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A B S T R A C T

This paper presents an integrated framework that combines geospatial analysis with power system modelling to 
evaluate the optimal deployment and system-level value of tidal stream generation in Great Britain (GB). High- 
resolution geospatial screening – based on tidal maximum current velocity (≥2.5 m/s), mean tidal speeds (≥1.5 
m/s) water depth (35–45 m and 30–50 m), and distance to shore (≤50 km) – is coupled with a multi-objective 
NSGA-II optimisation to identify Pareto-optimal sites for tidal stream development. The results indicate that 
promising locations are concentrated in a limited number of high-resource coastal regions, notably around the 
Orkney Islands and Pentland Firth, the Anglesey and North Wales coastline, and the Bristol Channel.

These sites are subsequently incorporated into a 17-zone representation of the 2030 GB electricity system 
using the PyPSA model. Simulation results show that deploying 1.5 GW of tidal stream capacity – on an energy- 
equivalent basis in place of wind and solar PV – reduces variable renewable curtailment by 0.6 TWh, displaces a 
comparable volume of gas-fired generation, and lowers total system operating costs by £65 million per year. 
Furthermore, analysis of electricity market impacts indicates reductions in average generation costs of up to 
£1.0/MWh in high-cost zones, alongside relatively stable technology-specific market capture prices for tidal 
stream generation compared to wind and solar.

The proposed framework is modular and scalable, making it applicable to other coastal regions and power 
systems using location-specific datasets and scenarios.

1. Introduction

Achieving Net Zero greenhouse gas emissions by 2050 has become a 
central objective of global energy policy, driving substantial structural 
changes across energy systems worldwide. This transition is already 
visible in volumes of renewable energy sources (RES) deployment. In 
2024, nearly 585 GW of new RES capacity was added globally, repre
senting an increase of around 15% compared to the previous year. Re
newables were the dominant technology group in terms of new 
installations, accounting for 86% of all new electricity generation ca
pacity installed in 2023 [1], 93% in 2024 [2] and 86% in 2025 [3].

However, RES deployment remains mostly focused on mature tech
nologies. Solar Photovoltaic (PV) and onshore wind continue to lead 
global expansion, together accounting for over 95% of new renewable 
capacity added in 2024, with PV alone contributing more than 400 GW 
[4]. In contrast, ocean energy technologies, including tidal stream, tidal 
range, and wave power, remain at an early stage of technological and 
commercial maturity, with global installed capacity still below 1 GW, 

and only a limited number of commercial-scale projects in operation [5, 
6]. Although tidal energy offers high predictability relative to wind and 
solar generation, its current contribution remains limited, highlighting 
the need for a clearer understanding of its potential system value and 
integration pathways.

Similar trends in tidal energy deployment are observed in the United 
Kingdom (UK), despite its globally recognised tidal stream resource 
potential, estimated at around 11–16 GW of technically or practically 
extractable capacity according to recent assessments [7,8]. In 2024, the 
UK had approximately 58 GW of installed RES capacity, dominated by 
wind (31 GW) and solar PV (18 GW) [2], with total RES capacity rising 
to 65 GW in 2025 (a 12% increase), including growth in wind capacity to 
33 GW and solar PV to 21 GW [3]. By comparison, the capacity of ma
rine energy technologies is lower by several orders of magnitude, with 
operational projects totalling only around 10 MW [3], contributing a 
negligible share of the UK's renewable energy mix. Nevertheless, there 
are several tidal stream projects that have secured support through 
Contracts for Difference mechanism, including 41 MW in Allocation 
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Round 4 (AR) [9], 53 MW in AR5 [10], and 28 MW in AR6 [11], with 
delivery expected between 2026 and 2027. Furthermore, according to 
the Electricity Ten Year Statement 2024 (ETYS) [12] and Future Energy 
Scenarios 2025 (FES) documents [13], the UK plans to build or expand 
tidal energy generation to a projected capacity of around 0.6 GW by 
2030.

To study the challenges and opportunities associated with a wider 
deployment of tidal stream technologies in the UK [14], this study de
velops a modelling framework that both identifies effective locations for 
tidal stream generation deployment and quantifies their system-level 
benefits for the power system of Great Britain (GB). The framework 
integrates high-resolution resource assessment based on Geographic 
Information Systems (GIS), multi-criteria spatial optimisation based on 
Non-dominated Sorting Genetic Algorithm II (NSGA II), and power 
system modelling to evaluate the contribution of tidal stream generation 
to system operation. The overall structure of the proposed framework is 
displayed in Fig. 1 and is described in detail in the Methodology section. 
This paper focuses specifically on tidal stream technology due to its 
comparatively lower installation, operational costs and shorter lead 
times [15].

The main contributions and novel aspects of this study can be sum
marised as follows: 

• An integrated GIS-PyPSA framework is developed to link high- 
resolution tidal stream resource assessment with whole-system 
power system modelling for GB.

• A multi-objective NSGA II GIS spatial optimisation approach is 
applied to identify a constrained set of high-value tidal stream lo
cations, jointly accounting for tidal current velocity, water depth, 
and proximity to the onshore transmission network.

• A novel 17-zone GB power system model, consistent with FES and 
the ETYS, is developed to quantify the operational and economic 
impacts of tidal stream integration under alternative deployment 
scenarios.

All the results of this research paper, including interactive maps, 
PyPSA code and the simulation results, are available via a GitHub re
pository [16].

The remainder of the paper is organised as follows. Section 2 reviews 
the state-of-the-art in tidal resource assessment and whole-system 
evaluation of marine energy integration. Section 3 outlines the pro
posed methodology, including the spatial allocation framework and the 
whole-system modelling approach applied to the GB power system. 
Section 4 presents and discusses the results, with a focus on the identi
fication of optimal tidal stream deployment sites, comparison with 
existing studies, and the resulting implications for system operation and 
Net Zero pathways. Section 5 concludes the paper by summarising the 

Fig. 1. Structure of the proposed framework.
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key findings and highlighting directions for future research.

2. Review of the state-of-the-art

The accelerating transition towards Net Zero energy systems has 
intensified research interest in marine RES technologies, with tidal 
stream energy emerging as a promising, yet still developing, component 
of the future low-carbon electricity mix. Over the past two decades, 
research efforts have increasingly concentrated on improving the ac
curacy of tidal resource assessment [17–19], optimising device and 
array design [20–22], and evaluating system-level impacts through 
advanced power system modelling and techno-economic analysis [23, 
24].

To contextualise the structure and evolution of research on tidal 
stream technologies, a descriptive analysis of the academic literature is 
first conducted using the Scopus database [25,26]. This analysis exam
ines publication trends and relationships across key research sub-topics, 
such as ‘tidal stream’, ‘tidal stream resource’, ‘tidal stream power 
simulation’, ‘tidal stream UK’, ‘tidal stream generator performance’, and 
‘tidal stream assessment’. The summary of the initial research literature 
analysis is presented in Fig. 2.

Fig. 2 shows an extensive growth in tidal stream research over the 
past two decades, with the number of publications increasing from fewer 
than 100 in the mid-2000s to more than 300 by 2025. Key sub-topics, 
including resource assessment, power system simulation, and gener
ator performance, exhibit similar upward trends. While some fluctua
tions are evident across individual categories, the overall trajectory 
points to constantly increasing academic attention to tidal stream 
technology, with considerable contributions from regions such as the 
UK. The accompanying keyword cloud reinforces these observations, 
showing strong clustering trends around terms such as turbine, energy, 
current, model, and performance, which reflect the field's strong tech
nical focus on device behaviour and energy capture. The presence of 
environmental and geographic terms such as estuary, coastal, and river, 
alongside methodological keywords including simulation, array, and 
analysis, indicates a progressively maturing and increasingly interdis
ciplinary research landscape. Taken together, the publication trends and 
keyword distribution suggest a field that is expanding and diversifying, 

while still exhibiting gaps in areas such as large-scale deployment 
analysis and techno-economic optimisation.

Across the literature, tidal stream resource assessments have been 
conducted for a wide range of national contexts, including the USA [27, 
28], Canada [29], France [30,31], China [32–34], South Korea [35–37], 
UK [14,19], Germany [38], and Vietnam [39,40]. The literature uses 
methods ranging from national GIS and tidal atlas screening to regional 
two- and three-dimensional hydrodynamic modelling and site-specific 
measurement campaigns. Common platforms include Finite Volume 
Community Ocean Model [28,29,33], TELEMAC [31] and MOHID [36]. 
Models are typically calibrated against tide-gauge, current-meter or 
Acoustic Doppler Current Profiler observations [28]. Array-scale studies 
also represent turbine energy extraction using enhanced-drag or 
momentum-sink terms [33]. Some research combines geospatial anal
ysis in Quantum GIS (QGIS) [38] with bathymetric data from the Gen
eral Bathymetric Chart of the Oceans (GEBCO) and tidal forcing derived 
from Oregon State University Tidal Inversion Model (TPXO) datasets 
[39]. These studies consistently demonstrate that tidal resources are 
highly spatially concentrated and that system-level benefits depend on 
targeted deployment at a limited number of high-energy sites rather 
than widespread installation across broader coastal areas [18,41].

From a resource quality perspective, a broad consensus has emerged 
with respect to the tidal velocity thresholds. Whereas peak velocities 
exceeding 2.5 m/s are widely regarded as commercially attractive and 
viable for energy extraction [42,43], there has been less consensus with 
respect to the mean speed criterion. In general terms, the relevant 
literature suggests that mean tidal current speeds below 1.5 m/s are 
generally considered insufficient for conventional tidal stream turbines 
[38]. A mean-magnitude threshold of 1.5 m/s can therefore be justified 
as a resource-persistence criterion. It prevents a site from qualifying 
solely because it experiences one brief high-speed peak while having 
weak velocities during the rest of the tidal cycle [18]. Using both mean 
and peak thresholds therefore distinguishes persistent high-flow loca
tions from sites with short maximum values.

Although some variation exists in reported optimal installation 
depths, the literature suggests a relatively narrow range of preferred 
depths of between 20 and 50 m [43], with several studies proposing 
narrower intervals of 35–45 m [38] or an indicative depth of around 40 

Fig. 2. Descriptive analysis of the tidal stream research papers trends (left) and papers' titles key words (right).
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m [44,45]. These ranges reflect trade-offs between hydrodynamic per
formance, structural feasibility, and installation and monitoring re
quirements. Collectively, these findings define a set of physical 
constraints that underpin contemporary tidal stream site selection and 
inform the methodological assumptions adopted in this study.

The following three turbine technologies could be considered as 
potential candidates for deployment based on the criteria provided. 
MeyGen AR1500/HS1500, HydroQuest OceanQuest, and Nova M100-D 
represent different stages and scales of tidal stream technology. The 
AR1500 and HS1500 is a commercial scale installation, with 1.5 MW 18 
m horizontal-axis rotors that have demonstrated long-term reliability 
under energetic UK tidal conditions [46]. Although the turbine reaches 
its rated power at approximately 3.0 m/s maximum tidal speed, it re
mains a relevant reference technology for this study because the adopted 
2.5 m/s threshold is intended to identify areas with sufficiently strong 
tidal resources at the regional screening stage. The HydroQuest 
OceanQuest demonstrator closely matches the environmental condi
tions considered in this study (30–50 m water depth and 2.4–3.1 m/s 
max currents) [47]. It has bottom-mounted turbines that can operate 
within these conditions. The Nova M100-D demonstrates reliable 
operation in 30–40 m water depths and currents of around 2.6 m/s 
maximum tidal velocity, although its 100 kW capacity makes it more 
suitable as evidence of practical deployment and maintenance feasibility 
than as a representative commercial-scale technology [46].

A complementary strand of literature considers the contribution of 
tidal energy to the power system from a whole-system perspective. A key 
contribution in this area presents a modelling framework to quantify 
power system benefits of ocean energy deployment in GB using a whole- 
system optimisation approach [48]. The study utilises PyPSA as the core 
modelling Python library for power system analysis [49], representing 
the GB electricity system through a 9-zone network with a simplified 
topology, including generation, demand, storage, and inter-zonal 
transmission constraints. Input data are based on multiple sources, 
including FES, UK Government, and the Renewable Ninja platform [50, 
51]. The principal strength of this approach lies in its ability to quantify 
operational impacts, such as changes in dispatch patterns, balancing 
requirements, and system costs under increasing levels of ocean energy 
penetration. At the same time, the use of a simplified zonal represen
tation imposes limitations on the spatial resolution of network con
straints and regional effects.

Building on the previous research, this paper utilises established 
datasets and modelling tools while extending their application within an 
integrated framework tailored to the GB power system. Consistent with 
previous tidal resource assessments [14,19,52], TPXO tidal velocity 
data, GEBCO bathymetry [39], and QGIS-based spatial analysis [38] are 
used to identify candidate tidal stream sites. The key methodological 
advance lies in moving beyond threshold-based suitability screening by 
embedding the spatial analysis within a formal multi-objective NSGA II 
optimisation framework for tidal generator deployment. At the system 
level, the whole-system optimisation approach introduced by Ref. [48]
is extended through an upgrade of the PyPSA network representation 
from 9 to 17 zones, aligned with ETYS boundaries and consistent with 
FES documents.

3. Methodology

3.1. Evaluation of potential tidal stream generator locations

The analysis of location-specific tidal stream generator deployment 
presented in this paper relies on findings from the research literature 
reviewed in the previous section, and is also informed by practical 
considerations relevant to tidal stream project development. To identify 
suitable locations for deployment, multiple scenarios are evaluated to 
reflect different characteristics discussed in the previous section. 
Collectively, these scenarios serve as a sensitivity analysis for site 
selection.

Firstly, locations characterised by average maximum tidal current 
velocities of at least 2.5 m/s are considered suitable for tidal stream 
generator deployment, in line with performance criteria reported in the 
literature [42]. Subsequently, the analysis is narrowed by applying a 
minimum average tidal current speed of 1.5 m/s to identify more robust, 
consistently high-flow locations rather than sites characterised only by 
short peak velocities [18]. Tidal current velocities are derived from the 
TPXO9-atlas-v5 data, following a methodology consistent with previous 
studies, while exploiting the improved spatial resolution and data 
assimilation capabilities of TPXO9-atlas-v5 relative to earlier releases 
such as TPXO8 [53–55]. The model incorporates major and minor as
tronomical tidal constituents, including M2, S2, N2, K2, 2N2, K1, O1, 
P1, Q1, Mf, Mm, M4, MN4, MS4, and S1, aligned with International 
Electrotechnical Commission Technical Specification (IEC TS) 
62600-201 [56]. For this study, TPXO9-atlas-v5 outputs in 500 m × 500 
m resolution are pre-processed in MATLAB using the ‘scatter
edInterpolant’ function with natural-neighbour interpolation and 
extrapolation disabled. Received GeoTIFF rasters in the EPSG:27700 
coordinate system capture tidal velocity fields across the GB domain. A 
QGIS, Cell Statistics and Zonal Statistics are then calculated along with 
temporal mean and maximum tidal velocities. In total, 960 hourly 
snapshots starting from 00:00 on 1 January are used to characterise tidal 
velocity conditions, covering a 40-day period, compliant with IEC TS 
62600-201.

Secondly, consistent with engineering and deployment constraints, 
tidal stream generators are assumed to operate most effectively within a 
water-depth range of 35–45 m, with 40 m typically taken as the optimal 
reference depth for deployment. To assess the sensitivity of site selection 
to the permissible depth range, a broader range of 30–50 m is also 
considered. Accordingly, two depth scenarios are evaluated: 35–45 m 
and 30–50 m, with 40 m retained as the optimal reference depth in both 
cases. To represent this criterion spatially, bathymetric data from the 
GEBCO_2025 dataset [57] are used to construct the water depth layer, 
which is then processed to identify areas satisfying the specified depth 
range. GEBCO_2025 provides global bathymetric coverage at a spatial 
resolution of 15 arc-seconds, corresponding to around 500 m at the 
equator. The data are supplied in GeoTIFF format, enabling raster-based 
geospatial analysis through the inclusion of embedded georeferencing 
metadata.

Finally, to capture limitations related to grid connection, candidate 
sites are limited to those lying within 50 km of the shoreline, in order to 
ensure manageable cabling lengths and connection costs. While some 
previous studies adopted more conservative offshore distance limits of 
20-35 km [58], this paper extends the threshold to 50 km to capture a 
wider set of technically feasible locations and to reflect potential future 
grid connection developments. Coastline contours for the GB case study 
are derived from GEBCO_2025 bathymetric data.

Spatial analysis is performed in QGIS [59], where the sea area sur
rounding the GB mainland is represented using a 500 m × 500 m grid. 
Major islands and peninsulas that are close to the GB mainland are also 
included in the analysis, as tidal stream generators located in their vi
cinity can be feasibly connected to the GB mainland power grid (this in 
particular includes areas surrounding the Isle of Wight, Anglesey, and 
the Orkney Islands).

Finally, once all spatial and technical constraints are defined, a 
multi-objective optimisation based on the NSGA-II algorithm [60] is 
applied to determine spatially optimised tidal stream generator loca
tions [61]. The mathematical formulation of NSGA-II and its imple
mentation using the PyMoo library [62] are described in detail in 
Section 3.3. The overall optimisation framework, encompassing site 
selection, connection constraints, and system integration, is illustrated 
in Fig. 3.

3.2. Optimising GB power system operation with tidal stream generation

In this paper, a 17-zone GB power system model is developed using 
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the PyPSA modelling framework [49]. Parameters of the GB system 
model have been made consistent with the ETYS 2024 zonal boundaries 
and the 2030 planning horizon. Cross-zonal transmission capacities are 
taken directly from the ETYS 2024 Boundary Chart data [12] and reflect 
both existing transmission lines and committed network reinforcements.

Zonal electricity demand is constructed using the FES 2025 Holistic 
Transition 2030/2031 Winter Peak scenario [13] in combination with 
the regional demand breakdown. Minor FES regions are aggregated to 
ensure consistency with the 17 ETYS-aligned zones. To capture realistic 
temporal variability, an hourly national demand profile from the Na
tional Energy System Operator 2023 data portal [63] is applied and 
scaled to the 2030 Winter Peak level. Demand is then allocated across 
zones according to their respective regional shares.

The generation portfolio represents a 2030 system based on the ETYS 
2024 Contracted Generation data [12] and FES 2025 Holistic Transition 
capacity projections [13]. Conventional generators are modelled with 
fixed installed capacities and constant marginal costs. Nuclear genera
tors are assumed to operate as must-run units with a minimum output of 
50% of installed capacity. Variable renewable generators (wind and 
solar PV) are represented using UK-representative hourly availability 

profiles that have been derived from Renewables Ninja [50,51], scaled 
by installed capacity, with site coordinates specified in Annex A. The 
hourly renewable generation profiles used in the simulations are pre
sented in Fig. 4 as day–hour heatmaps. For each technology, the original 
8760-h time series was reshaped into a 24 × 365 matrix, where the 
x-axis represents the day of the year and the y-axis represents the hour of 
the day. The colour scale represents the normalised hourly generation 
availability, or capacity factor, ranging from 0 to 1, where 0 indicates no 
available generation, and 1 indicates maximum available output relative 
to installed capacity. The tidal stream profile and generator marginal 
costs were adopted from Ref. [48], while the other renewable profiles 
were used to represent the temporal availability of offshore wind, 
onshore wind and PV generation in the GB system model. Detailed as
sumptions on generation and storage parameters are provided in Annex 
B.

Energy storage is represented through short-duration battery-type 
storage and pumped-hydro storage, with no direct marginal cost 
assigned to charging or discharging. Storage operation is therefore 
driven solely by system conditions, including demand levels, RES 
availability, and network constraints. Generic battery storage is 
modelled with a 2-h duration and symmetric charging and discharging 
efficiencies of 90%, and is initialised with zero stored energy. Pumped- 
hydro storage plants are represented with plant-specific power capac
ities, storage durations ranging from 4 to 20 h, and asymmetric effi
ciencies of 80% for charging and 93% for discharging [48]. These units 
are initialised at 50% of maximum energy capacity [64], ensuring im
mediate upward and downward flexibility at the start of the simulation.

Existing and planned interconnectors up to 2030 are included as 
capacity-constrained links, with technical data taken from Ref. [65]. 
System operation is simulated using PyPSA's linear optimal power flow 
(LOPF) [66] formulation over a full year at hourly resolution for the 
2030 system. The resulting 17-zone GB power system representation and 
its corresponding single-line network topology are shown in Fig. 5.

Once suitable locations for tidal stream deployment had been iden
tified and the GB power system model established, a set of tidal pene
tration scenarios was defined. The analysis begins with a baseline 
scenario in which no tidal generation is included. This is followed by a 
system-wide deployment scenario, where 0.5 GW of tidal stream ca
pacity is introduced across all three suitable zones, replacing existing 
variable RES (wind and solar PV) generation on an energy-equivalent 
basis. In addition, a zone-by-zone sensitivity analysis is conducted, 
whereby tidal capacity is introduced individually in each suitable zone. 
This allows the identification of locations in which tidal stream 
deployment delivers the greatest system-level benefits.

Given that different RES technologies exhibit distinct temporal 
generation profiles, substitution is not performed on a simple capacity- 
equivalent basis. Instead, substitutions are balanced on an annual en
ergy output basis to ensure comparable yearly generation. These co
efficients are derived from the ratio of capacity factors, such that 
equivalent annual energy output is maintained across technologies. 
Specifically, the required installed capacity is scaled proportionally to 
the ratio between the tidal stream capacity factor and that of the 
substituted technology, similar to Ref. [67]. To achieve this, 
technology-specific substitution coefficients are applied, equal to 1.0 for 
onshore wind, 1.325 for offshore wind, and 0.3 for photovoltaic gen
eration based on the differences in generation profiles. For instance, 0.5 
GW of tidal stream generation with an annual capacity factor of 40% 
would nominally produce the same amount of electricity annually as 
1.25 GW of solar PV capacity with a capacity factor of 12%, therefore, 
these ratios were taken into account when substituting wind and solar 
PV with tidal stream capacity across various scenarios.

To measure the contribution of tidal stream deployment to overall 
system performance, a range of model outputs are quantified: i) total 
electricity production, ii) system operation costs, iii) RES energy 
curtailment, iv) average generation costs, v) market capture price, and 
vi) weighted average electricity prices. The impact of tidal stream 

Fig. 3. Integrated optimisation framework for tidal stream generator siting and 
grid connection analysis.
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integration is assessed by comparing the values of these metrics to the 
baseline scenario, and quantifying the incremental system effects.

3.3. Software implementation of proposed framework

This study employs the open-source geographic information system 
QGIS [59] version 3.40.12 to identify and evaluate potential locations 

for tidal stream generator deployment. QGIS supports grid-based zonal 
analysis and enables the integration of multiple spatial data layers, 
allowing detailed assessment of bathymetric conditions and 
distance-to-shore constraints through the processing of GEBCO_2025 
bathymetric data and tidal velocity fields derived from TPXO9-atlas-v5.

The QGIS-embedded tools used throughout the spatial analysis are 
summarised in Table 1. The table provides a concise description of each 

Fig. 4. Generation profiles of the RES used for the simulation.

Fig. 5. 17-zone GB power system representation showing ETYS 2024 zonal boundaries (left) and the corresponding simplified single-line network topology used in 
the PyPSA model (right).
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tool and its role in the workflow, with entries listed in alphabetical order 
for clarity and transparency.

Multi-objective site selection is implemented in Python using the 
PyMoo [62] version 0.6.1.6, with the NSGA-II algorithm [60] applied to 
identify Pareto-optimal [69] trade-offs between competing siting 
criteria. NSGA-II is a well-established multi-objective optimisation 
method, widely used for exploring complex, non-linear, and 
high-dimensional solution spaces while maintaining a well-distributed 
approximation of the Pareto front [69]. Unlike approaches that 
require a priori weighting of objectives, NSGA-II enables competing 
criteria to be treated explicitly and symmetrically, which is particularly 
appropriate for problems involving simultaneous technical, economic, 
and spatial considerations. As a result, the algorithm has been widely 
applied in power system simulations [70], RES integration [71], and 
geospatial optimisation studies [61], where trade-offs between resource 
quality, infrastructure distance, and site suitability are central.

Power system modelling is carried out using PyPSA [49] version 
1.0.4, an open-source energy system modelling framework that supports 
linear optimal power flow (LOPF), unit commitment, and large-scale 
network analysis. PyPSA enables explicit representation of generator 
technical characteristics, including installed capacity, marginal costs, 
operational inflexibilities, storage behaviour, and inter-zonal trans
mission constraints. Its data structures allow for consistent time-series 
modelling of RES generation and demand. The PyPSA functions and 
components used in the power system modelling are summarised in 
Table 2.

The optimisation problems are solved using the CPLEX optimiser 
[72] version 22.1, integrated with Python 3.10. This configuration was 
found to provide stable and reliable performance for the 17-zone GB 
power system model. Across all scenarios, CPLEX consistently produced 
converged solutions and demonstrated robust handling of the large 
number of constraints associated with the high temporal and spatial 

resolution of the model.

3.4. Mathematical formulation of the proposed framework

3.4.1. Optimising locations for tidal stream generators
The optimisation problem for finding the best locations for tidal 

stream generators used in this paper is presented in equations (1)–(12). 
It integrates key spatial criteria to identify optimal tidal energy sites 
while observing the relevant constraints: 

min
x∈Ωs

f1(x)= δP (1) 

min
x∈Ωs

f2(x)= − vmax
P (2) 

min
x∈Ωs

f3(x)= − vP (3) 

min
x∈Ωs

f4(x)= |dP − 40| (4) 

s.t. g(s)1 (x)= d(s)
min − dP ≤ 0 (5) 

g(s)2 (x)= dP − d(s)
max ≤ 0 (6) 

g3(x)= − vmax
P + 2.5 ≤ 0 (7) 

g4(x)= − vP + 1.5 ≤ 0 (8) 

xL
i ≤ xi ≤ xU

i , i = 1,…,4 (9) 

x=
[
δP, vmax

P , vP, dP
]
∈ Ωs (10) 

(
d(1)

min, d
(1)
max

)
=(35,45) (11) 

(
d(2)

min, d
(2)
max

)
=(30,50) (12) 

where x is the vector of decision variables representing the geospatial 
attributes of a candidate site; δP is the distance to the shoreline; vmax

P is 
the maximum tidal current velocity; vP is the mean tidal current velocity; 
and dP is the water depth at the site. The objective functions f1(x), f2(x), 
f3(x), and f4(x) minimise the distance to the shoreline, maximise the 
maximum tidal velocity, maximise the mean tidal velocity, and mini
mise the deviation from the optimal reference depth of 40 m, respec
tively. The functions g(s)1 and g(s)2 define the permissible depth range 
under scenario s, while g(s)3 and g(s)4 require maximum and mean tidal 
velocities of at least 2.5 m/s and 1.5 m/s, respectively. Furthermore, xL

i 
and xU

i are the lower and upper bounds of the i-th decision variable, and 
Ωs is the feasible solution space under depth scenario s, determined by 

Table 1 
QGIS tools used for the analysis of tidal stream resource.

Layer AP AR C CG CL CR CS CT DI DN F GC I W ZS 
Bathymetry 
layer                

Tidal speed 
layer                

Distance 
layer                

Intersection 
layer                

Optimisation 
layer                

Where QGIS tools applied are: AP – add point layer, AR – add raster layer, C – clip, CG – create grid, 
CL – create layer, CR – clip raster by mask layer, CS – cell statistics, CT – centroids, DI – densify by 
interval, DN – distance to nearest hub (points), EV – extract vertices, F – filter, GC – graduated/ 
categorised, I – intersection, W – warp (reproject), ZS – zonal statistics [68].

Table 2 
The shortlist of the function and components utilised to build a 17-zone GB 
power system.

Framework step PyPSA function to implement

Initialise model network = pypsa.Network()
Build network network.add(“Bus …”) 

network.add(“Load …”) 
network.add(“Generator …”) 
network.add(“Link …”) 
network.add(“StorageUnit …”)

Run optimisation network.optimize()
Extract and assess results network.generators_t.p. 

network.storage_units_t.p. 
network.buses_t.marginal_price. 
network.links_t.p0. 
network.statistics.curtailment
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all relevant physical, environmental, and technical constraints. The 
optimisation is conducted separately for the two depth scenarios, with 
40 m retained as the optimal reference depth in both cases.

In the proposed optimisation approach equations (1)–(4) define the 
four objective functions. Equation (1) minimises the distance to the 
shoreline, favouring sites that require lower cable lengths and are more 
accessible. Equations (2) and (3) maximise the maximum and mean tidal 
current velocities, respectively. Equation (4) minimises the absolute 
deviation of the site depth from the optimal reference depth of 40 m.

Equations (5) and (6) restrict the water depth to the lower and upper 
limits associated with scenario s. As specified by Equations (11) and 
(12), scenario 1 applies the narrower depth range of 35–45 m, whereas 
scenario 2 applies a broader range of 30–50 m; the optimal reference 
depth remains 40 m in both cases. Equations (7) and (8) require a 
maximum tidal current velocity of at least 2.5 m/s and a mean tidal 
current velocity of at least 1.5 m/s, respectively. Equation (9) imposes 
the lower and upper bounds on each decision variable, while equation 
(10) defines the complete decision vector.

NSGA-II is used to evolve a population of candidate solutions over 
successive generations using selection, crossover, and mutation. At each 
generation, individuals are ranked via fast non-dominated sorting, while 
solution diversity is preserved using a crowding-distance metric. Selec
tion is performed through an elitist procedure that retains the best non- 
dominated and well-distributed solutions, forming the Pareto front. 
Mathematically, NSGA-II can be expressed as follows ([60,73]).

Pt = {x1, x2,…, xN}⊂Ω denotes the parent population at generation 
t. Qt , the offspring population, is generated via genetic operators. The 
combined population is defined as: 

Rt =Pt ∪ Qt (13) 

Solutions in Rt are partitioned using fast non-dominated sorting into 
a sequence of Pareto fronts: 

F ={F1, F2,…, FK} (14) 

where F1 represents the set of non-dominated solutions and subsequent 
fronts correspond to increasing dominance levels. Within each front, a 
crowding-distance measure CD(x) is computed to quantify solution 
density in the objective space.

The next-generation population Pt+1 is constructed through elitist 
selection according to Pareto rank and crowding distance: 

Pt+1 = Select(F ,CD) (15) 

|Pt+1| =N (16) 

This evolutionary process is repeated until a predefined termination 
criterion is satisfied, resulting in an approximation of the Pareto-optimal 
solution set that captures the trade-offs among the competing objectives 
defined.

3.4.2. Simulation of GB power system with tidal stream generators
To assess the operational behaviour of the GB power system under 

different tidal energy deployment levels, a simplified LOPF framework is 
applied. The model represents the hourly interaction of generation, 
storage, and cross-zonal electricity transfers over a full year in an hourly 
resolution. Power flows between zones are modelled using a transport- 
based abstraction, in which electricity can be exchanged up to pre
defined transfer capacities without the need to represent detailed elec
trical characteristics. The resulting mathematical structure forms the 
foundation for the optimisation described below: 

min
x

∑

g∈G
cvar

g pg (17) 

s.t.
∑

g∈Gn
pg+

∑

s∈Sn

(
pdis

s − pch
s
)
+
∑

l∈Ln→m
fl −

∑

l∈Lm→n
fl=dn,∀n∈N (18) 

0≤ pg ≤ Pg,∀g ∈ G (19) 

− Fl ≤ fl ≤ Fl, ∀l ∈ L (20) 

0≤ pch
s ≤ Pch

s ,0 ≤ pdis
s ≤ Pdis

s ,∀s ∈ S (21) 

0≤ es ≤ Es,∀s ∈ S (22) 

pdis
s − pch

s , ∀s ∈ S (23) 

where pg is the electrical output of the generator g, and cvar
g is its variable 

generation cost; pch
s and pdis

s denote the charging and discharging power 
of the storage unit s, while es represents the energy stored in that unit at 
the current time step; fl is the power flow on the transmission link l; dn is 
the electricity demand in the zone n. The sets N, G, S, and L represent, 
respectively, the collection of zones, generators, storage units, and 
transmission links in the system, with Gn ⊆ G and Sn ⊆ S denoting the 
generators and storage units located in the zone n, and Ln→m, Lm→n 

denoting links carrying flows between zones. Pg is the installed capacity 

of the generator g; Pch
s and Pdis

s are the maximum charging and dis
charging rates of the storage unit s; Es is its energy capacity; and Fl is the 
transfer capacity of the link l.

Equation (17) defines the objective function, which minimises the 
total variable generation cost of all generators included in the system. 
Equation (18) imposes the power balance requirement in every zone n, 
where electricity demand must be met by the sum of generation within 
the zone, the net contribution of storage, and net electricity exchanges 
through the interzonal links, according to the adopted flow-direction 
convention. The storage term is positive during discharging and nega
tive during charging. Equation (19) limits the output of each generator 
to the range between zero and its installed capacity. Equation (20)
constrains the power flow on each transmission link to its permitted 
transfer capacity in both directions. Equation (21) separately bounds the 
charging and discharging power of every storage unit by the corre
sponding maximum rates. Equation (22) ensures that the stored energy 
remains non-negative and does not exceed the energy capacity of the 
storage unit. Equation (23) represents the net storage power term used 
in the zonal balance: discharging delivers electricity to the system, 
whereas charging withdraws electricity from it. Together, Equations 
(13)–(19) describe a least-cost operating state in which zonal demand is 
satisfied while respecting generation, storage, and cross-zonal transfer 
limits.

The system performance metrics used for scenario evaluation are 
defined as follows.

The annual energy output of a generator technology k under scenario 
s is given by: 

E(s)
k =

∑

t∈T
wt

∑

g∈G (k)p
(s)
g,t (24) 

Total system operating cost is calculated as: 

C(s)
op =

∑

t∈T
wt

∑

g∈G
cmarg

g p(s)
g,t (25) 

RES curtailment [74] is expressed as: 

E(s)
curt =

∑

t∈T
wt

∑

r∈R

(
pavail,(s)

r,t − p(s)
r,t

)
(26) 

The average generation cost of the system is defined as: 

c(s)gen =

∑
t∈T wt

∑
g∈G cmarg

g p(s)
g,t

∑
t∈T wt

∑
g∈G p(s)

g,t
(27) 

The market capture price [75] for a given technology k is computed 
as: 
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MCP(s)
k =

∑
t∈T wtπ(s)

t
∑

g∈G (k)p(s)
g,t

∑
t∈T wt

∑
g∈G (k)p(s)

g,t
(28) 

The weighted average market [76] price is given by: 

π(s) =

∑
t∈T wtπ(s)

t D(s)
t

∑
t∈T wtD(s)

t
(29) 

Differences between scenarios are evaluated as: 

ΔM(s) =M(s) − M(s0) (30) 

where t ∈ T denotes the set of modelled time steps, wt the corre
sponding time-step weights, pg,t the dispatched power of generator g, 
cmarg

g the marginal generation cost, πt the market price, Dt the system 
demand, G the set of all generators, G

(k) the subset of generators 
belonging to technology k, and R the set of RES energy sources.

Changes in these metrics are used to assess the system impacts of 

tidal stream deployment relative to the reference scenario. Increases in 
annual energy output Ek indicate a greater contribution of the corre
sponding technology to system supply, while reductions in total oper
ating cost Cop and average generation cost cgen reflect improved 
economic efficiency. Lower RES curtailment Ecurt signifies enhanced 
integration of variable RES and more effective utilisation of available 
resources. Higher market capture prices MCPk indicate improved 
alignment of generation with high-price periods, whereas changes in the 
weighted average market price π reflect broader impacts on market 
outcomes.

4. Results and discussion

4.1. Optimal locations for tidal stream generation in the GB system

The multi-layer spatial screening framework described in the Meth
odology section was first used to identify candidate locations that satisfy 

Fig. 6. Spatial distribution of tidal stream generator locations meeting the initial deployment criteria across key GB coastal zones. Geographical basemap: © 
OpenStreetMap contributors (openstreetmap.org/copyright).
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the criteria of maximum tidal current velocity of 2.5 m/s, a distance to a 
candidate site within 50 km of the shoreline, water depth within the 
ranges of 35–45 m and broader 30–50 m. Each marker represents a 500 
m × 500 m grid cell. As shown in Fig. 6, the intersection of the layers 
highlights several high-potential regions, in particular around the Ork
ney Islands and within the Pentland Firth channel between mainland 
Scotland and Orkney. Additional areas of interest are defined near the 
Isle of Anglesey, within the Bristol Channel, along the Welsh coastline 
near the Pembrokeshire Coast, and in the English Channel adjacent to 
the Isle of Wight.

These findings broadly align with the locations identified by previous 
research into the GB tidal stream potential [14,18,41]. Nevertheless, 
through simultaneous consideration of multiple technical and spatial 
constraints, the analysis presented here suggests a more selective and 
deployment-oriented set of viable locations, thereby reducing the 
overall number of candidate sites. Accordingly, Fig. 7 presents the lo
cations identified using more selective criteria: a maximum tidal current 
speed of at least 2.5 m/s, a mean speed of at least 1.5 m/s, and a distance 
to shore of no more than 50 km, evaluated under two alternative depth 
ranges of 35–45 m and 30–50 m. OpenStreetMap was used as the 

geographical basemap to provide additional spatial context, including 
major cities, coastlines, and administrative boundaries [77]. Two map 
scales were applied to improve geographical clarity and the visibility of 
the identified locations: 1:3,500,000 for the overall GB map and 1:215, 
000 for the zoomed-in areas.

The initial results of the multi-layer spatial screening of candidate 
locations are then used as inputs into the NSGA II optimisation. The 
objective of this stage is to identify the best sites for tidal stream 
generator deployment by simultaneously maximising maximum and 
mean tidal current velocities, constraining water depth around its 
optimal value (40 m) for both depth ranges (35-45 m and 30-50 m), and 
minimising distance to shore to reduce grid connection costs. This 
optimisation-based filtering refines the initial set of feasible locations by 
explicitly capturing trade-offs between resource quality and the prox
imity to grid infrastructure.

The resulting optimal sites are shown in Fig. 8, corresponding to 
segments in Fig. 7. Each tile in Fig. 7 represents a 500 m × 500 m grid 
cell selected by the optimisation as part of the Pareto-optimal solution 
set. Relative to the initial multi-layer screening, the optimisation yields a 
substantially reduced number of locations, due to a more selective 

Fig. 7. Spatial distribution of tidal stream generator locations meeting advanced deployment criteria across key GB coastal zones. Geographical basemap: © 
OpenStreetMap contributors (openstreetmap.org/copyright).
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process that identifies those sites that outperform other sites across all 
criteria. Multiple scenarios considered an allowable depth range of 
30–50 m, and subsequently a narrower range of 35–45 m, with 40 m 
specified as the optimal depth. All selected sites are suitable for 
connection to the GB mainland transmission grid and, when mapped 
onto the GB power system model used in this study (Fig. 5), the best 
locations are predominantly associated with zones 1, 9, and 15.

4.2. GB power system operation with tidal stream generators

Once the optimal spatial allocation of tidal stream generators has 
been established, the second part of the methodological framework 
addresses their system-level impacts on GB power system operation with 
high shares of variable renewable generation.

The generation capacity per technology as well as the minimum and 
maximum levels of demand are presented in Fig. 9 for each of the 17 
zones used to represent the GB power system. The figure demonstrates 
there are significant differences in installed capacity and demand across 
the zones. For instance, zones 7, 10, 11, 13, and 17 have installed gen
eration capacities that substantially exceed their peak demand, the 
surplus generation effectively making them potential net exporters 
under most operating conditions. In particular, zones 10 and 11 combine 
large-scale firm and variable generation with moderate local demand, 
positioning them as central supply hubs within the system. By contrast, 
some other zones such as zone 14 have a demand-generation imbalance, 

with peak demand approaching or exceeding the local capacity, 
implying a strong reliance on inter-zonal imports. At the system level, 
overall generation adequacy is maintained; however, a clear spatial 
mismatch between supply and demand necessitates substantial power 
transfers across zones.

The spatial configuration of the network and the associated cross- 
zonal transfer capacities shown in Fig. 10 indicate that the redistribu
tion of surplus generation is constrained by several transmission corri
dors with restricted capacity that are likely to act as congestion points. In 
particular, north-south power transfers are effectively limited [78] by 
the capacities of the z7-z8 (10.2 GW) and z9-z10 (5.5 GW) corridors, 
restricting exports from northern surplus zones despite higher down
stream capacities, such as the z10-z11 link (16.4 GW). Similarly, 
although major southern demand centres are connected to the rest of the 
system via high-capacity links (e.g. z14-z17 at 17.3 GW), the aggregate 
import capability of zone 17 is constrained by smaller upstream con
nections, including z12-z17 (2.9 GW) and z15-z17 (5.9 GW). These 
structural bottlenecks suggest that, even in the absence of aggregate 
generation scarcity, localised congestion is likely to arise, limiting the 
efficient utilisation of surplus RES generation.

Taken together, Figs. 9 and 10 allow for an initial comparative 
assessment of regional demand, installed generation capacity, and cross- 
zonal transfer capability. Building on this baseline characterisation, a set 
of LOPF simulations is carried out to evaluate a set of scenarios in which 
portions of baseline variable RES generation are progressively 

Fig. 8. Optimally selected tidal stream generator sites. Geographical basemap: © OpenStreetMap contributors (openstreetmap.org/copyright).

Fig. 9. Zonal generation capacity mix and demand bounds across the 17-zone GB power system.
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substituted with tidal stream generation.
Based on the analysis presented earlier in this section, zones 1, 9, and 

15 in the GB power system model are identified as those with the most 
favourable conditions for tidal stream generator deployment. The 
baseline case represents the system configuration as specified in the FES 
and ETYS scenarios for 2030. In addition to this, a multi-zonal tidal 
deployment scenario is considered, in which 0.5 GW of tidal stream 
capacity is introduced in each of the three identified zones through the 
substitution of baseline renewable generation (i.e. wind and solar PV 
capacity).

To further investigate the spatial aspects of tidal stream integration, 
a set of additional zonal scenarios is evaluated, whereby 0.5 GW of tidal 
capacity is introduced individually in each zone. The corresponding 
adjustments to RES capacities and the associated tidal capacity additions 
applied under each scenario are described in Subsection 3.1 and sum
marised in Table 3. Owing to insufficient RES capacity within zone 15 to 
allow for full substitution, zone 12 is additionally included in the rele
vant scenarios and treated jointly with zone 15.

Fig. 11 illustrates changes in annual electricity generation and total 
system operating costs relative to the Baseline scenario following the 
integration of tidal stream generation. In the multi-zonal deployment 
case covering zones 1, 9, and 15, aggregate variable RES generation 
(wind, solar PV, and tidal stream) increases by approximately 0.6 TWh, 
referring to around 0.18% of total system demand of roughly 330 TWh. 
This additional RES output primarily displaces gas-fired generation, 
which decreases by about 0.5 TWh, equivalent to approximately 2.4% of 
baseline gas generation. Output from nuclear and other non-variable 
technologies remains largely unchanged. As a result, total system 
operating costs decline by nearly £65 million, representing a reduction 
of around 2.3% relative to the Baseline case. This cost reduction reflects 
the replacement of higher-marginal-cost thermal generation with low- 
marginal-cost and highly predictable tidal stream output.

It should be noted that the 0.6 TWh increase in the aggregate output 
of wind, PV and tidal generation is achieved despite the energy- 
equivalent substitution of wind and PV generation with tidal stream. 
In other words, the nominal annually available generation output from 
these three technologies is exactly the same in both cases. However, 

when tidal capacity replaces wind and PV, the aggregate RES curtail
ment reduces because the tidal output profiles offer better diversity 
when combined with the dominant wind and PV output patterns. As the 
result, a higher proportion of the available RES output is successfully 
integrated by the system, resulting in higher aggregate RES output.

The zonal sensitivity scenarios confirm the spatial robustness of these 
effects. Individual tidal stream deployment at the level of 0.5 GW in 
zones 1, 9, and 15 leads to expectedly smaller but consistent increases in 
variable RES generation, ranging from 0.14 to 0.24 TWh. These in
creases are accompanied by reductions in gas-fired generation of around 
0.15-0.2 TWh and corresponding operating cost savings in the range of 

Fig. 10. Zonal generation, storage capacity, and transmission flows in the GB 17-zone power system, MW.

Table 3 
Scenario framework for tidal capacity integration and RES energy substitution 
with coefficients of 1.0 for onshore wind, 1.325 for offshore wind, and 0.4 for 
photovoltaic generation, MW.

Scenario Zone 1 Zone 9 Zone 12, 15

Base scenario - - -
Tidal zones 1, 9, 

15
+500 tidal 
stream 
− 100 wind 
onshore 
− 302 wind 
offshore

+500 tidal 
stream 
− 527 PV 
− 258 wind 
offshore

+500 tidal stream 
− 1310 PV - zone 15 
− 81 wind offshore - 
zone 12

Tidal zone 1 +500 tidal 
stream 
− 100 wind 
onshore 
− 302 wind 
offshore

- -

Tidal zone 9 - +500 tidal 
stream 
− 527 PV 
− 258 wind 
offshore

-

Tidal zone 15 - - +500 tidal stream 
− 1310 PV - zone 15 
− 81 wind offshore - 
zone 12
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£18-25 million. Taken together, these results indicate that geographi
cally diversified tidal deployment delivers the largest system-wide 
economic benefits, while single-zone installations still provide consis
tent incremental cost reductions and displacement of thermal genera
tion. This highlights the role of tidal stream generation as a 
complementary and system-supportive resource within the GB power 
system.

Fig. 11 also quantifies the impact of tidal stream integration on the 
overall variable RES curtailment. In the Baseline scenario, the total RES 
curtailment amounts to 85.84 TWh. The multi-zonal tidal deployment 
across zones 1, 9, and 15 delivers the largest reduction of RES curtail
ment, by about 0.69 TWh (around 0.8%). Individual zonal deployments 
achieve smaller reductions, ranging from 0.12 to 0.32 TWh. The greatest 
curtailment reductions also coincide with the corresponding increases in 
variable RES generation and the resulting displacement of gas-fired 
output, indicating a clear link between improved utilisation of zero- 
carbon and low-marginal-cost generation and reduced reliance on 
thermal dispatch. Across all scenarios, curtailment of tidal generation 

itself remains negligible, confirming a high level of system capability to 
absorb relatively modest volumes of tidal output. The observed rela
tionship between reduced curtailment and operating cost savings sug
gests that geographically diversified tidal deployment can displace 
higher-cost generation as well as improve overall RES utilisation, 
while single-zone deployments provide smaller yet robust benefits.

4.3. Impact of adding tidal stream generation on market prices

Fig. 12 summarises the zonal and system-wide impacts of tidal 
deployment on the average generation cost, market capture price, and 
weighted average market price, capturing complementary dimensions of 
system performance that are relevant for policy design. The results show 
that tidal integration delivers its strongest local benefits in higher-cost 
zones, particularly zones 10-15, where average generation costs 
decline by up to approximately £0.8-1.0/MWh under the multi-zonal 
deployment scenario. These localised effects aggregate to a system- 
wide reduction in average generation cost of around £0.2/MWh, 

Fig. 11. Impact of tidal stream deployment on generation mix, RES curtailment, and system operating costs for the 17-zone GB power system.

Fig. 12. Zonal impacts of tidal stream deployment on electricity prices and market metrics in the 17-zone GB power system.
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indicating that tidal deployment can contribute to cost reductions at 
scale.

Market capture prices for the mix of RES show a greater level of 
spatial variation, with reductions of approximately £0.3-0.6/MWh in 
zones characterised by high RES penetration. This pattern reflects 
reduced price suppression and improved revenue stability for low- 
carbon generators. Despite this heterogeneity at the zonal level, the 
system-wide capture price consistently declines across all scenarios, 
suggesting that tidal stream integration improves aggregate market 
outcomes without materially weakening local investment signals.

Weighted average market prices decrease modestly but consistently 
across most zones, by approximately £0.2-0.5/MWh, indicating a price- 
smoothing effect that is directly relevant for consumer costs and overall 
market efficiency. Across all metrics, the multi-zonal deployment sce
nario delivers the largest and most spatially coherent benefits, while 
single-zone deployments yield smaller, more localised impacts. From a 
policy perspective, these findings support the role of tidal stream gen
eration as a complementary RES technology that can reduce system 
operating costs, mitigate price volatility, and improve investment con
ditions when deployed in a coordinated and system-aware manner.

4.4. System integration cost of tidal stream generation

Based on the presented results of power system modelling it is also 
possible to quantify the System Integration Cost (SIC) of tidal stream 
generation. SIC of electricity generation technologies includes various 
categories of additional costs or benefits that are incurred in the system 
in addition to the levelised cost of building and operating the generation 
capacity itself [79]. SIC may include the impact on system balancing 
cost, cost of firm backup capacity, cost of reinforcing the grid infra
structure or the cost of maintaining system carbon emissions. SIC has 
been previously quantified using a whole-system approach [80] and by 
estimating its individual components [79–81].

Results for the system operation cost presented in this section allow 
for quantifying the SIC of tidal stream generation relative to a mix of 
wind and solar PV generation that is being replaced in the scenarios 
included in this analysis. Given that replacing wind and PV generation 
with tidal stream generation across all case studies resulted in cost 
reduction (as shown in Fig. 11), i.e., that the capacity replacement 
represented a net system benefit in terms of system operation cost, this 
will result in a negative value for SIC of tidal stream (or in other words, a 
system integration benefit).

The estimate of SIC provided in this section only includes operating 
cost, as this was included in the scope of the system optimisation model 
used in this paper. It is likely that optimising for other cost categories 
such as investment cost into generation, grid and energy storage infra
structure, may result in an even higher-magnitude system benefits of 
tidal stream power, although this needs to be confirmed by further 
research.

When calculating the SIC of a generation technology according to the 
method proposed in Ref. [80], it is important that any replacement of 
one generation technology with another is carried out using an 
energy-equivalent amount of capacity, i.e., that the removed and added 
capacities are capable of providing the same nominal annual output. 
Any resulting changes in total system cost, but excluding the Levelised 
Cost of Electricity (LCOE) of the technologies involved in the substitu
tion, are then divided by the annual output of the added low-carbon 
technology to establish its relative SIC in £/MWh.

The estimated values of SIC for tidal stream generation, calculated 
across the four tidal zone scenarios used in this study, are shown in 
Table 4.

As discussed above, the SIC of tidal stream generation relative to a 
mix of wind and solar PV generation is found to be negative, suggesting 
that substituting a relatively small volume of tidal stream generation for 
variable wind and solar generation in a system that already has a high 
share of wind and solar results in a reduction in system cost. Taking as an 

example the SIC of tidal stream estimated at around − £14/MWh in the 
first scenario, this implies that when considering tidal stream as an in
vestment candidate against renewable technologies such as wind and PV 
in this system, the LCOE of tidal can be up to £14/MWh higher than the 
LCOE of wind and solar PV, while still having the same overall cost effect 
when added to the system. In other words, the LCOE of tidal stream 
could include a premium with respect to wind and solar, while still being 
competitive with these technologies from the system perspective.

It can also be observed that the SIC benefit of tidal stream varies 
across different zones where this resource was assumed to be available, 
with the highest magnitude of system benefits observed in zone 15. This 
can be explained by the greater proximity of tidal stream generation in 
zone 15 to areas with high levels of demand (zones 14 and 17), reducing 
the effect of transmission grid constraints on transporting the tidal 
output towards the main demand centres.

5. Conclusions

This paper develops an integrated framework for assessing tidal 
stream deployment in GB by combining geospatial resource analysis, 
multi-objective optimisation, and whole-system power system model
ling. By linking GIS-based site screening with an NSGA-II optimisation 
stage and a 17-zone, ETYS-consistent PyPSA model, the framework en
ables a system-aware evaluation of where tidal stream generation can 
deliver the greatest operational and economic value.

The results indicate that, once realistic physical and grid-connection 
constraints are applied, viable tidal stream deployment is spatially 
concentrated in a limited number of coastal regions, primarily associ
ated with zones 1, 9, and 15 of the adopted GB grid model. Power system 
simulations demonstrate that integrating tidal stream generation in
creases the RES electricity output absorbed by the system, displaces gas- 
fired generation, and as the result reduces system operating costs and 
lowers the overall RES curtailment. These effects are most pronounced 
under geographically diversified deployment of tidal stream generation 
but remain robust across single-zone sensitivity scenarios. Analysis of 
price-based metrics further suggests that tidal stream generation gives 
rise to relatively stable market capture prices, supporting its role as a 
complementary technology within high-RES systems. Although the ef
fect of adding tidal stream generation on prevailing market prices was 
observed to be relatively small due to the small volume of generation 
added to the system, the effects quantified through the System Inte
gration Cost (SIC) were much more pronounced, with the system benefit 
of tidal stream relative to a mix of wind and solar PV generation esti
mated at £11-18/MWh.

The proposed framework can be scaled and transferred to other re
gions and power systems. Its modular structure allows the spatial 
screening, optimisation, and power system modelling components to be 
adapted to alternative datasets, network representations, and policy 
scenarios. As such, the framework provides a flexible decision support 
tool for assessing the system-level contribution of tidal stream genera
tion within future low-carbon electricity systems.

Future work in this area will focus on including tidal stream gener
ation into explicit generation investment optimisation models, as well as 
on explicit consideration of uncertainty related to variable RES gener
ation technologies such as wind, in order to appropriately differentiate 
between stochastic wind output patterns and fully predictable tidal 
generation profiles.

Table 4 
Estimates of the SIC of tidal stream generation relative to wind and solar PV 
across tidal zone scenarios used in the study.

Criteria Tidal zone scenario

Zones 1, 9, 15 Zone 1 Zone 9 Zone 15

SIC of tidal stream (£/MWh) − 13.9 − 14.3 − 11.0 − 17.6
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Future work will also address the quantification of SIC against other 
low-carbon technologies such as nuclear, as well as a more compre
hensive analysis of SIC by also quantifying its components related to 
investment cost into generation, storage and grid. Finally, future 
research will investigate the opportunities for deploying tidal stream 
generation technologies at lower tidal velocities (2 m/s and below) and 
different depths.

Finally, future research will also refine the annual energy production 
assessment by incorporating turbine-specific power curves, detailed 
array layouts, wake effects, turbine interactions and other array losses, 
thereby enabling estimation of net rather than gross annual energy 
production.

Nomenclature

Abbreviations, units Definition
AR Allocation Round
CfD Contracts for Difference
CPLEX IBM ILOG CPLEX Optimisation Studio
CPS Capture Price for Solar
ETYS Electricity Ten Year Statement
FES Future Energy Scenarios
GB Great Britain
GEBCO General Bathymetric Chart of the Oceans
GIS Geographic Information System
GW Gigawatt
LCOE Levelised Cost of Electricity
LOPF Linear Optimal Power Flow
MCP Market Capture Price
MW Megawatt
NESO National Energy System Operator
NSGA-II Non-dominated Sorting Genetic Algorithm II
ORE Offshore Renewable Energy
PV Photovoltaic
PyMoo Python Multi-Objective Optimisation library
PyPSA Python for Power System Analysis
QGIS Quantum Geographic Information System
RES Renewable Energy Sources

(continued on next column)

(continued )

SIC System Integration Cost
TPXO Oregon State University Tidal Inversion Model
TWh Terawatt-hour
UK United Kingdom
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Annex A

Site coordinates for the RES generators

Zone PV Wind onshore Wind offshore

Latitude Longitude Latitude Longitude Latitude Longitude

Zone 1 58.2999 − 4.0361 58.2999 − 4.0361 58.6566 − 3.8483
Zone 2 57.3167 − 4.5719 57.3167 − 4.5719 56.9140 − 6.0644
Zone 3 57.3770 − 2.5348 57.3770 − 2.5348 57.4630 − 1.5746
Zone 4 55.9916 − 5.5061 55.9916 − 5.5061 ​ ​
Zone 5 56.6068 − 4.1142 56.6068 − 4.1142 56.6333 − 2.2711
Zone 6 56.2707 − 3.2900 56.2707 − 3.2900 56.3281 − 2.4381
Zone 7 55.5565 − 3.7055 55.5565 − 3.7055 55.9529 − 2.0524
Zone 8 54.6810 − 2.5773 ​ ​ 54.8540 − 1.1515
Zone 9 ​ ​ ​ ​ 53.1823 − 4.5960
Zone 10 53.5076 − 1.6702 53.5076 − 1.6702 53.5296 0.3878
Zone 11 52.7090 − 1.4613 ​ ​ 53.2998 0.5317
Zone 12 51.7394 − 3.3148 51.7394 − 3.3148 ​ ​
Zone 13 52.5518 1.3189 ​ ​ 52.7255 1.8404
Zone 14 51.3393 0.2135 ​ ​ 50.7188 − 0.0847
Zone 15 50.8336 − 3.8604 ​ ​ ​ ​
Zone 16 51.2669 1.2394 ​ ​ 51.2106 1.5025
Zone 17 51.8225 − 1.2832 ​ ​ 50.5874 − 1.0368
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Annex B

Assumed number and installed capacity of generation and storage assets (MW)

Generator type Number of units Minimum value Maximum value Average value Median value Total capacity

Biomass 6 15 396 98 42 588
Gas 76 6 2199 413 140 31368
Hydro 30 4 100 33 20 1001
Nuclear 2 1230 1670 1450 1450 2900
PV 196 16 1225 238 115 46688
Thermal 8 14 57 37 44 299
Tidal stream 3 100 287 199 210 597
Waste 3 40 83 58 50 173
Wind Offshore 68 10 3000 680 444 46216
Wind Onshore 303 5 660 96 69 29188
Pump Storage 6 210 1644 594 400 3566
Energy Storage System 163 8 1400 175 57 28605
Total 864 ​ ​ ​ ​ 191188

Data availability

The results generated in this study, including a complete set of QGIS- 
based spatial layers and PyPSA-based power system simulation code are 
available online via GitHub repository.
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[75] Pavlík M, Bereš M, Kurimský F. Analyzing the impact of volatile electricity prices 
on solar energy capture rates in central Europe: a comparative study. Appl Sci Jul. 
2024;14(15):6396. https://doi.org/10.3390/APP14156396. 2024, Vol. 14, Page 
6396.

[76] Rostamnia N, Rashid TA. Investigating the effect of competitiveness power in 
estimating the average weighted price in electricity market. Electr J Oct. 2019;32 
(8):106628. https://doi.org/10.1016/J.TEJ.2019.106628.

[77] Copyright and licence | OpenStreetMap [Online]. Available: https://www.ope 
nstreetmap.org/copyright. [Accessed 12 October 2026].

[78] Mustapha MJ, Taylor G, Hulak D. A novel methodology to investigate the impact of 
electricity market reforms on future electricity prices. In: 2024 59th international 
universities power engineering conference (UPEC); 2024. p. 1–6. https://doi.org/ 
10.1109/UPEC61344.2024.10892395.

[79] Strbac Goran, Aunedi Marko. Whole-system cost of variable renewables in future 
GB electricity system. 2016 [Online]. Available: http://energysuperstore.org/esr 
n/wp-content/uploads/2016/11/Whole-system-cost-of-variable-renewables-in-fut 
ure-GB-electricity-system-Imperial_Nov2016.pdf. [Accessed 18 May 2026].

[80] Aunedi M, Pudjianto D, Strbac G. Calculating system integration costs of low- 
carbon generation technologies in future GB electricity system. IET Conference 
Publications 2016;2016(CP694). https://doi.org/10.1049/CP.2016.0529. CTYPE: 
STRING:BOOK.

[81] Teng F, Aunedi M, Strbac G. Benefits of flexibility from smart electrified 
transportation and heating in the future UK electricity system. Appl Energy Apr. 
2016;167:420–31. https://doi.org/10.1016/J.APENERGY.2015.10.028.

D. Hulak et al.                                                                                                                                                                                                                                   Energy 366 (2026) 142868 

17 

https://doi.org/10.1007/S12601-019-0038-2
https://doi.org/10.3390/EN12224380
https://doi.org/10.1007/S40722-023-00309-7
https://doi.org/10.1007/S40722-023-00309-7
https://doi.org/10.1109/EEE-AM58328.2023.10395159
https://doi.org/10.1109/EEE-AM58328.2023.10395159
https://doi.org/10.1016/J.SCITOTENV.2020.143195
https://doi.org/10.1098/RSPA.2021.0469
https://doi.org/10.1098/RSPA.2021.0469
https://doi.org/10.1016/J.ENERGY.2015.02.038
https://doi.org/10.1016/J.ENERGY.2015.02.038
https://www.esru.strath.ac.uk/Documents/MSc_2019/Wright.pdf
https://www.esru.strath.ac.uk/Documents/MSc_2019/Wright.pdf
https://cms.ore.catapult.org.uk/wp-content/uploads/2023/03/EN-Volume-manufacture-roadmap-1.pdf
https://cms.ore.catapult.org.uk/wp-content/uploads/2023/03/EN-Volume-manufacture-roadmap-1.pdf
https://doi.org/10.1016/J.RENENE.2017.03.096
https://doi.org/10.1016/J.RENENE.2017.03.096
https://tethys.pnnl.gov/publications/nova-bluemull-sound-appropriate-assessment
https://tethys.pnnl.gov/publications/nova-bluemull-sound-appropriate-assessment
https://fondation-open-c.org/en/our-test-sites/paimpol-brehat/
https://doi.org/10.7488/ds/7469
https://doi.org/10.5334/JORS.188
https://doi.org/10.1016/J.ENERGY.2016.08.068
https://doi.org/10.1016/J.ENERGY.2016.08.068
https://doi.org/10.1016/J.ENERGY.2016.08.060
http://refhub.elsevier.com/S0360-5442(26)02975-0/sref52
http://refhub.elsevier.com/S0360-5442(26)02975-0/sref52
https://doi.org/10.1175/1520-0426(2002)019<0183:EIMOBO>2.0.CO;2
https://doi.org/10.1175/1520-0426(2002)019<0183:EIMOBO>2.0.CO;2
https://doi.org/10.1016/J.ENERGY.2026.140327
https://doi.org/10.1016/J.ENERGY.2019.06.181
https://doi.org/10.1016/J.ENERGY.2019.06.181
https://standards.iteh.ai/catalog/standards/sist/6317cad3-135a-4a43-9d47-
https://standards.iteh.ai/catalog/standards/sist/6317cad3-135a-4a43-9d47-
https://doi.org/10.5285/836F016A-33BE-6DDC-E053-6C86ABC0788E
https://doi.org/10.5285/836F016A-33BE-6DDC-E053-6C86ABC0788E
http://refhub.elsevier.com/S0360-5442(26)02975-0/sref58
http://refhub.elsevier.com/S0360-5442(26)02975-0/sref58
https://doi.org/10.18172/cig.5143
https://doi.org/10.18172/cig.5143
https://doi.org/10.1109/4235.996017
https://doi.org/10.1109/4235.996017
https://doi.org/10.1016/J.INPA.2024.04.005
https://doi.org/10.1016/J.INPA.2024.04.005
https://doi.org/10.1109/ACCESS.2020.2990567
https://www.neso.energy/data-portal
https://doi.org/10.1016/J.RENENE.2020.06.025
https://doi.org/10.1016/J.RENENE.2020.06.025
https://www.gov.uk/government/publications/clean-flexibility-roadmap/clean-flexibility-roadmap
https://www.gov.uk/government/publications/clean-flexibility-roadmap/clean-flexibility-roadmap
https://doi.org/10.1109/TPWRS.2022.3216161
https://doi.org/10.1109/TPWRS.2022.3216161
https://doi.org/10.3390/EN18143717
https://docs.qgis.org/3.40/en/docs/index.html
https://docs.qgis.org/3.40/en/docs/index.html
https://doi.org/10.1007/S41965-024-00170-Z
https://doi.org/10.1007/S41965-024-00170-Z
https://doi.org/10.1016/J.ENERGY.2025.134444
https://doi.org/10.5281/zenodo.16934242
https://doi.org/10.1080/09720510.2017.1395182
https://doi.org/10.1080/09720510.2017.1395182
https://doi.org/10.1016/J.ARTINT.2023.104016
https://doi.org/10.1016/J.ARTINT.2023.104016
https://doi.org/10.1016/J.ENPOL.2017.10.037
https://doi.org/10.3390/APP14156396
https://doi.org/10.1016/J.TEJ.2019.106628
https://www.openstreetmap.org/copyright
https://www.openstreetmap.org/copyright
https://doi.org/10.1109/UPEC61344.2024.10892395
https://doi.org/10.1109/UPEC61344.2024.10892395
http://energysuperstore.org/esrn/wp-content/uploads/2016/11/Whole-system-cost-of-variable-renewables-in-future-GB-electricity-system-Imperial_Nov2016.pdf
http://energysuperstore.org/esrn/wp-content/uploads/2016/11/Whole-system-cost-of-variable-renewables-in-future-GB-electricity-system-Imperial_Nov2016.pdf
http://energysuperstore.org/esrn/wp-content/uploads/2016/11/Whole-system-cost-of-variable-renewables-in-future-GB-electricity-system-Imperial_Nov2016.pdf
https://doi.org/10.1049/CP.2016.0529
https://doi.org/10.1016/J.APENERGY.2015.10.028

	An integrated framework for evaluating tidal stream generation potential and its power system benefits: evidence from Great ...
	1 Introduction
	2 Review of the state-of-the-art
	3 Methodology
	3.1 Evaluation of potential tidal stream generator locations
	3.2 Optimising GB power system operation with tidal stream generation
	3.3 Software implementation of proposed framework
	3.4 Mathematical formulation of the proposed framework
	3.4.1 Optimising locations for tidal stream generators
	3.4.2 Simulation of GB power system with tidal stream generators


	4 Results and discussion
	4.1 Optimal locations for tidal stream generation in the GB system
	4.2 GB power system operation with tidal stream generators
	4.3 Impact of adding tidal stream generation on market prices
	4.4 System integration cost of tidal stream generation

	5 Conclusions
	CRediT authorship contribution statement
	Access to results datasets
	Declaration of competing interest
	Acknowledgements
	Annex A
	Annex B
	Data availability
	References


