.40

Filler (PE) 3.5 2.40

Polypropylene (PP) 10 1.80

Seabed soil 0.9 2.18

2.4 . Electrical losses and heat sources

Total internal heat per unit length ([W/m]) is defined as: 

𝑊𝐼 (𝑡) = 𝑊𝑠(𝑡) +𝑊𝑎(𝑡) + 3𝑊𝑑 =
(

𝜆1 + 𝜆2
)

𝑊𝑐(𝑡) + 3𝑊𝑑 (18)

The per-phase conductor AC resistance at 90 ◦C (Ω/m) is expressed as 

a function of the copper DC resistivity 𝜌𝑐  at 20 ◦C, the conductor cross-

sectional area 𝐴𝑐𝑜𝑛, and the temperature coefficient of resistivity 𝛼𝑐 : 

𝑅𝑎𝑐 =
(

𝜌𝑐
1

𝐴𝑐𝑜𝑛

[

1 + 𝛼𝑐(𝜃max
𝑐 − 20)

]

)

(

1 + 𝑌𝑠 + 𝑌𝑝
)

(19)

where 𝑌𝑠 and 𝑌𝑝 denote the skin and proximity effect factors, respec­

tively, as defined in [4,14].

The conductor and dielectric losses per unit length (W/m) are then 

given by [4,13]:

𝑊𝑐 (𝑡) = 3𝑅𝑎𝑐 𝐼(𝑡)
2, 𝑊𝑑 = 𝜔𝐶𝑐𝑉

2
𝑝ℎtan𝛿 × 10−9 (20)

𝐶𝑐 =
2.5

18 ln(𝐷𝑖∕𝐷𝑐 )
[𝜇F∕km] (21)

where 𝜔 = 2𝜋𝑓  is the angular frequency of the system, 𝑓  is the power 

system frequency (Hz), and 𝑉𝑝ℎ is the phase voltage of the cable (V), 

and 𝐶𝑐  and tan𝛿 represent the cable capacitance per unit length and 

dielectric losses, respectively. Lead-sheath and armor loss factors (𝜆1, 𝜆2) 
for SL-type three-core cables are [4,29,32–35]: 

𝜆1 =
𝑅𝑠
𝑅𝑎𝑐

1.5

1 +
(

𝑅𝑠
𝑋𝐿𝑆

)2
, 𝑋𝐿𝑆 = 𝜔 ln(

2𝐷𝑘
𝐷𝑘 − 2𝑆𝑡𝑐𝑘 − 𝐿𝑡𝑐𝑘

) × 2 × 10−7

𝜆2 = 1.23
𝑅𝑎
𝑅𝑎𝑐

(

2𝐷𝑐𝑜
𝐷𝑎𝑎

)2 1

(2.77𝑅𝑎
106
2𝜋𝑓 )

2
+ 1

(1 − 𝜆1)

(22)

In (22), 𝐷𝑐𝑜 = 𝐷𝑘∕
√

3 is the equivalent conductor spacing, and 𝐷𝑎𝑎 =
𝐷𝑎 + 𝐴𝑡𝑐𝑘 is the effective armor diameter. The sheath and armor 

resistances (Ω/m) are: 

𝑅𝑠 =
𝜌𝑠

𝜋
4

(

𝐷2
𝑜𝑙 −𝐷

2
𝑙
)

(

1 + 𝛼𝑠(𝜃𝑚𝑎𝑥𝑠ℎ − 20)
)

,

𝑅𝑎 =
𝜌𝑎

𝜋
4

(

(𝐷𝑗 − 2 ⋅ 𝐴𝑆𝑡𝑐𝑘)
2 −𝐷2

𝑎
)

(

1 + 𝛼𝑎(𝜃𝑚𝑎𝑥𝑎 − 20)
)

(23)

where 𝜃𝑚𝑎𝑥𝑠ℎ  and 𝜃𝑚𝑎𝑥𝑎  are the lead sheath and armor steady-state temper­

atures.

2.5 . Thermal state-space and discretization

Let 𝜃𝑐 , 𝜃𝑠ℎ, 𝜃𝑠 denote conductor, inner sheath, and soil node temper­

atures. The continuous dynamics, derived from the equivalent electrical 

circuit in Fig. 5 using KCL, are formulated as follows: 

𝑑
𝑑ℎ

⎡

⎢

⎢

⎣

𝜃𝑐(ℎ)
𝜃𝑠ℎ(ℎ)
𝜃𝑠(ℎ)

⎤

⎥

⎥

⎦

= 𝐴
⎡

⎢

⎢

⎣

𝜃𝑐(ℎ)
𝜃𝑠ℎ(ℎ)
𝜃𝑠(ℎ)

⎤

⎥

⎥

⎦

+

⎡

⎢

⎢

⎢

⎢

⎣

𝑊𝑐 (ℎ)
𝑄𝑐

𝑊𝐼 (ℎ)
𝑄𝑠ℎ
𝜃̄𝐴(ℎ)
𝑄𝑠𝑇𝑠

⎤

⎥

⎥

⎥

⎥

⎦

, (24)

𝐴 =

⎡

⎢

⎢

⎢

⎣

− 1
𝑄𝑐𝑇𝑐

1
𝑄𝑐𝑇𝑐

0
1

𝑄𝑠ℎ𝑇𝑐
−
( 1
𝑄𝑠ℎ𝑇𝑐

+ 1
𝑄𝑠ℎ𝑇𝑠ℎ

) 1
𝑄𝑠ℎ𝑇𝑠ℎ

0 1
𝑄𝑠𝑇𝑠ℎ

−
( 1
𝑄𝑠𝑇𝑠ℎ

+ 1
𝑄𝑠𝑇𝑠

)

⎤

⎥

⎥

⎥

⎦

The discrete-time state-space formulation, obtained via the Backward 

Euler method [25] with a step size Δℎ = 1 h, is expressed as: 

𝜃ℎ+Δℎ = (𝐼 − Δℎ ⋅ 𝐴)−1
(

𝜃ℎ + Δℎ ⋅ 𝐵ℎ+Δℎ
)

, (25)

which can be expanded component-wise as in (42)–(44). Note that the 

hourly discretization aligns with the temporal resolution of market-

based dispatch and is consistent with the multi-hour thermal time 
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constants of submarine cables. The Backward Euler scheme is adopted 

for its unconditional stability in long-horizon simulations; any numeri­

cal damping of very fast transients is negligible relative to the dominant 

multi-hour thermal dynamics.

2.6 . Thermal limits

Maximum admissible steady-state temperatures, based on the STR 

maximum current 𝐼max and an ambient temperature of 20 ◦C, are calcu­

lated as:

𝜃max
𝑐 = 𝑇𝑐𝑊

max
𝑐 + (𝑇𝑠ℎ + 𝑇𝑠)

[

𝑊 max
𝑐 (1 + 𝜆1 + 𝜆2) + 3𝑊𝑑

]

+ 20 ◦C, (26)

𝜃max
𝑠ℎ = 𝜃max

𝑐 − 𝑇𝑐𝑊 max
𝑐 , (27)

𝜃max
𝑠 = 𝜃max

𝑠ℎ − 𝑇𝑠ℎ
[

𝑊 max
𝑐 (1 + 𝜆1 + 𝜆2) + 3𝑊𝑑

]

(28)

Here, 𝑊 max
𝑐 = 3𝑅𝑎𝑐𝐼2max is the maximum STR current loss, and 𝜃max

𝑐 =
90 ◦𝐶. During operation, the following constraints are enforced: 

𝜃𝑐 (ℎ) ≤ 𝜃max
𝑐 , 𝜃𝑠ℎ(ℎ) ≤ 𝜃max

𝑠ℎ , 𝜃𝑠(ℎ) ≤ 𝜃max
𝑠 ∀ℎ ∈ Ω𝐻 (29)

2.7 . Loss linearization via lower convex envelope

Let 𝑃ℎ denote the exported active power (MW) in the cable, and de­

fine Ψℎ ≈ 𝑃 2
ℎ . The three-phase line losses, with total per-phase resistance 

𝑅 [Ω] (𝑅𝑎𝑐 [Ω∕𝑚] × 𝐶𝑎𝑏𝑙𝑒 𝐿𝑒𝑛𝑔𝑡ℎ [𝑚]) and line-to-line voltage 𝑉  [kV], 

are: 

Lossℎ = 3𝑅𝐼2ℎ = 3𝑅
Ψℎ

(
√

3𝑉 )
2
, ∀ℎ ∈ Ω𝐻 [MW] (30)

To maintain linearity, the quadratic term Ψℎ is approximated from 

below using a lower convex envelope constructed with 𝐺 tangents [26]:

Ψℎ ≥ 2𝜋𝑔𝑃ℎ − 𝜋2𝑔 ∀ℎ ∈ Ω𝐻 , 𝑔 ∈ {1,… , 𝐺} (31)

𝜋𝑔 =
𝑔 − 1
𝐺 − 1

𝑃max ∀𝑔 ∈ {1,… , 𝐺} (32)

2.8 . OPF with STR limits

A DC OPF is formulated between the offshore substation (S) and the 

point of common coupling (PCC) onshore. The corresponding mathe­

matical formulation is summarized below.

Sets and Indices:

Ω𝑇 , Ω𝐻 : sets of wind turbines indexed by 𝑖, and hourly time indices ℎ
Parameters:

𝑃 Turb
𝑖,ℎ , 𝑃 Solar

ℎ : available wind power of turbine 𝑖 and total solar 

generation at hour ℎ (MW)

𝑉 : line-to-line voltage (kV)

𝑋, 𝑅: cable reactance and per-phase resistance (Ω)

𝑃max: export capacity limit under STR (MW)

𝐶loss, 𝐶curt: loss and curtailment cost coefficients (€/MWh)

MPℎ: electricity market price at hour ℎ (€/MWh)

Decision Variables:

𝑃ℎ: exported active power (MW)

Ψℎ: auxiliary loss variable (MW2)

𝑊 Curt
𝑖,ℎ , 𝑆Curt

ℎ : wind and solar curtailment (MW)

𝛿𝑆ℎ : offshore substation voltage angle (rad)

𝜃𝑐ℎ, 𝜃𝑠ℎℎ , 𝜃𝑠ℎ: conductor, inner sheath, and soil node temperature at 

hour ℎ (◦C), introduced in the DTR formulation

The OPF objective maximizes net profit (equivalently, minimizes 

losses and curtailment penalty costs, i.e., 𝐶loss and 𝐶curt):

min
∑

ℎ∈Ω𝐻

[

3Ψℎ

(
√

3𝑉 )
2
𝑅𝐶loss

⏟⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏟
Loss cost

+
(

(
∑

𝑖∈Ω𝑇

𝑊 Curt
𝑖,ℎ ) + 𝑆Curt

ℎ

)

𝐶curt

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
Curtailment cost

]

−
∑

ℎ∈Ω𝐻

MPℎ

(

𝑃ℎ −
3Ψℎ

(
√

3𝑉 )
2
𝑅

)

(33)

s.t. 𝑃ℎ =
∑

𝑖∈Ω𝑇

(

𝑃 Turb
𝑖,ℎ −𝑊 Curt

𝑖,ℎ

)

+ 𝑃 Solar
ℎ − 𝑆Curt

ℎ , ∀ℎ ∈ Ω𝐻 (34)

𝑃ℎ = 𝑉 2

𝑋
(

𝛿𝑆ℎ − 𝛿𝑃𝐶𝐶ℎ
)

, ∀ℎ ∈ Ω𝐻 (35)

𝛿𝑃𝐶𝐶ℎ = 0, − 𝜋
3 ≤ 𝛿𝑆ℎ ≤ 𝜋

3 , ∀ℎ ∈ Ω𝐻 (36)

3Ψℎ

(
√

3𝑉 )
2
𝑅 ≤ 𝑃ℎ, ∀ℎ ∈ Ω𝐻 (37)

𝑃ℎ +
3Ψℎ

(
√

3𝑉 )
2
𝑅 ≤ 𝑃max ∀ℎ ∈ Ω𝐻 (38)

constraints (31) − (32) (39)

The quadratic loss term 𝑃 2
ℎ  is replaced by the auxiliary variable Ψℎ

according to the lower–convex–envelope formulation introduced in 

(Section 2.7) (i.e., (30)–(32)).

2.9 . OPF with DTR constraints

The DTR-based OPF adopts the same objective function (33) as in the 

STR case and remains subject to the power-balance constraints (34)–(36) 

and the loss linearization constraints (31)–(32). The key addition is the 

incorporation of hourly thermal recursions derived from (25), together 

with the temperature limits (29), formulated as follows:

Objective: (33) (40)

s.t. constraints (34) − (36), (31) − (32), (29) (41)

𝜃𝑐ℎ+1 =
𝑄𝑐𝑇𝑐
𝑄𝑐𝑇𝑐+1

𝜃𝑐ℎ +
1

𝑄𝑐𝑇𝑐+1
𝜃𝑠ℎℎ+1 +

𝑇𝑐
𝑄𝑐𝑇𝑐+1

𝑊 𝑐
ℎ+1 ∀ℎ ∈ Ω𝐻 ⧵ {𝐻} (42)

𝜃𝑠ℎℎ+1 =
𝑄𝑠ℎ𝑇𝑠ℎ𝑇𝑐

𝑄𝑠ℎ𝑇𝑠ℎ𝑇𝑐+(𝑇𝑠ℎ+𝑇𝑐 )
𝜃𝑠ℎℎ + 𝑇𝑠ℎ

𝑄𝑠ℎ𝑇𝑠ℎ𝑇𝑐+(𝑇𝑠ℎ+𝑇𝑐 )
𝜃𝑐ℎ+1

+ 𝑇𝑐
𝑄𝑠ℎ𝑇𝑠ℎ𝑇𝑐+(𝑇𝑠ℎ+𝑇𝑐 )

𝜃𝑠ℎ+1 +
𝑇𝑠ℎ𝑇𝑐

𝑄𝑠ℎ𝑇𝑠ℎ𝑇𝑐+(𝑇𝑠ℎ+𝑇𝑐 )
𝑊 𝐼
ℎ+1 ∀ℎ ∈ Ω𝐻 ⧵ {𝐻}

(43)

𝜃𝑠ℎ+1 =
𝑄𝑠𝑇𝑠ℎ𝑇𝑠

𝑄𝑠𝑇𝑠ℎ𝑇𝑠+(𝑇𝑠ℎ+𝑇𝑠)
𝜃𝑠ℎ +

𝑇𝑠
𝑄𝑠𝑇𝑠ℎ𝑇𝑠+(𝑇𝑠ℎ+𝑇𝑠)

𝜃𝑠ℎℎ+1

+ 𝑇𝑠ℎ
𝑄𝑠𝑇𝑠ℎ𝑇𝑠+(𝑇𝑠ℎ+𝑇𝑠)

𝜃̄𝐴ℎ+1 ∀ℎ ∈ Ω𝐻 ⧵ {𝐻} (44)

with initial steady-state conditions 𝜃𝑐0 = 𝜃𝑠ℎ0 = 𝜃𝑠0 = 𝜃̄𝐴0 .
The heat inputs 𝑊 𝑐  and 𝑊 𝐼  follow (18)–(21) and (30). Note that all 

diameters are expressed in meters. Resistances 𝑅𝑎𝑐 , 𝑅𝑠, 𝑅𝑎 are per phase 

in Ω∕m. For hourly discretization, 𝑄 must be in Wh∕(m ⋅ K), obtained by 

dividing by 3600 from J∕(m ⋅ K).

3 . Case study, model validation & numerical results

3.1 . Case study

The case study focuses on the Hollandse Kust West Beta (HKWB) 

offshore wind farm, which is scheduled to become operational in 2025 

with an installed capacity of up to 700 MW [36]. The full project com­

prises 108 wind turbines of 14 MW each, connected through two parallel 

220 kV three-core AC export cable circuits. For this study, a single ex­

port circuit is considered, corresponding to 54 turbines and a baseline 

installed capacity of 756 MW.

Two scenarios are considered: (i) an Overplanting scenario, where 

up to 16 additional turbines raise the capacity to 980 MW, enabling 

the assessment of DTR under expansion; and (ii) a Hybrid scenario, 

where 5–50 MW of floating solar is co-located with HKWB, reflecting 

ongoing SolarDuck–RWE pilots [37] and allowing the exploration of 

how DTR can facilitate the use of existing export cables in future hybrid 

configurations.

The export cable under study is a standard XLPE-insulated 3 ×
1000 mm2 copper HVAC design [38], with a rated current of 950 A at 
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Table 2 

Specifications of the 3×1000 mm2 HVAC XLPE-insulated submarine export cable.

Electrical Geometry

Parameter Value Parameter Value

Voltage level 220 kV Burial depth 1 m

Frequency 50 Hz 𝐷𝑐 38.6 mm

Conductor Copper 𝐷𝑖 88 mm

Nominal Cross-sectional Area 1000 mm2/core 𝐷𝑙 92.2 mm

Real Cross-sectional Area 1170.21 mm2/core 𝐷𝑜𝑙 99.4 mm

Rated current 950 A 𝐷𝑘 104.6 mm

DC 𝑅 (20 ◦C) 1.43 × 10−5 Ω/m 𝐷𝑎 227 mm

AC 𝑅 (90 ◦C) 2.34 × 10−5 Ω/m 𝐷𝑗 245 mm

Reactance 1.19 × 10−4 Ω/m 𝑇𝐵𝑡𝑐𝑘 0.81 mm

Lead resistivity 22 × 10−8 Ωm 𝐴𝑡𝑐𝑘 5 mm

Steel resistivity 15.7 × 10−8 Ωm 𝐴𝑆𝑡𝑐𝑘 4 mm

𝑆𝑡𝑐𝑘 2.6 mm

𝐿𝑡𝑐𝑘 3.6 mm

NAW 110

Table 3 

Maximum Steady-State Temperatures: Analytical model vs. COMSOL.

Layer Analytical (◦C) COMSOL (◦C) Relative error (%)

Core (𝜃max
𝑐 ) 90.00 89.80 0.22

Inner Sheath (𝜃max
𝑠ℎ ) 79.94 79.47 0.59

Soil at Serving (𝜃max
𝑠 ) 67.55 67.43 0.18

220 kV. The main specifications of the cable are summarized in Table 2. 

The analysis incorporates 2023 historical offshore wind production data 

and electricity market prices from the Netherlands [39], as well as am­

bient seabed temperatures obtained from KNMI [40]. For the hybrid 

case, solar generation profiles are derived from aggregated national solar 

production datasets (2023) [39] and scaled to the assumed floating PV 

capacity, given the current absence of operational offshore PV datasets 

in the Netherlands.

3.2 . Model validation using FEM

To assess the accuracy of the proposed DTR mathematical model, its 

results are benchmarked against finite element simulations carried out 

in COMSOL Multiphysics. This approach enables detailed multi-physics 

modeling of submarine power cables, including heat transfer in multiple 

layers and the surrounding soil [41]. The comparison is performed for 

both steady-state and transient operating conditions.

3.2.1 . Steady-state validation

The developed analytical model, based on the formulations in

(1a)–(30), yields the maximum admissible steady-state temperatures of 

𝜃max
𝑐 = 90.0 ◦C (core), 𝜃max

𝑠ℎ = 79.94 ◦C (inner sheath), and 𝜃max
𝑠 = 67.55 ◦C

(soil at serving point), as summarized in Table 3. The same cable is 

modeled in the FEM environment. The steady-state simulation under 

rated current produces maximum temperatures of 89.80 ◦C, 79.47 ◦C, and 

67.43 ◦C, respectively, as reported in Table 3. The relative deviations 

remain below 0.6%, quantitatively confirming the high steady-state 

accuracy of the proposed electro–thermal formulation. The spatial tem­

perature distribution across cable layers and soil is illustrated in Fig. 6. 

The close agreement between the analytical and numerical results fur­

ther validates the accuracy of the developed electro–thermal model. 

Note that the analytical method is slightly conservative due to the safety 

margins embedded in the mathematical formulations.

3.2.2 . Transient validation

A 3200 h stepwise power profile (four 800 h steps) was applied to 

assess transient accuracy. The analytical model (Fig. 7) illustrates the 

rapid response of the core (blue solid line) to load variations, whereas 

the sheath (red dashed line) and soil (green dotted line) exhibit slower 

dynamics due to their higher thermal inertia. In the second loading 

step, the power exceeds the STR limit; however, the core temperature 

surpasses 90 ◦C only briefly.

The same profile was simulated in the FEM environment. The com­

parison in Fig. 8 demonstrates strong agreement in both trend and 

magnitude. The analytical temperatures are slightly higher (i.e., more 

conservative) than the numerical results, which is expected since the 

mathematical formulation is based on IEC assumptions and incorporates 

inherent safety margins [4,5,28]. This conservative approach is advan­

tageous in planning and operations, as it guarantees compliance with 

thermal limits under uncertain conditions. Over the full 3200 h tran­

sient profile, the mean absolute error (MAE) and root mean square error 

(RMSE) of the conductor temperature between the analytical model and 

COMSOL are 3.35 ◦C and 3.64 ◦C, respectively. Overall, the close match 

validates the developed electro-thermal model, whose efficiency makes 

it well suited for large-scale studies, DTR-aware OPF, and real-time 

offshore operations.

Fig. 6. Steady-state temperature distribution of cable layers and soil (COMSOL).
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Fig. 7. Stepwise power transfer: analytical model predictions of core, sheath, and soil temperatures over 3200 h.

Fig. 8. Comparison of core temperature dynamics between analytical (Math.) and numerical (COMSOL) methods under stepwise power transfer.
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Fig. 9. Comparison of power flow, generation, and curtailment over time in the overplanting scenario under STR (right) and DTR (left).

Table 4 

Economic Summary of Overplanting Scenario: STR vs. 

DTR.

Metric STR DTR

Curtailment (GWh) 150.66 11.07

Total Revenue (M€) 156.99 166.76

3.3 . Numerical results: overplanting scenario

3.3.1 . Overplanting under STR

The DC OPF optimization with STR, presented by (33)-(39), is 

applied to the HKWB case study. In the overplanting scenario, 16 addi­

tional turbines raise the installed capacity to 980 MW. As shown on the 

right side of Fig. 9, although generation potential increases, transmission 

through the cable is constrained by the STR limit, leading to substantial 

curtailment. Table 4 summarizes the financial outcome, with a total rev­

enue of 156.99 M€and 150.66 GWh of curtailed wind energy. Avoiding 

such curtailed energy under STR would require reinforcing the export 

system with an additional 300 mm2 cable, at an estimated investment 

of 70.6 M€ (based on the cost estimation of Smith and Doe [42]), which 

highlights the inefficiency of static design.

3.3.2 . Overplanting under DTR

With DTR, cable loading adapts to real-time thermal and environ­

mental conditions, as determined by the formulations in (40)–(44). As 

shown on the left side of Fig. 9, this flexibility reduces curtailment 

and enables higher power export compared to STR. Curtailment falls 

from 150.66 GWh to just 11.1 GWh (≈ 93% reduction), while revenue 

increases to 166.76 M€ (Table 4).

3.3.3 . STR vs. DTR comparison

Under STR, significant curtailment and costly reinforcement 

(≈70.6 M€) are required to fully exploit export capacity. By contrast, 

DTR, as reported in Table 4, achieves higher revenues with drastically 

Fig. 10. Comparison of power flow, generation, and curtailment over time in the hybrid scenario under STR (right) and DTR (left).
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Table 5 

Economic Summary of Hybrid Scenario: STR vs. 

DTR.

Metric STR DTR

Curtailment (GWh) 10.32 0

Total Revenue (M€) 130.43 131.02

reduced curtailment, all without additional infrastructure. This demon­

strates that DTR is not only technically effective but also a cost-efficient 

and sustainable alternative to conventional reinforcement strategies.

3.4 . Numerical results: hybrid scenario

3.4.1 . Hybrid operation under STR

In the hybrid case, up to 50 MW of floating solar is co-located with 

HKWB, sharing the same export cable. The solar production profile is 

based on scaled national generation data, as described previously. As 

shown on the right side of Fig. 10, solar generation coincides with wind 

output during midday, raising export peaks and leading to both wind and 

solar curtailment. Over the year, curtailment amounts to 10.32 GWh, 

with total revenue of 130.43 M€ (Table 5).

3.4.2 . Hybrid operation under DTR

With DTR, the export cable adapts to real-time thermal conditions, 

allowing full utilization of both wind and solar output. As shown on the 

left side of Fig. 10, curtailment is eliminated, while revenues increase to 

131.02 M€ (Table 5).

3.4.3 . STR vs. DTR comparison

Under STR, hybrid operation suffers from renewable energy curtail­

ment and profitability is limited. By contrast, DTR eliminates curtail­

ment, improves revenue, and achieves higher utilization of the existing 

cable without reinforcements.

4 . Conclusion

This study has presented a comprehensive framework for integrat­

ing Dynamic Thermal Rating (DTR) into the operation and economic 

optimization of offshore renewable energy systems. A physics-informed 

electro-thermal model was developed and validated against high-fidelity 

numerical simulations in COMSOL, demonstrating strong agreement 

across both steady-state and transient conditions. The validated model 

was then embedded into a dynamic optimal power flow (OPF) formu­

lation to enable temperature-aware cable loading decisions that reflect 

real-time thermal and market conditions. Application to the Hollandse 

Kust West Beta (HKWB) offshore wind farm under overplanting and hy­

brid wind–solar scenarios demonstrated the significant value of DTR. 

In the overplanting case, curtailment was reduced by about 93% (from 

150.66 GWh under static thermal rating (STR) to 11.07 GWh under 

DTR), while revenue increased from 156.99 M€ to 166.76 M€, without 

additional reinforcement costs. In the hybrid case, DTR eliminated the 

10.32 GWh of renewable curtailment observed under STR, raising rev­

enue from 130.43 M€ to 131.02 M€. These results confirm that DTR 

not only enhances the technical utilization of existing export infras­

tructure but also provides a cost-effective and sustainable alternative 

to conventional reinforcement strategies.

In summary, this study has shown that well-modeled DTR offers a 

scalable, robust, and cost-effective solution to improve offshore grid 

flexibility, minimize renewable curtailment, and maximize transmis­

sion asset utilization. At the same time, the analysis is limited by its 

focus on a single cable–wind farm configuration and simplified model­

ing assumptions. Future work should include validation of the approach 

on more varied offshore systems, exploration of real-time implemen­

tation, investigation of the integration of advanced short-term wind 

power forecasting to enhance dispatch decisions under renewable vari­

ability, consideration of coordination with flexible resources such as 

storage and hydrogen electrolysers, and analysis of the long-term ef­

fect of DTR-induced thermal cycling on cable life using insulation aging 

models.
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