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A day-ahead scheduling model of power systems
incorporating multiple tidal range power stations
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Abstract—With the global trend to exploit more renewable
energy sources, tidal range energy has been gaining more
attention recently. This power generation technology is expected
to reduce the share of fossil fuels and provide flexibility to
the power system. With a pioneering tidal range generation
project just granted in Wales and more proposals planned in
Great Britain, it is important to study how the incorporation
of multiple tidal range power stations will affect power system
operation. In this paper, the role of tidal range energy generation
in the future Great Britain power system is investigated based
on a day-ahead scheduling model of power system incorporating
multiple tidal range power stations. In the proposed model, tidal
range power stations situated at different sites operate flexibly
and in coordination, supporting the power system to reach the
minimum operating cost. A case study based on the Great Britain
electricity transmission system in 2030 with one tidal barrage and
one tidal lagoon was investigated. The results showed that the
coordination of flexible tidal range power stations can reduce the
power system’s operating cost. Furthermore, the energy-storage
feature of tidal range power stations can act as a stable source
of flexibility in the power system.

Index Terms—TFlexibility, MILP, Operation cost reduction,
Power system scheduling, Tidal range energy.

NOMENCLATURE

Index collections

I{?EN Index collection of generation units at Bus k.
Z,""  Index of the starting bus of Line .

Zéme_ Index of the terminal bus of Line [.

v Index collection of PV plants at Bus k.

It Index collection of sluice gates in the ith tidal
range power station.

z® Index collection of turbines in the ith tidal range
power station.

v Index collection of wind plants located at Bus k.

Sbus Index collection of buses in power system.

SOEN Index collection of generation units.

S6T Index collection of gas-fired generation units.
SM Index collection of power import nodes.

Stb Index collection of load nodes in power system.
Stine Index collection of lines in power system.

SNV Index collection of nuclear power plants.

SORES  Index collection of power plants supported by

other types of RES.
i Index collection of PV plants.
SR Index collection of tidal range power station.
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sV Index collection of wind plants.

T Index collection of time periods.

Parameters & Definitions

ASE Cross-sectional flow area of the mth sluice gate
(m?).

ATB Cross-sectional flow area of the mth turbine
(m?).

AR Impounded area of the ith TRPS (m?2).

NV The power output of the ith nuclear power plant
(MW).

CORES The power output of the ith power plant sup-
ported by other types of RES (MW).

St Discharge coefficient of sluice gates.

c™ Discharge coefficient of turbines.

CcE Price of power generation at the ith generation
unit (£/MWh).

c™M Price of power import (£/MWh).

crS Price of load shedding (£/MWh).

csvY Start-up cost of the i*" generation unit (£).

Gravitational acceleration (m/s2).
hin-initial — The inside water level at beginning time period
of the operation (m).

Har Minimum head difference to activate turbines in
a tidal range power station.

KSt Fitted coefficient used to calculate Qiﬁfi“g'e

K™ Fitted coefficient used to calculate anﬁft'smgle,

L;“i“"’ff Minimum off time length of the ith CCGT (h).

L?‘in"’“ Minimum on time length of the ¢th CCGT (h).

PPVt Power output forecast of the ith PV plant (MW).

PYfest Power output forecast of the ith wind plant
MW).

EE’T Maximum/Minimum generation capacity of the
ith CCGT (MW).

PGT

7

P%M Maximum limit of power import of Bus ¢ (MW).
Fii Maximum limit of load shedding of Bus i at time
L (MW).
P,Tf_smgle Maximum generation capacity of the mth turbine
in a TRPS (MW).
PF, Maximum power transmission on Line [ (MW).
PL;,; Power demand of ¢th load node at time t (MW).
RPS Total spinning reserve demand of the power

system (MW/h).

RD;, RU; Spinning-down/Spinning-up ramp rate of the ith
generation unit (MW/h).

SD;,SU; Shut-down/Start-up rate of the ith generation
unit (MW/h).
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The initial on/off status of the ith generation unit.
Reactance of Line [ ().

Length of each time step (h).

Constants used in PTB-ingle calculation.
Constants used in QTBingle calculation.

The energy production of the ith TRPS at time
t (MWh).

Total cost of power system operation (£).
Water level inside/outside the ¢th TRPS at time
t (m).

Head difference between inside and outside the
ith TRPS at time ¢ (m).

The power generation of the ith generation unit
at time t (MW).

The power generation of the ¢th CCGT at time ¢
(MW).

The power import of Bus ¢ at time ¢ (MW).
The amount of load shedding of Bus ¢ at time ¢
(MW).

The power generation of the ith nuclear power
plant at time ¢ (MW).

The power generation of the ¢th power plant
supported by other types of RES at time ¢ (MW)
The power generation of the ith wind plant at
time t (MW).

The power output curtailment of the ith wind
plant at time ¢ (MW).

The power generation of the ith PV plant at time
t (MW).

The power output curtailment of the ¢th PV plant
at time £ (MW).

The load shedding at Bus ¢ at time ¢ (MW).
The power output of the mth turbine in a TRPS
at time t (MW).

The power output of the ith TRPS at time ¢
(MW).

The power transmission on Line [ at time ¢
(MW).

The total amount of water flowing through the
ith TRPS’s sluice gates at time ¢ (m3/s).

The amount of water flowing through the mth
sluice gate at time ¢ (m3/s).

The total amount of water flowing through the
ith TRPS’s turbines at time ¢ (m?/s).

The amount of water flowing through the mth
turbine during the filling phase at time ¢ (m?/s).
The amount of water flowing through the mth
turbine during the generating phase at time ¢
(m?3/s).

The total amount of water flowing through the
ith TRPS at time ¢ (m?/s).

The spinning-down/spinning-up reserve capacity
of the ¢th generation unit at time ¢ (MW).
Binary variable showing the on/off status of the
ith generation unit at time ¢.

The time length that the ¢th generation unit has
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been kept off/on at time ¢.

Yit»%,+  Binary variable showing the start-up/shut-down
N of the sth generation unit at time ¢.

oiine Binary variable indicating whether the TRPS is
l at the filling phase.

Shead Binary variable indicating whether H; ; is posi-
tive or not.

o7 Binary variable indicating whether the TRPS is
at the generating phase.

5‘,’,’;;?” Binary variable indicating whether the mth tur-
bine is filling or not during a filling phase at time
t.

6" Binary variable indicating whether the mth tur-
bine is generating or not during a generating
phase at time ¢.

eﬁT’}:ge" Auxiliary variable as the replacement of the
product of 097 ; and ngfing]e (MW).

0; + The voltage angle of Bus ¢ at time ¢ (rad).

I. INTRODUCTION
A. Background

RIVEN by the fossil fuel depletion and the net-zero goal,

the proportion of renewable energy is growing year by
year. In the past decades, a considerable amount of focus
has been put on wind and solar energy. On the contrary,
marine energy is much less developed. In 2020, the worldwide
gross electricity generation of marine energy was around 1
TWh, less than 0.005% of the total generation, while wind
and solar energy taking 6% and 3% respectively [1]. As a
branch of marine energy, tidal range energy has been known
for its high predictability as it is driven by the gravitation
pulls of the moon and the sun, and the mean absolute errors
of forecast tides are usually less than 20 cm [2]. Tidal range
structures also have a longer life span of generation facility
compared with wind and solar energy [3]. In addition, a
tidal range power station (TRPS) is capable of operating in a
flexible way by adjusting its generation output either through
curtailing power from a subset of the operating turbines or
shifting the generation time window, which entitles itself to
provide flexibility to the power system and help the system
accommodate more intermittent renewable energy.

The tidal range power stations are of two forms: tidal
barrage and tidal lagoon, both of which are designed to convert
the gravitational potential energy of water into electricity.
The tidal barrage is long established and currently there are
two operating tidal barrage projects: the Rance Tidal Barrage
(the world’s first tidal range power station) and Sihwa Lake
Tidal Power Station. The tidal lagoon is still a novel tidal
range generation technology. The first proposal to develop
a tidal lagoon was Swansea Bay Tidal Lagoon project [4],
which was later rejected due to the concerns of high cost.
In November 2021, another proposal for developing a tidal
lagoon at Swansea Bay, as a part of the larger project named
Blue Eden Project, was announced. This indicates the great
confidence in tidal range technology from the industry. As
a country with the second highest tidal range resources in
the world [5], the role and value of tidal range energy in

plore. Restrictions apply.
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decarbonising the UK’s energy supply need to be investigated
further.

B. Literature review

There have been many investigations around the tidal range
generation. There are studies on the tidal range resources,
such as the approximation of extractable tidal energy around
the Great Britain coastline [6] or from a single tidal range
proposal [7]. The impacts of tidal range generation have
been evaluated, including the hydrodynamic interference [8],
the effect on nature conservation [9], the eutrophication risk
[10]. The positive contributions of tidal range energy have
also been assessed, including contribution to the medium-
term variability of the future UK’s energy mix [5] and carbon
emission reduction [11].

Various simulation models have been developed to exam-
ine the hydrodynamics and generation output of tidal range
power stations, including a 0-D model developed according
to the continuity principle [12] and various 2-D models such
as DIVAST-2DU [13], ADCIRC [14], TELEMAC [15] and
Thetis [16]. Whereas 2-D models solve forms of the Navier-
Stokes equations to simulate the full physical behaviour of
the unsteady and turbulent water flows in the region, O-
D models assume the water is distributed uniformly and
depict the hydrodynamics based on water flow continuity
by algebraic equations, which are far less computationally
demanding [17]. Based on these models, the optimisation of
tidal range schemes has been explored as well. An operational
optimisation of a tidal barrage using ebb-only generation was
proposed in [18], adjusting the energy generation by varying
the starting heads instead of physical changes to the barrage.
A gradient-based optimisation method for the TRPS was
developed in [16], with consideration of the hydrodynamic
response to the marine structures. Genetic Algorithm was
also employed in the optimal design of tidal range schemes
with the goal to maximise the power output [17], [19]. Apart
from maximising energy generation, the maximisation of the
tidal range scheme’s economic value was also investigated,
such as the optimised operation of a TRPS by exploiting
the flexible timing of generation in [20]. Furthermore, the
investigation of the operation of a TRPS fleet was conducted
based on the flexibility provided by individual tidal lagoons
and the longer cumulative generation duration caused by
tidal phase difference. In [21], the feasibility of a continuous
tidal energy supply by controlling prospective TRPSs in an
cooperative system was evaluated. In [22], an income-incentive
optimisation model to maximise the collective income of seven
prospective tidal lagoons in the UK was proposed.

However, the aforementioned studies predominantly focused
on the operation of tidal range power stations without ex-
plicitly considering their bidirectional interactions with the
wider power systems they are connected to. For instance,
the operation of tidal range power stations were investigated
to achieve maximum electricity generation or revenue from
selling electricity to the wholesale market considering a given
price profile [?]. Although, such studies provide useful in-
sights into the economic viability of tidal range schemes and
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their capability to operate flexibly, they do not capture the
whole system value of tidal range power stations in terms
of supporting the short term balancing of electricity supply
and demand in the presence of variable renewable generation
technologies. To the authors’ best of knowledge, so far, there
hasn’t been any study on the scheduling of power systems
incorporating flexible operation of multiple tidal range power
stations. Yet, key questions remained unanswered are: (a) how
should TRPSs operational characteristics be incorporated and
formulated in the Unit Commitment and Economic Dispatch
problem of a power system? and (b) what are ‘whole-system’
impacts of multiple TRPSs in terms of reduction in emission,
renewable curtailment and operational cost of a power system?

C. Contributions

To address the identified research questions, this paper
develops a day-ahead scheduling model of power system in-
corporating multiple tidal range schemes to investigate the role
and value of tidal range energy in a future GB power system.
The operational characteristics of TRPSs were formulated as
linearised constraints based on a 0-D model and included in
a day-ahead optimal scheduling model of the power system.
The operation of the GB power system with multiple TRPSs
was investigated under different supply/demand scenarios to
quantify the impacts of the coordinated operation of TRPSs.
More specifically, the contributions of this paper are:

1) A model of tidal range energy generation was formulated

to depict the hydraulics-power relationship in a TRPS.
This model was built based on a 0-D model derived
from the hydrodynamic data and converted into a mixed
integer linear form to reduce computation complexity.
The model captures key operational characteristics of a
TRPS and its capability to operate flexibly.

2) The day-ahead scheduling optimisation of power system
incorporating multiple tidal range power stations was
proposed for the first time. This model enabled quan-
tifying the ‘whole-system’ value of operating TRPSs
flexibly. Two TRPSs at different locations on the west
coast of GB were considered to operate flexibly and in
coordination with each other to support the operation
of the power system. The proposed optimisation model
was tested under different operating scenarios to reveal
the contributions of tidal range power stations.

The remainder of this paper is organised as follows. Section

2 gives a brief introduction to tidal range energy generation,
including the TRPS’s structure, operation schemes, and the
potential benefits of tidal range scheme coordination. Section
3 presents the modelling of TRPS operation and the day-ahead
scheduling model of power system with multiple tidal range
schemes. Section 4 introduces the case study, with Section 5
presenting the result and data analysis. Section 6 concludes
this paper.

II. INTRODUCTION TO TIDAL RANGE ENERGY
GENERATION
A. The structure of a tidal range power station
A tidal range power station is a man-made impoundment
that utilizes the tides to generate electric power. The impound-
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ment can be built either as a barrage (spanning an estuary)
or a lagoon (either coastally attached, or entirely offshore)
[23]. The turbines and sluice gates are constructed through
the walls to control the inflow/outflow of water. As shown in
Fig. 1, the TRPS impoundment is separated from the open
sea by the structure walls, which creates a head difference
across the structure. When the head difference reaches a
predetermined level, the turbine housings are opened and
the water flows through the turbines, propelling the turbines
to rotate and convert the kinetic energy into electric power.
Between generation periods, the TRPS can adjust the status
of turbines and sluice gates to hold the water level inside the
lagoon or quickly fill/lempty the lagoon as required.

Sluice gates

TT—
II

(turbinck]

Lagoon

stuary floor
Fig. 1. The structure of a tidal barrage/lagoon’s wall

B. The operating schemes of a tidal range power station

There are three key modes of operation used by a TRPS,
one-way generation (ebb-only generation and flood-only gen-
eration) and two-way generation. In this paper, the tidal range
power stations in the proposed model employ the ebb-only
generation and two-way generation, demonstrated in Fig. 2.

For the ebb-only/flood-only generation, the TRPS generates
power during ebb/flood cycle and rests during the other cycle.
The operation of a TRPS here consists of three phases:
holding, filling and generating. The TRPS stays in the filling
phase during the majority of the flood cycle, as both turbines
and sluice gates are open (no power output by turbines) to
let the water quickly fill the basin. When the water levels
across the impounding structure reach the same in the ebb
cycle, the holding phase begins and both the turbines and
sluice gates are closed to hold the water inside the basin.
As the outside water level drops due to the ebbing tide, the
head difference increases. When the head difference is higher
than the starting requirement (H**"), the TRPS enters the
generating phase, as the turbines are activated (with closed
sluice gates) and start generating power. When the head
difference is too low for the efficient generation of turbines
(H*®"%), the TRPS re-enters the holding phase and starts filling
shortly after it. To further increase the head difference that
will be achieved for the generation phase, the turbines are
also operated as pumps between filling/sluicing and holding
in some operational configurations.

For the two-way generation, the TRPS generates in both ebb
and flood cycles and the turbines generate in more time periods
than the one-way generation. Starting from the generating
phase in the flood cycle, turbines keep generating while sea
water flows into the basin. When the head difference is lower
than the requirement H°9), the TRPS enters a filling phase
when both turbines and sluice gates are open. In this study,
the TRPS adopts the parallel sluicing mode and the turbines
are generating during the filling phases too. After the water

levels of both sides reach the same, the holding phase begins
as both turbines and sluice gates are closed to create a larger
head difference for efficient turbine generation, followed by
the second generating phase where water is released from
the basin through turbines. The TRPS goes through the same
holding-generating-filling process in both flood and ebb cycles.

In any operation mode, the TRPS could work in a flex-
ible generation scheme, adjusting the generation output by
changing the value of H%/H, or curtailing power from a
subset of turbines during generating phases. In this paper, the
TRPSs generate electricity flexibly by changing the number of
generating turbines and shifting the generation window (H*"
and H°" stay fixed). On the contrary, the TRPS could work in
a fixed generation scheme, which is predetermined to reach the
TRPS’s maximal generation capacity. The generation scheme
and the number of active turbines stayed fixed during the
whole operation, without any response to the fluctuation of
system load and RES generation.

W ater level outside the lagoon
wm W ater level inside the lagoon

Ebb tide Flood tide

m— Water level outside the lagoon A
= Water level inside the lagoon
Ebb tide Flood tide

A
Flood tide

Flood tide

\ ;Nl_fm

Ve

Filling

Water level

H Time

Water level

Generating Fillin Generating” 1" Generating

enerating

Filling

Holding Holding Holding

Holding

(a) The ebb-only generation scheme (b) The two-way generation scheme

Fig. 2. The generation schemes of tidal range power stations

C. The potential of tidal range generation coordination

There are several sites around the UK coastline to be
considered for tidal range proposals, including the Bristol
Channel, Liverpool, and Morecambe bays, the Solway Firth,
the Wash, the Duddon, the Wyre, and the Conway [24].
Although most of the sites have semidiurnal tide cycles, there
might be phase differences between different locations. Taking
the West Somerset and Mersey Barrage as an example, there
is a five-hour delay in the tidal elevations (as shown in Fig. 3),
which may cause a difference in the generation timing of the
tidal power stations located in these two areas. Accumulating
these asynchronous generation outputs, the fleet of TRPS will
have a longer time window of continuous power supply, which
enables tidal range energy to support the power system for
more time periods.

Unlike wind/solar power plants, TRPS has an “energy-
storage” feature due to its ability to adjust power output
by controlling the operating status of turbines/sluices. This
flexible generation scheme allows the tidal barrage/lagoon to
hold water inside the lagoon and release it during other time
periods. Therefore, the basin can store a certain amount of
potential energy during low power demand and supply it to
the system as demanded, similar to the battery energy storage
system. However, the head difference across the impoundment
varies with the flood/ebb, which leads to a fluctuating capacity
of energy stored in the tidal lagoon and the varying flexibility
that can be provided to the power system. Combining the
longer time window of continuous power supply and the
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i 4 4

West Somerset Lagoon

Mersey Tidal Barrage

£

T pok

Flood cycle EDbb cycle

Fig. 3. The potential sites of tidal range power stations in the GB with tidal
data on 02/01/2018

time-varying flexibility provided by tidal range generation,
the coordination of TRPS will make positive contributions to
power system while facing greater computation complexity
during optimisation.

III. DAY-AHEAD SCHEDULING OPTIMISATION OF POWER
SYSTEMS WITH TIDAL RANGE SCHEMES

The limit of power flow is:

~PF, < PF,;<PF;,, VieS§™vteT 4)

For CCGTs, the constraints on the change of on/off states
of CCGT units are built using three sets of binary variables
(i, Ys,c and z; ;) to represent the on/off status, start-up and

shut-down action, written as:

Ve +2ip <1, Vi€ ST vteT (5)

B . A A NNV S RV
yz,t 7,1 u’i,t _ ui,t—17 else ) 5

6

The limit on CCGT’s power generation capacity is: ©

wi PST < PST <, Pyy, VieSTVteT (7)

The limits on CCGT’s generation ramp rate are:

PST — PST | < (1 —y;)RU; + 4, SU;, Vie ST wte T (8)

To investigate the role of tidal range generation in the power PftT_l — Pf’tT <(1—2%)RD;+2:45D;, Vie ST vteT (9)

system’s operation, the day-ahead scheduling optimisation of
power system incorporating multiple tidal range schemes was
formulated. The tidal range power stations are assumed to
be connected to one or multiple buses in the power system.
In the same manner as conventional coal-fired or gas-fired
power stations, the operating plan of the tidal range power
stations is decided before the real-time market. The proposed
optimisation model is therefore modelled as below.

A. Objective Function

The objective function is to minimise the total operation
cost of the power system, which includes the fuel cost, the
start-up cost of generation units, the cost of power import and
the cost of power load shedding, written as below:

min F©4 = Z{ 3 (CEPSEN)}—FZ{ D> (CHVi)

teT \ieSCEN teT \jeSCEN
>

> (CMPE) b+ 4 D0 (CHR)
teT

i€ Shus teT \IeStP

}

(D

B. Constraints

1) Power system constraints: The total amount of power
generation should meet the power demand, presented as:

GEN M W PV TR
E P+ E Py + E P+ E P+ E Py
i€ SCEN ieSM ieSW i€SPY i€STR

Z (PLiy—P3), YteT (2

€SP

In (2), POEN includes generation from combined cycle gas
turbines (CCGTs), biomass power plant, nuclear power plants
and other types of renewable power plants.
The constraint of power flow along transmission lines is:
Oir—0;
PF, = u7

Vies"™ et je"m Vte T
xy

3)

The limits on CCGT’s spinning-up/down reserve capacity
are:

RV, <P —PS, VieST WieT (10)
RY, < PO —w; PYT, VieST vteT (an

The min-on/off time constraints are:
(X = L™ (w1 —uiy) >0, VieST,t>1(12)

(X0 = LP™) (i1 —ugy) >0, Vie S t>1(13)

For the whole power system, the total capacity of spinning
reserve should meet the system requirement:

> R}, >RP, vteT (14)
i€ SCEN

The constraints on the wind/PV generation units are:
Py = pYfst—phert s e SV vte T (15)
P = Pl — Py, vieS™V vieT  (16)

The limits on wind/PV curtailment are:

0< Pyt < PN, viesSV vteT (17)
0< PRy < PR, vieS™ vteT (18)

The power outputs of nuclear power plants and other
renewable power plants are assumed to be constant throughout
the day:

P =d"v viesVvteT (19)
PORES = ¢RES i e SN vt e T (20)
The limit on the amount of power import is:
0<PY <P, viesMVteT 1)
The limit on load shedding is:
0< P <P, VieSPVieT (22)
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2) Tidal range power station constraints: Both 0-D models
and 2-D models have been used to depict the hydrodynamics
of TRPSs. In general, 2-D models consider the water dynamics
in two directions while 0-D models only consider the water
continuity. The 0-D models have been found to produce higher
yield estimates than 2-D models (by up to 12% in the case

f [19]), however the relative reduction in computational
cost has been accepted to outweigh this deviation, leading
to the use of 0-D becoming standard. In this model, the
hydrodynamics of a TRPS is represented by a 0-D model
[6]. The relationship between hydraulics and generation is
described by the equations below.

The water level inside the basin is determined by the
water level in the previous time period and the amount of
inflow/outflow through the structure walls:

hivn—inilial t=20
hin o ? ’
it in

. TR
no AT vieT V€S

(23)
ATR
The head difference is decided by the water level inside and

outside the basin:
Hiy = hily — b3y,

Vie SR vteT (24)

The amount of inflow/outflow is the sum of water flowing
through the sluice gates and turbines:

i = (26099-1)-Q%+(209-1)-Q;%, VieS®vteT
’ (25)
In (25), 67 is a binary variable indicating the direction of
water flow across the impoundment (when H; ; > 0, o =
as the Water outflows the basin; otherwise 5h"‘ad = O) Q%
and l B represent the total amount of water ﬂowmg through
the sluice gates and turbines, respectively. When the water is
flowing out from the basin, TRt is positive, and vice versa.
The sluice gates are open durmg the filling phase only.
The total amount of inflow/outflow through sluice gates is
calculated by the equation below:

SL __ (filling 2 : SL-single
,t T 5i,t Qm,t )

meIst

VieSRvteT (26

In (26), 6ﬁumg is a binary variable indicating whether the ith

tidal range power station is at the filling phase (5ﬁumg =1

during the filling phase; otherwise &'} " = 0).
When the sluice gates are open, the water flowing through
an individual sluice gate can be calculated using H; ;:

LA 29| Hy|, Ym e B Vie SRvte T

27)

which could be styled into a linear form to reduce computation
complexity:

QSL-single _ KSLA%|Hi,t|7

m,t

SL-single __
Qm,t -

VmehVie SR vte T
(28)
As for turbines, the total amount of water flow and power
output are the sum of water flow/power output of activated
turbines, which can be calculated using the equations below:

on- gen TB smgle on- hll TBf s1ngle
i, = E Op + Oy ,

meIL® meI®
Vie SRvteT (29)
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TB single

TR __
Pi,t_ m,t ’

Z (60n gen 6011 ﬁll)

meZL®

VieSRvteT

(30)
In (29) and (30), 4,, ;" and 697" are binary variables
indicating the on/off status of the mth turbine during the
generating/filling phase of the ith TRPS (when the mth turbine
is generating, 0, 5" or 69" are equal to 1 ; otherwise &, ;™"
and 5;’,’;7'?” are equal to 0).

For each turbine, the relationship between the unit speed,
unit discharge. and power output could be found in literature
[25], which could be transferred into a hill chart with water
flow and power output plotted against the head difference [26].
Taking a 20-MW bulb turbine as an example, a hill chart
depicting the head-flow and head-power relationship could be
obtained by scaling the 20 MW bulb turbine’s data, as shown
in Fig. 4.

= Original QTB-single +m==Original PTB-single

""" Approximated QTB-single Approximated PB-single
800 30

Power output (MW)

<

Head difference (m)

Fig. 4. The hill chart of 20 MW bulb turbine

The water discharge and power output curves could be fitted
by linear segments, which are written as:
0’ |Hi7t| < Hstart

B B o
TB-single __ O‘? |H7'wt| + ﬂlQ ) H < |H7:7t‘ <39
Qm,t = Q™ Q™
ay |[Hid+ By , 39<|Hiy| <7
o™ o™
a5 |Higl+p5 , 7T<|Hyy| <10

vmeIZBVie SRvteT (31)

A PTB |HZ t| |H, < Hstart
P;};]?;smgle _ PTB |H1 t| + ﬁPTB7 Hstarl g |Hi7t| g 7
TB
ép ’ |Hi,t‘ > 7

vmeIZBVie SRvteT (32)

In (31) and (32), a and [ are constants used in the linear
equations, which could be estimated using the hill chart. For
a TRPS adopting the ebb-only generation scheme, the turbines
stay inactive during the whole filling phase, so the af’ . stays
zero. For a TRPS adopting the two-way generation scheme,
there is still a small amount of power produced during the
filling phase, so the af ™ is a non-zero constant. (31) and
(32) were formulated as piecewise linear constraints in the
proposed linear model.

During the filling phase, the water flowing through an
individual turbine could be calculated using H; ;:

cBABL[2g|H | YmeIB Vie SR vteT
(33)
which could be approximated as a linear equation as well:
Quoy "8 = K™ AR Hyy| YmeI® Vie S vteT
(34

TBf-single __
Qm,t -
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The constraint of energy production is:

E} =P} -AT, VieS®VteT (35)

Equations (25), (26), (29), and (30) contain the products
of a binary variable and a continuous variable, which causes
higher computational complexity. These nonlinear terms were
relaxed to a linear form. Taking the product of & " and

m,t
TB-single . 1. . pTB-gen
Py in (30) as an example, an auxiliary variable €,

’ TB-gen
(efm > 0) was used as a replacement to calculate the mth
turbine’s power output at time ¢, and the original constraints

were rewritten as:
pTB-gen

__ gon-gen 5, TB-single
6m,t - 5m t Pm,t (36)
pTB-gen on-gen 51B-single
€m,t < 5m,t : Pm (37
pTB-gen TB-single
67n,t — Pm,t (38)

PTB-gen

> PTB—single _ (1

m,t = tm,t

_ 6on—gen> ) ﬁ;l;f'smgle (39)

m,t

€

IV. CASE STUDY

In this paper, a test system combining the GB 30-bus
electricity transmission system (ETS) and two tidal range
power stations was used for the case study. Description of
the test system and cases are given as below.

A. Test system description

The GB electricity transmission system consists of 30 buses,
53 branches and 130 generation units, which was formulated
based on the model from [27], [28]. To investigate the role
of TRPS in the future, the ETS was modelled under one of
the future energy scenarios (consumer transformation) given
by National Grid [29]. It is supported by various energy
sources, including CCGTs, nuclear power plants, biomass
power plants, wind power plants, solar power plants, other
renewable power plants, and interconnectors (the total capacity
of each generation technology is given in Tab. I).

For tidal range energy, two prospective TRPS sites are
involved: the Mersey Tidal Barrage (MTB) and the West
Somerset Lagoon (WSL), which are connected to the GB
ETS via Bus Deeside and Bus Melksham respectively. The
generation mode and parameters of these two TRPSs are given
in Tab. II.

TABLE I
THE INSTALLED CAPACITY OF EACH GENERATION TECHNOLOGY
Generation . . Other
technology CCGT Nulcear Biomass Wind ~ Solar RES Import
Capacity
GW) 31.57 457 6.31 5893 29.04 7.52 18.65
TABLE II
TIDAL RANGE POWER STATION SPECIFICATIONS
TRPS MTB WSL
Generation mode Ebb-only  Two-way
Numbers of turbine 28 125
Turbine diameter (m) 8 7.2
Turbine capacity (MW) 25 20
Total sluice area (m?) 2592 20000
Basin area (km?) 52 82

To evaluate the impact of TRPS comprehensively, the
proposed scheduling model was run with different lev-
els of wind/PV penetration and power demand. Four sup-
ply/demand profiles were used in the test runs, which are noted
as highDemand-highRES, highDemand-lowRES, lowDemand-
highRES and lowDemand-highRES. The range of total power
demand is between 23.6 GW and 62.4 GW. The range of total
power supply from wind/solar is from 0 GW to 8.7 GW, and
from 5.2 GW to 39.0 GW, respectively.

The energy stored in a TRPS is determined by the tidal
range, which might be higher or lower during the spring/neap
tide days. As the tidal period follows a lunar day (24 hours and
50 minutes), the timing of highest/lowest tide moves through
the day on a 28-day cycle. The combination of different
timings and ranges of tide variation in two TRPSs generates
many tide profiles, making the outcome of optimisation model
vary on different days. The proposed optimal scheduling
model contains 51369 continuous variables and 16560 integer
variables (including 16368 binary variables). The computation
of a 24-hour optimisation usually takes two to eight hours
(the computation burden may vary with different tide data
and system profiles). To avoid the great computation burden
brought by running the proposed day-ahead scheduling model
of a longer term, a representative day was adopted in the
case study. This representative day was identified as the
smallest combined absolute deviation from the mean power
output of TRPSs, using the pre-determined optimum fixed
head configurations from [19]. The supply/demand profiles,
and the outside water levels of TRPSs are presented in Fig. 5.
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Fig. 5. The power system setting and tide data used in the test runs

The scheduling horizon of the proposed day-ahead schedul-
ing model is 24 hours with a 30-minute time step. The test
run was performed in Python with Gurobi Solver on a laptop
powered by an Intel Core i7 processor and 8 GB RAM.

B. Case description

Three operating scenarios were studied to analyse the im-
pact of TRPS incorporation:

1) PSonly: Power system without TRPS incorporation;
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2) PS+MaxTR: Power system with the MTB and the WSL
working individually under a fixed generation scheme to
reach maximum energy generation;

3) PS+FlexTR: Power system with the MTB and the
WSL working in coordination with a flexible generation
scheme.

V. RESULT AND DISCUSSION
A. Validation of the linear 0-D tidal range generation model

To ensure the accuracy of the simplified TRPS model used
in this paper, a model validation procedure was carried out
by comparing simulation results by the linear 0-D TRPS
model (Linear-0D) proposed in Section III-B with the result by
another published 0-D model (Benchmark-OD) [19]. In both
models, all turbines were set to generate when H > H“" and
be switched off when H > H®". The details of model settings
are given in Tab. III. For the rest of model settings, both
models used the similar mode and parameters as presented
in Tab. IIL.

TABLE III
MODEL SETTINGS OF BENCH-0D AND LINEAR-OD MODELS
TRPS Time step  ATR st Hend Ramp time
Bench-0D 5 min Varying I'm I'm 20 min
Linear-0D 30 min Fixed I m 1 m 0 min

The comparison of simulation results in Mersey Tidal
Barrage and West Somerset Lagoon is presented in Fig. 6
and Fig. 7. The patterns of water level elevation and the
timing of each generating phase in the Linear-OD results are
almost identical to the Benchmark-OD results. For Mersey
Tidal Barrage, the normalised root mean square deviations
(NRMSDs) of inner water level, energy production, and the
water flow via turbines/sluice gates are 10.6%, 7.5%, 9.5%
and 13.4%. As a longer time step was used in the Linear-
0D model, when the MTB switches from the filling phase
to the holding phase, the open/closed status of turbines and
sluice gates might be different from Bench-OD, causing the
deviations in water inflow/outflow and head difference. For
West Somerset Lagoon, the NRMSDs of inner water level,
energy production, and the water flow via turbines/sluice gates
are 2.9%, 6.7%, 22.5% and 6.5%, which mainly come from
the deviation of QTB"gle and QSL-single Jinearisation.

It should be noted that this study aims to investigate the
impact of TRPS incorporation on the power system operation,
rather than creating an accurate simulation model of TRPS.
So the main purpose of model validation is to ensure the
day-ahead scheduling model could obtain practical solutions.
Considering the linearisation in turbine characteristic curves,
a longer time step and the fixed basin area used in the Linear-
0D model, the computation deviation is within an acceptable
range.

B. Optimal day-ahead scheduling of power system with mul-
tiple tidal range schemes

1) Cost reduction and change in energy supply mix: To
show the contribution of coordinated TRPSs to the operation
cost reduction, the total operation cost of power system under
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four supply/demand profiles are given in Tab. IV. Although
the operation cost varies under different supply/demand levels,
incorporating tidal range energy into the power system always
can reduce the total operation cost. Furthermore, compared
with result of TRPSs working in the fixed generation scheme,
the coordination of flexible-generation TRPSs could offer
more cost reduction, which accounts for 3.01%, 1.69%, 1.18%
and 2.67% of the total operation cost respectively.

TABLE IV
COMPARISON OF TOTAL OPERATION COST (£ MILLION)

Supply/demand profiles ~ PSonly =~ PS+MaxTR  PS+FlexTR
highDemand-highRES 44.57 43.28 43.23
highDemand-lowRES 98.73 97.11 97.06
lowDemand-highRES 14.32 14.20 14.15
lowDemand-lowRES 49.52 48.26 48.20

The cost reduction is greatly impacted by the level of power
demand and RES penetration, as the proportion of each type
of energy and the generation time window of each power
plants are different. Fig. 8 and Fig. 9 provide more details
about the cost and energy supply mix in the three operating
scenarios. The cost reduction mainly comes from the fuel
cost cut-down, as the TRPSs replace the energy production
of some thermal generation units (CCGTs and biomass power
plants). The coordination of TRPSs has the least cost reduction
contribution under the lowDemand-highRES profile, which
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is only £ 128,529. This is because the power output from
wind/PV power plant is already higher than the total power
demand during most of the day, so the system only needs a
small amount of energy supply from the biomass power plant
from 19:00 to 21:00, without any energy production by CCGT.
Hence the TRPS could only reduce very limited amount of fuel
cost of the biomass power plants. Contrarily, the incorporation
of TRPSs has the highest cost-reduction effect (£ 1,663,920)
during the high-demand and low-RES profile. As can be seen
from Fig. 9(b), the substantial gap between the demand and
RES power output exceeds the installed capacity of all thermal
generation units so the energy from power interconnectors and
TRPSs is greatly needed all the day. To reduce fuel cost and
power import cost, both MTB and WSL are working in the
generation schemes that are almost the same as the fixed gener-
ation schemes to maximise their energy production. Under the
highDemand-highRES profile and the lowDemand-lowRES
profile, the incorporation of TRPSs reduces £ 1,339,424 and
£ 1,324,003 respectively. During these two profiles, the gap
between power demand and RES power output is around 20%
to 65% of the total installed capacity of thermal generation
units, and the CCGT and biomass power plants support the
power system with more frequent start-ups and shutdowns. As
two TRPSs actively engage in the operation of power system,
with shifting in generation time window and adjustment of
active turbine number, a new balance between the fuel cost,
the start-up cost, and power import cost is found to reach a
lower operation cost. This could explain the fluctuation of cost
on thermal generation units’ start-up and power import.
- highDemand-highRES - highDemand-lowRES

- lowDemand-highRES lowDemand-lowRES
] ©
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) o)
2154 P W2
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Fig. 8. The cost reduction of coordinated TRPSs in the PS+FlexTR scenario

2) The flexible generation schemes of TRPSs: To show
how the coordination of multiple TRPSs contributes to the
operation of power system, the detailed generation schemes
of TRPSs (both PS+MaxTR and PS+FlexTR) under the
highDemand-highRES profile are presented in Fig. 10, Fig.
11 and Tab. V.

TABLE V
PEAK ENERGY PRODUCTION AND GENERATION DURATION COMPARISON
Model PS+MaxTR PS+FlexTR
MTB WSL MTB WSL
Peak power output MW)  283.62  1,396.40 451.94  1398.90
Duration of generation (h) 8.5 14 8 17

When working in the fixed generation schemes, MTB
generates from 3:00 to 7:00 and from 15:00 to 19:00, with
an eight-hour time gap between each generation time window.
The WSL has four generation cycles during one day, with a
time gap of around 2.5 hours. When working in the flexible
generation schemes, both the timing and the amount of energy
generation are adjusted to reach the goal of total operation
cost minimisation. During time 2:30 to 3:00, the MTB starts
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its generation cycle half an hour earlier, with all turbines on
rather than only four in the fixed generation schemes. This
is to cover the energy produced by some of the thermal
power units. As the system power demand decreases from
2:00 to 5:00, the MTB shifts its generation time window
to earlier periods when energy is more needed. The WSL
has a longer generation window in the PS+FlexTR scenario,
as the duration of each generation cycle is longer. Around
7:00, the system is experiencing growth in demand, the WSL
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postpones the termination of the first generation cycle to
save as much fuel consumption as possible. Between 19:00
and 22:00, although system demand is decreasing, the wind
power generation is relatively low compared with 18:00 and
23:00, which requires a relatively high energy production from
the thermal generation units. To reduce the fuel cost, the
WSL prolongs its third generation cycle and starts the fourth
generation cycle earlier, narrowing the time gap to only one
hour and replacing more energy production of the thermal
power units. This shows that TRPSs are capable of shifting
the timing of generation and adjusting the amount of energy
production in response to the power system demand and the
power output fluctuation of wind/PV power plants.

3) Energy stored by TRPS: The potential energy stored
by a TRPS could be transferred into electricity if needed,
which could be regarded as a storage-like energy source that is
supported by TRPSs. However, due to the fluctuation of water
levels both inside and outside, the energy stored in TRPSs
varies during the day. The stacked area charts showing the
energy stored by MTB and WSL under four demand/supply
profiles are presented in Fig. 12.
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Fig. 12. The energy stored by TRPSs under four supply demand profiles

The energy stored by TRPSs was calculated based on the
power production corresponding to the varying head differ-
ence, which could be found in the turbine hill charts. It shows
the same increase/decrease pattern as the energy production
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in the previous section, as both are determined by the head
difference. The MTB is available to provide energy during
most of the ebb cycles (from midnight to 7:00, and from 13:00
to 19:30). The WSL is available to provide energy almost all
the time. This is because the WSL is working in a two-way
generation scheme with the parallel sluicing mode. When the
head difference is lower than H°" during the filling phase,
the turbines are still available to generate a small amount of
power. Accumulating the energy stored by MTB and WSL,
the coordinated TRPSs could continuously supply energy to
the power system.

There are still differences in the peaks and valleys between
the subplots in Fig. 12, which is mainly due to the difference
in the TRPS generation schemes. Under the lowDemand-
highRES profile, the TRPS energy storage seems to have a
more evenly slope in the increase and decrease, and stays in
the peaks for a shorter time. This is because the tidal range
energy is less needed during the lowDemand-highRES profile,
as the head difference in basins doesn’t need to stay at high
levels to maintain high power output for a relatively long time,
the head difference drops quickly after reaching the peak.
During the other supply/demand profiles, the patterns are quite
similar, with small deviations in the values of peaks and valleys
only. This shows that the coordination of multiple TRPSs can
store a certain amount of energy and is capable of providing
continuous energy support to the power system.

VI. CONCLUSION

To investigate the impact of coordination of multiple tidal
range schemes in the GB power system, a day-ahead schedul-
ing model of power system combining the Mersey Tidal
Barrage and the West Somerset Lagoon has been proposed
in this paper. The operation of tidal range power stations used
in the optimisation model is modelled based on a simplified
linear 0-D model, which has been validated. To present the
contribution of TRPSs during different days, test runs have
been carried out under four different supply/demand profiles
on a representative day.

The result shows that the incorporation of multiple tidal
range schemes can effectively reduce the total operation cost
of power system, mainly the fuel cost. The amount of cost re-
duction is greatly affected by the power demand and renewable
energy penetration level. During most supply/demand profiles,
the coordinated TRPSs could provide a daily cost reduction
of more than £ 1.3 million. It is also demonstrated that to
reach the cost reduction goal, each tidal range power station
could adjust its power output according to the demand and
supply conditions, by shifting the timing of each generation
cycle and adjusting the number of active turbines. The energy
stored by TRPSs is also quantified. The amount of energy
stored varies during the day as it’s determined by the head
difference which changes with the flood/ebb tides and differ-
ent generation schemes of TRPSs. Accumulating the energy
storage in Mersey Tidal Barrage and West Somerset Lagoon,
the coordinated tidal range structures could provide a power
system with a continuous energy supply.

For the future work, the flexibility provision by a fleet of
tidal range schemes will be evaluated and the tidal range
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energy’s contribution in the power system optimisation with
stochastic renewable energy integration will be studied. To
comprehensively investigate the potential benefit of tidal range
energy, the participation of a tidal range power station in the
grid service market will be explored as well.
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