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Abstract: This paper investigates the future role of cross-border electricity flow between Great
Britain (GB) and its neighbors until 2030, considering high deployment of renewable energy sources
(e.g., wind, solar, and biomass), enhanced interconnection capacity, and a partly electrified heating
sector. It was assumed that two cross-border interconnectors links will connect GB’s power system to
its neighbors: (1) a one-way interconnector (IC1) that imports electricity to GB, and (2) a two-way
one (IC2) between France and GB. The IC2 was allowed to transfer electricity from a cheaper power
system to a more expensive one. The results show that at a fixed CO, price, a change in power
imported via IC1 will affect the power dispatch of the CO, emitting power plants and biomass-fired
power plants, and electricity trade via IC1 and IC2. At IC1 importing of £60/MWHh, by raising the
CO; price from 60 to £70/ton, the share of CCGT power plants will reduce by 75%, and the power
imported via IC1 link will face 19-times growth. With a constant IC1 import price, raising the CO,
tax will reduce the total quantity of electricity being exported to France via IC2. Moreover, increasing
the CO, tax will increase the emissions cost of gas and coal-fired generators, and the power required
to meet the demand will be imported via IC1. With the IC1 electricity price set to £20/MWh and
the CO,; tax set to £50/ton, there may be 595 periods out of 17,520 in which GB will be used as an
electricity trade corridor. GB’s total CO, emissions should drop as the CO, tax increases.

Keywords: electricity interconnection; merit order; electricity trade; CO, emission; renewable energy

1. Introduction

Power trading through cross-border links eases entry to inexpensive energy sources,
lessens consumers’ electricity bills, enhances renewable integration, and results in im-
proved security of supply. Brinkerink et al. [1] reviewed the current regional and global
improvisations for a sustainable future. The challenges and benefits of intercontinental
interconnector links were addressed. Although the opportunities and challenges have been
qualified, the actual quantification of associated advantages, costs, and environmental con-
sequences is in its early stages. The feasibility of electricity imports/exports between South
Korea and the far east federal district of Russia was assessed in [2]. The authors claimed
that financing of the project is the greatest challenge. The impact of electricity import and
export to/from Japan and South Korea was studied in [3]. The results showed significant
cost-effectiveness of the power flow under severe conditions, such as CO, emission targets
in both countries and phaseout of nuclear generators in Japan. Doorman and Freystad
analyzed the profitability of several interconnectors GB and Norway for the present and
future scenarios [4]. Two interconnection cases were studied: (1) a link between Southern
Norway and the southern UK, and (2) a mutual interconnector between Southern Norway

Appl. Sci. 2021, 11, 10460. https://doi.org/10.3390/app112110460

https:/ /www.mdpi.com/journal/applsci


https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0002-4750-8536
https://orcid.org/0000-0002-0063-5431
https://orcid.org/0000-0003-2135-0141
https://doi.org/10.3390/app112110460
https://doi.org/10.3390/app112110460
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/app112110460
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app112110460?type=check_update&version=1

Appl. Sci. 2021, 11, 10460

20f 15

and Scotland. The latter case tends to increase social welfare. However, from a merchant
point of view, none of the interconnection links are profitable.

The costs, benefits, and effects of integrating interconnectors with North Sea offshore
wind farms were examined by Konstantelos and co-workers [5]. The authors considered
three case studies for the UK, Norway, Denmark, Belgium, Germany, and the Netherlands.
In addition, CAPEX and OPEX (capital and operational costs) of the system, together with
the potential benefits of the integrated projects, were quantified. For each of the three
case studies, the conventional designs and the integrated networks were developed and
analyzed. The authors claimed that the integrated systems are more advantageous than
the conventional power systems. In [6], Voumvoulakis et al. studied the Greek electricity
generation expansion within 2009 and 2020 to reach the planned 40% share of renewables.
The renewable installed capacity in 2009 was 1.18 GW. The authors examined the impacts
of increasing the capacity of the Greek interconnectors, in addition to increasing storage
capabilities, on the expansion of the power system and the system’s reserve requirements.
The results showed that nearly 8.8-9.3 GW of renewable energy sources, including wind
farms, small hydropower, solar PVs, and biomass-fired generators, would have had to
be installed to meet the 40% renewables target in 2020. Nepal and Jamasb assessed the
potential roles of interconnectors and enhanced market integration between the Irish
market and the electricity markets of other European countries [7]. No integration benefit
was reported for integration between the Irish electricity market and those of GB and
Elspot. The integration of GB’s and SEM’s electricity markets was found to be nearly 17%.

Lynch et al. developed a mixed-integer linear programming (MILP) model to deter-
mine the capacities and locations of new electricity interconnectors for GB, Germany, the
Netherlands, Belgium, France, Ireland, and the East and West regions of Denmark [8]. The
results revealed that cross-border electricity interconnectors tend to reduce the total system
costs when there is a renewable electricity generation target. The environmental effects
and benefits of regional electricity trade among China, Russia, and other countries in the
northeast of Asia were examined by Zhu et al. [9]. Electricity importing tends to improve
air quality in the north, northeast, and northwest regions of China.

In a recent study [10], Adeoye and Spataru assessed the influences of increased inte-
gration of hydropower and solar energy by West African electricity pool countries. They
minimized the total electricity generation costs (costs of fuel + fixed and variable operation
and maintenance). The results showed that electricity interconnections will considerably
reduce the unserved power demand in the target region. In addition, most of the planned
electricity interconnections will be under-utilized in 2030. Chen et al. investigated the
future impacts of interconnectors for Northwestern European countries [11]. Increased
interconnection of electric systems tends to decrease costs and total CO; emissions. Clegg
and Mancarella developed an integrated power-heat-gas network model for future energy
scenarios in GB [12]. Electrifying the heating sector and decarbonizing the electricity
generation may eliminate 75% of carbon emissions in the heat and power sectors. Li and
co-workers analyzed the profit models for electricity interconnector projects [13]. The au-
thors presented the measures of cost-effectiveness and sustainable expansion of electricity
interconnectors. Chen and co-workers presented an evaluation model to recognize and
assess the impact factors incorporated with cross-border interconnector links [14]. They
considered 14 important factors affecting a specific cross-border interconnection project.
A methodology was proposed in [15] for optimal planning of cross-border interconnec-
tors connecting countries with abundant hydropower resources. The methodology was
based on a cost-benefit assessment (CBA). A case study was conducted to connect the
Brazilian power system to Argentina, where there exist abundant and complementary
hydropower resources. Barrie addressed the advantages of developing interconnector
projects to facilitate the development and trade of renewables [16].

GB’s 2030 energy system is characterized by large portions of solar, wind, and biomass
energy generation, enhanced cross-border interconnection capacity, and an electrified heat-
ing sector. This work is the continuation of recently published papers where the function
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of power-trade links between GB and the neighboring states, considering upscaling of
renewables and a partly electrified heating sector by 2030, was investigated [17]. Two
interconnectors were considered: (1) import-only link (IC1), and (2) a two-way trade one
between France and GB (IC2). In this study, the impacts of carbon tax and the IC1 import
price on power dispatch, power flow between GB and the neighbors, and GB'’s total CO,
emissions are investigated, as the CO, tax affects a power plant’s marginal cost.

The Climate Change Act 2008 is the basis for the UK'’s strategy to challenging and
replying to climate change [18]. It needs the government to set legally-binding “carbon
budgets” to act as stepping stones towards the 2050 target, while considering trading
schemes, impacts and adaptations for climate change, etc. The UK’s ideal approach to
carbon pricing is an emissions trading system connected to the EU ETS, where a carbon
emission tax (the Tax) is being considered as an alternative, along with a standalone
UK ETS [19]. Carbon taxes and greenhouse gas emissions trading systems have been
investigated by many researchers in different sectors and for diverse areas/countries [20].
For example, in reference [21], an estimation of the impact of a carbon tax on manufacturing
plants in the UK was studied.

Changes in CO, tax and IC1 import prices will also affect the level of integration
of GB’s power system with those of its neighbors, as will fossil fuel consumption for
power generation. Power trade via interconnectors is a source of income when one exports
electricity at low demand times. In addition, electricity importing could provide low-cost
energy from neighboring countries in high CO, tax scenarios, leading to reduced electricity
generation costs. Electricity trade via interconnectors reduces the renewable curtailment at
various levels of import price and in various CO, tax scenarios. Furthermore, electricity
interconnectors can eliminate CO,-emitting power plants and expensive power production
technologies. Pure CO; can be used to react with the hydrogen originated from water
electrolysis to produce green methane. The required power for the electrolyzers can be
imported from the neighboring countries at low demand times.

The rest of this paper is organized as follows. Section 2 presents a linear optimization
model that can find the minimum daily power dispatch until 2030. In this study, five
electricity price alternatives for IC1 and five scenarios for the CO, tax were defined to
investigate the impacts of electricity import and/or export prices and CO; tax on the
optimal power dispatch, GB’s power system’s CO, emissions, and the power flow to/from
GB. The optimization results—including optimal power dispatch. total CO, emissions.
and the breakdown of power flow in and out of GB versus the import price of IC1 and the
CO, tax—in addition to capacity factors, are discussed in Section 3. Section 4 presents the
conclusions of this study.

2. Formulation of the 2030 Optimization Model

The optimization model finds the lowest-cost power dispatching of generating units
by minimizing a linear programming (LP) problem. The optimization problem consists of
(1) a cost minimization objective function including costs of fuel (gas, coal, oil, uranium,
and biomass), variable operation and maintenance (O&M), and carbon emissions; and (2) a
set of inequality and equality constraints.

GB’s 2030 energy system will include heavy usage of renewables for power produc-
tion, no power production from unabated coal-fired plants, increased gas-fired power
production (with and without carbon capturing and storage, CCS) to improve the energy
system’s flexibility, the use of electricity for heating, and enhanced power trading (im-
ports/exports) to/from GB. The heat rate (efficiency), summer and winter availabilities,
and ramping (up and down) rates of the electricity generation technologies were taken
from [17,22].

2.1. Objective Function

For each day of 2030, the linear objective function is obtained by adding the product
of the amounts of power dispatched at t (P;;) and the generators” marginal costs. The
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emission costs in Table 1 (ton CO,/(MWth x h)) were calculated based on emission factors
of CO;, emitting generation technologies: 0.1836 for combined cycle gas turbines (CCGT),
0.01836 for CCGT + CCS, and 0.03252 for abated coal-fired power plants. A shedding price
of £1000 /MWh was used in the objective function to avoid shedding.
. 48 7 . Sheddi
minZ = 0.5 x ( 1 [Zi:l ClgenPilt} + Pg ¢ x min(7trr s, 7gp) + 1000 x Py € ng) 1)
where Z: objective function in £; i: generation technology, [17]; ¢: time step (0.5 h); Cl.gen: elec-

tricity generation cost of power plant i (E/MWh); P; ;: power production of technology i at

time ¢ (MW); and Pts hedding, shedding at time ¢t (MW).

Table 1. Paraments of generators [17].

Marginal Generation Cost

Power Production Technology (i) (£/MWh)
Fuel + O&M, [23] Emission 1
(1) Combined cycle gas turbine without CCS 39 16.7-30.0

(2) Combined cycle gas turbine with CCS 39 1.8-3.3
(3) CCS equipped coal-fired plants 10 4.8-8.6

(4) Nuclear plants 10 0

(5) Hydropower 0 0

(6) Cross-border interconnector 1 (IC1) 20-100 0

(7) biomass -fired 73 0

(8) GB-France interconnector (IC2) min(7eR ¢, TGB ) 0

(9) Solar photovoltaics (PVs) 0 0

(10) Wind farms 0 0

Emission cost depends on the CO; tax. For each technology, the lowest emission cost
corresponds to the CO, tax of £50/ton of CO,, and the highest one cost stands for the CO,
tax of £90/ton of CO, released [24]. It is assumed that the total electricity interconnector
capacity between GB and its neighbors will reach 17.7 GW, of which the capacity of the
interconnector with France is 5 GW. The France-GB interconnector was considered in a way
to allow electricity to flow in and out of GB until 2030, and the interconnectors between GB
and other states were assumed to import electricity to GB at 20, 40, 80, and £100/MWh [22].
Therefore, the latter will transmit electricity to GB when the half-hourly demand cannot be
met by GB’s available generators and electricity imports from France. The emission costs
of generation technologies were calculated by varying the CO, tax from 50 to £90 per ton
of CO; to study the impact carbon price on GB’s energy system.

2.2. Constraints

(1) The heating technologies considered were combined heat and power (CHP) instal-
lations, gas and boiler, direct electric heaters, ground source heat pumps (GSHP), and air
source heat pumps (ASHP). The contributions of heating technologies in heat supply were
taken from [17,22] and correlated with the daily heat demand by Equation (2). It is expected
that nearly 42% of GB'’s total heat demand by 2030 shall be provided via electricity.

=y B 1 a8and: type of heating devi 2
t_ZjT_Zj it t=1,...,48and j : type of heating device 2)

In Equation (2), Hy: total half-hourly heat demand (MW); j: type of heating device
(CHP, gas boilers, electric heaters, GSHPs, ASHPs, and oil boilers); and h]-,t: heat from
heating device j at time t (MW).

The CHP units’ power output at each half-hour of a certain day can be obtained from
Equation (3). In Equation (3), ; was used to implicitly take into account the thermal energy
storage units, and therefore levels out the intra-day heat demand variations. hcpp; is the
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CHP units’ heat output at time ¢. In Equation (3), PSHP is the power output (MW) of CHPs,
hchp s is the heat output (MW) of CHPs, ED; stands for the electricity demand (MW) at ¢
of the day and the 45/30 multiplier represents the ratio of thermal efficiency to electrical
efficiency. Note that the calculated «; of a certain day can be different from other days,
because the daily electricity demand profiles are not the same.

45 ED;
peHP o = < heppy 0 = ————— , £ =1,...,48 3
e X 5 < & X hcrp, 5 ED, 3)

The electricity consumption by direct electric heaters, ASHP, and GSHP at each
half-hour of the day is a function of their heat output based on Equation (4). SPF;, the
seasonal performance factors of electric heater, GSHP, and ASHP, were taken from [17,19].
Equation (4) states that intra-day high electricity demands are captured by direct electric
heaters, ASHPs, and GSHPs.

48 iy

~ ==, t=1,...,48, k = direct electric heaters, ASHPs, and GSHP (4)
t=1 SP Fk

Ek,t = 0t

The historical solar and wind power generation data over 2010 are available in [25].

These historical data were upscaled to calculate the available electricity from wind farms
(A}’Vi“d) and solar PVs (AtS"lar) for each half-hour of 2030.

(2) At each half-hour of a certain day, t, the power injection to the electricity grid from
solar (Pts‘)lar) and wind (th ind) sites should be less than or equal to the available power
(A$°lar and APVind); see Equation (5). These inequality constraints state that wind and solar
curtailment may occur at any time.

P;‘Solar S AtSOIar and P?/Vind S A}/Vind (5)

(3) Equation (6) states that the change in the power outturn of technology i at t and
t — 1 of a certain day should be less than or equal to its ramp rate (R;).

‘Pi,t_Pi,t71|§Ri,i:1...8 (6)

(4) The power output from each technology is lower than or equal to its winter/summer
availability (A;;) multiplied by nominal capacity (P;); see Equation (7). For the nuclear
power plants (technology 4 in Table 1), it was assumed that they operate with at least 60%
of their total capacity.

Py <P xAyi=1,...,35,...,8 (7)

(5) The electric vehicles” (EVs) annual electricity consumption over 2030 was fixed at
21.28 TWh, [26]. Equation (8) states that the non-heating demand at time t—i.e., (ENp,¢)—o0f
a certain day is the sum of the EVs’ power demand (2429 MW), and the real half-hourly
electricity demand in 2010 (EDap10,+) minus the 10% contribution of electrical heaters in
2010 [24].

ENH,t = 2429 + EDZO]O,t —0.1 X ay X Hy (8)

(6) At time t of a certain day, the power output of all generators (i = 1...8) and CHP
units must be equal to Enp ¢ (obtained from Equation (8)), and the power consumption for
heating purposes (Elec4Heat;):

S Py + pWVind  pfolar 4 pCHP | pShedding _ p 4 ElecdHeaty )

Elec4Heat; = Ey; and k = direct electric heaters, ASHPs, and GSHPs

The power flow between GB and France (Pg;, GW) can take positive and negative
values. At each half-hour, if the price in GB (7rgp ) is greater than that of France (7TgR ¢)
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then electricity is transmitted to GB and vice versa. In addition, the electricity flow to GB
via IC1 has a fixed price of rrjc1(£/MWh).

Pg; x (mpr¢ — 1igBt) < 0 (10)

The LP problem consisting of the objective function—Equation (1)—and constraints
Equations (2)—(10) was solved for each day of 2030 by MATLAB linear programming solver
(linprog) for various CO, taxes (50, 60, 70, 80, and £90/ton CO,) and IC1 electricity import
prices (rric1 = 20, 40, 60, 80, £100/ MWh).

3. Results and Discussion

Figure 1 demonstrates the contributions of various generators against the IC1 import
price and CO; tax in 2030. In the case of a CO; tax being £50/ton, the share of the generators
in power production would be CHPs 21.7%, that of wind farms would be 21.7%, that of
solar PVs would be 7.7%, that of hydropower plants would be 1.4%, that of nuclear plants
would be 18.1%, and that of CCS-equipped coal power plants would be 2.9%. Increasing the
IC1 import price would not affect the power outputs of the above-mentioned technologies.
The contribution of CCS-equipped CCGT power plants would be 1.1% if the IC1 price is
lower than £40/MWh, or 2.5% for higher IC1 prices. The biomass-fired power plants will
produce about 0.5% of the power at IC1 prices greater than £60/MWh. IC2 would provide
3.4-5% of electricity, and the electricity importing via the IC1 would drop from about 17.3%
to 0.2% as the IC1 price increases.

Raising the CO, tax from 50 to £60/ton had a negligible effect on the contributions
of CHPs, wind farms, solar power, hydropower, nuclear power plants, biomass-fired
power plants (when the IC1 price < £60/MWh), and the IC1 (when the IC1 import
price > £40/MWh).

As the CO; tax increases from 60 to £70/ton, the power delivered by CCGT power
plants will face a 75% reduction. Moreover, increasing the CO; tax from 60 to £70/ton will
result in 19-times growth of power import via IC1.

CHP units, wind farms, and nuclear plants will produce nearly 61% of the power in
2030, because the contribution of generators in power production will depend on their
marginal cost, seasonal availability, and the installed capacity.

In all scenarios, the total amount of wind curtailment was nearly 4.3 TWh. The
over-demand wind generation can be stored for a long time in different forms [27-30].
Energy storage in large volumes can be achieved by the conversion of renewable energy to
hydrogen and then CO, hydrogenation to synthesize gas and/or chemicals [31-39].

Figure 2 illustrates the capacity factor of the generators versus CO; tax and IC1 import
price in 2030. The capacity factor is the averaged generated power divided by the installed
generator capacity. Nuclear power plants have the highest capacity factor (ca. 74%). This is
due to the fact that this technology is the base-load technology with a low marginal cost.
For the case that of the CO, tax being £50/ton, the capacity factors of solar PVs, wind farms,
and CCS-equipped coal plants will be nearly 15.28%, 21%, and about 66%, respectively. The
variations in capacity factors of biomass-fired and nuclear plants are ca. 0.04-2.52% and
74.20-74.25%. The capacity factor of hydropower plants is 64.45%, and for CCGT plants it
fluctuates between 8% and 30.96%. The capacity factor of abated CCGT power plants goes
from 26.67% to 60.83% as the IC1 importing increases (theoretically). For IC1, the capacity
factor tends to decline as the IC1 import price rises. Furthermore, the fluctuations of the
IC2 capacity factor lie within 59.56% and ca. 70%.
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Figure 1. Contribution of generation technologies in power supply (%) vs. CO, tax and the IC1 import price over 2030.

If the CO, tax changes from 50 to £60/ton, the capacity factor of unabated CCGTs and
CCS-equipped coal power plants will drop. This owes to the fact that increasing CO; tax
increases the marginal costs of these technologies. The IC2 capacity factor tends to decline
when the IC1 price is below £40/MWh.

For the cases with CO, tax of £70/ton, the reduction in the capacity factor of CCGTs at
IC1 price of £60/MWh was 74.76%, whereas at other IC1 import prices, the capacity factor
reduction was less than 1%. Moreover, the IC1 capacity factor at the IC1 price of £60/MWh
was more than 19-fold that in the case with a CO, tax of £60/ton. For other import prices,
the growth of capacity factor was less than 0.08%, since the CCGTs capacity factor depends
on both the IC1 import price and CO; tax.

Figure 3 represents the impact of the CO, tax on the total electricity flow in and out of
GB over 2030. As is evident from Figure 3a, at a constant IC1 price, increasing the CO, tax
will cause a reduction in the total amount of electricity exports to France. This is because
of the fact that part of the electricity exported to France comes from CO, emitting power
plants, and increasing the CO, tax will affect the power outputs of such plants.

In our experiments, when the IC1 price was below 7tpr 4, the cross-border link IC1
imported power to GB and then exported it to France by means of the IC2. At low values of
IC1 prices, there were big differences among the total electricity exports from GB to France
compared to the change of the CO, tax. For example, the difference between the quantity
of electricity exports to France was 0.4 TWh as the CO, tax increased from 50 to £90/ton.
At high IC1 import prices, there was no surplus power to be exported to France, since the
electricity price in France was below the IC1 import price. At a constant CO, tax price,
increasing the IC1 price tended to decrease the electricity exported to France, because a
fraction of the electricity exported to France is provided via IC1.

Figure 3b depicts the amount of power flow to GB by means of the IC2 line. At fixed
IC1 import prices, increasing the CO; tax tends to improve the import to GB by means of
the cross-border interconnector IC2. The reason is that increasing the CO; tax increases
the emission costs of gas and coal-fired power plants, and the power required to meet the
demand is import via IC1. At a fixed CO, tax, raising the IC1 import price causes more
imports to GB via IC1. At a constant CO; price, increasing the IC1 price diminishes the
importance by means of the cross-border link IC1. Except for the IC1 price of £60/MWHh,
the profiles of the IC1 electricity flow to GB are very close to each other.



Appl. Sci. 2021, 11, 10460

9of 15

CO2 tax=£50/ton

100
S 80
=
< 60
&
£ 40
o I
. - . 11
» ® & & * & & ¢ & &
é‘é& ¢ @%"o &"o é@w N Q**b N < S
[ ¢®
CO2 tax=£60/ton
100
s 80
=
£ 60
&
£ 40
o
5 ; J I J |
) 11
. - _ |
s =) S 3 A o " > s
_\é&% o gxoc ~z<°o e&\& ¢ & ¢y
@ o@‘ e“'
(&
CO2 tax=£70/ton
100

Capacity factor (%)
= 8 & 8
1
o
]
| -
|
M—
|
I
|
I
|
M—
|
...
-
|
-
|

g

e
=]

0 —_

Capacity factor (%)
R -
e & &
1
I
|
I
|
I
. B
I
. =
|

Figure 2. Cont.



Appl. Sci. 2021, 11, 10460

10 of 15

CO2 tax=£90/ton

100
_
§ 80
g
= 60
S
£ 40
2
£
o - . i1
& C) ) S 3 N o YV > 3
&,,e I Og O(, c}g? L 4& \(,, é‘o O
) X P > Q\a -
Ry & & <
(<) ®

IC1 import price (£/MWh)
m20 =40 =60 80 m100

Figure 2. Capacity factor of GB’s power generators vs. IC1 import price and CO, tax.

Figure 4 shows the frequency of the half-hours during which the IC2 is fully loaded
versus the IC1 price and CO; tax in 2030. For each IC1 price, the percentage of times
(half-hours) that the IC2 power link is fully loaded is not changed much by the variation
of CO, tax. At a fixed COj tax, increasing the IC1 price increases the percentage of times
(half-hours) that the IC2 is on full load.

Figure 5 illustrates the minimum and maximum amounts of shedding (in GW) and
the maximum IC1 load (in GW) when IC1 was fully loaded at various CO, taxes and IC1
import prices for 2030. As is evident from this figure, for all values of the IC1 prices, the
minimum and maximum shedding were 0.7 and 1.07 GW, respectively. In addition, the
maximum IC1 load tends to decline as the IC1 price increases. It is worthy to mention
that shedding phenomena occur during 10 half-hours irrespective of the IC1 import price
and the CO; tax. During shedding times, 7tgr ; is greater than 71gp ¢ and according to the
Equation (10), the flow through the IC2 becomes zero.

At a constant value of CO; tax, increasing the IC1 price reduces the number of
occasions (half-hours) in 2030 in which IC1 is loaded due to the increased marginal cost of
power supply via IC1. Alternatively, when the IC1 price is constant, the higher the CO; tax,
the higher the number of half-hours within 2030 that IC1 is used (loaded). This is because
increasing the CO, tax results in a high marginal cost of CO, emitting power plants.

At a constant CO; price, as the IC1 price increases from £20/MWh to £40/MWh, the
number of cases that IC1 is fully loaded and IC1 is unloaded declines. As the IC1 price
rises from 60 to £100/MWHh, the number of half-hours in which the IC2 is fully loaded and
IC1 is unloaded increases. This is because the demand is not high and the IC1 is not used
for power import. IC1 will import and/or export electricity.

The number of cases in which IC1 and IC2 power links import and export electricity
in and out of GB compared to IC1 price and CO, tax were determined. The direction of
power flow between France and GB depends upon the relative electricity prices of these
states. If 7igp is higher than that of the neighbors, and GB’s power plants cannot meet
the demand, the interconnectors will be used for electricity importing to GB. In addition,
on the occasions with the IC1 price of £20/MWh and the CO, tax of £50/ton, there are
474 half-hours in which 7tgp; is higher than 7tgR ¢, IC2 imports electricity from France, and
IC1 = 0. According to Equation (10), IC2 will not import electricity when 7tgr ; is higher
than rgp . When 7gp  is higher than 7tpr 4, there are two cases where both IC1 and IC2
links are inactive. Interestingly, power is imported to GB via IC1 at £20/MWh and then
is transmitted to France during 595 periods (out of 17520 half-hours) with an electricity
price of over £20/MWHh. At a constant IC1 price, when the IC1 price is below £60/MWh,
increasing the CO; tax tends to increase the number of cases such that IC1 > 0 and IC2 > 0.
This signifies the role of interconnectors in power import at high CO, tax scenarios.
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Figure 3. Impact of CO, tax on the total electricity flow from/to GB within 2030: (a) electricity flow
from GB to France via IC2 link, (b) power import from France via IC2 link.
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Figure 5. Minimum and maximum shedding and maximum IC1 load when the IC2 is receiving a
full load.

Figure 6 displays GB’s power system CO, emissions in 2030 as a function of the IC1
import price (E/MWh) and CO, price (£/ton). As is evident in this figure, the amount of
emitted CO; from the gas and coal-fired power plants at the low IC1 price of £20/MWh
declines as the CO, tax increases. For example, the CO, emissions reach 7.72 million tons
at a carbon tax of £50/ton, and 7.48 million tons when the CO, tax is £90/ton. In these
cases, the CCGT plants emit over 83.5% of the total emissions. The CCGT plants emit ca.
83.05-83.30% of the total emissions. When the IC1 price is set to £60/MWh, the total power
system emissions are 26.47 million tons at the carbon tax of £50/ton (the contribution of
CCGT plants is over 94% of the total power system CO; emissions). The reason for having
high emission quantities is that IC1 is not importing power, and CCGT plants without
CCS supply the required power at a total marginal cost lower than the IC1 price. Further
increase of the CO, tax to £70/ton results in a total emission of 7.82 million tons. On
such occasions, the required power is supplied by means of the IC1 with a cost below the
marginal generation cost of unabated CCGTs. The CO, emissions of GB’s system at CO,
tax of 80 and £90/ton are respectively 7.56 and 7.73 million tons. At IC1 import prices
higher than £60/MWh, the CCGTs with high marginal costs provide the required electricity
to GB. At any carbon tax and IC1 price of 80 or £100/MWh, the unabated CCGTs emit ca.
94.4% of the total CO, emissions.
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Figure 6. CO; emission of GB’s power system in 2030 versus the CO, tax and IC1 import price.

4. Conclusions

In this work, the power trade in and out of GB within 2030 was considered. The total
planned line capacity was assumed to reach 17.7 GW for IC1 and IC2 links. The effects
of various CO; tax scenarios and IC1 import prices were determined by minimizing a
linear programming (LP) merit order power dispatch model. The results including share
of generators in power production, capacity factor, the usage time of the two power lines
within 2030, total CO, emissions, and the breakdown of the power trade (import and/or
export) between GB and the neighbors versus the IC1 price and CO, tax were presented.

The results show that at a fixed CO, tax, raising the IC1 price affects the power
production of the CO, emitting power plants, biomass-fired power plants, and electricity
trade via the IC1 and IC2 lines. As the CO; tax increased from 60 to £70/ton, the IC1 power
imported through IC1 at £60/MWh showed nearly 19-times growth. For the cases with the
CO;, tax of £70/ton, the IC1 capacity factor at the IC1 price of £60/MWh was more than
19-fold that of the case with the CO, tax of £60/ton. At a fixed IC1 price, increasing the
CO; tax reduces the total electricity export from GB to France via IC1. At low IC1 prices,
the variation of the total electricity export from GB to France may change a lot compared
to the change in the CO; tax. For instance, as the CO, tax increased from 50 to £90/ton,
the fluctuation in the power export to France was 0.4 TWh. For all values of the IC1
price, the minimum amount of shedding was 0.7 GW, and the max shedding was 1.07 GW.
For IC1 prices below or equal to £60/ MWHh, increasing the CO, tax from 50 to £90/ton
tended to reduce the number of cases that GB transmitted electricity from the neighboring
states on the other side of the IC1 (IC1 > 0) to France (IC2 < 0). The total CO, emissions
dropped as the CO; tax increased. For instance, the total CO, emissions over 2030 was
theoretically 94.84 million tons at a CO, tax of £50/ton, 94.61 million tons at a CO, tax of
£60/ton, 75.82 million tons with a CO, tax of £70/ton, and 75.55 million tons at a CO, tax
of £100/ton.
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