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Abstract: With the rapid development of the renewable energy source (RES), network congestion
management is increasingly important for transmission system operators (TSOs). The limited trans-
mission network capacity and traditional intervention methods result in high RES curtailment. The
near-term, powerful, and flexible solutions, such as advanced flexible AC transmission systems
(FACTS), are considered to mitigate the risks. The mobile modular static synchronous series compen-
sator (MSSSC) is one of the grid-enhancing solutions. The mobility of the solution allows it to offer
fast deployment and seasonal redeployability with limited cost. The demonstration of the mobile
MSSSC solution has shown significant benefits for RES curtailment reduction, network congestion
alleviation, and facilitating the demand and RES connection. For unlocking the true value of the
mobile solution, they should be optimally allocated in the transmission networks. This paper de-
velops a security-constrained DCOPF-based optimisation tool to investigate the optimal allocation
of the mobile MSSSC solution in transmission networks. A linear mobile MSSSC model with the
operation dead-band was introduced that can be used in large-scale realistic power system planning.
The proposed model was implemented in the IEEE 118-bus system to assess the performance of the

mobile MSSSC.
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The existing transmission networks are hurdling the RES penetrations in many coun-
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The MSSSC technology, as an isolated-gate bipolar transistor (IGBT)-based technology,
can inject controllable inductive or capacitive voltages into the circuits [1,2]. This enables it to
effectively manage the power flows with negligible sub-synchronous resonance issues [3]. Due

to the variable power flows along with the demand growth and grid expansion, the near-term
solution for power flow control is increasingly high [4]. The mobile MSSSC solution can be
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1.2. Literature Review

There are a number of existing solutions for resolving the transmission network
constraints, such as generating unit redispatching [8], demand response [9], dynamic line
rating [10], and energy storage system [11]. As one of the network constraint solutions,
the MSSSC devices were proposed as an economic and powerful solution for transmission
system planning [12]. By augmenting to power system planning tools, it was found that
the MSSSC solution has positive impacts on the day-ahead market and capital costs with
given assumptions [13]. The simulation study indicated that the MSSSC technology can
significantly increase the available transfer capacity of the existing transmission line [5]. It
requires half of the investment as much as the new transmission line construction-based
conventional methods to meet the same level of RES mandates. The MSSSC solution has
been analysed to reduce regional RES curtailments and accelerate RES integrations [14],
resulting in great CO, avoidance and electricity price reduction for global transmission and
distribution system applications, such as US [15,16], Europe [17], Australia [18], and South
America [19].

Further, a study showed that the SSSC technology application can effectively enhance
the grid stability and reliability by dynamically balancing the power flows [20]. This novel
power flow controller (PFC) technology can provide operational dispatching flexibility to
maximise the utilisation of existing infrastructures [21]. The SSSC solution can be applied
for voltage control to avoid redispatching the generators [22]. It has been demonstrated
that the MSSSC, unlikely the traditional technology, has negligible SSR risks, but it is
able to suppress the SSR issues in certain cases [3]. It is believed that the mobile MSSSC
solution will play a vital role in the transmission line thermal overloads mitigation [23].
The current installation of the mobile MSSSC solution in Austria demonstrated that the
technology can potentially increase electricity market integration by maximising power
transfer capacity [24]. In the FLEXITRANSTORE project, which is a European Commis-
sion funded innovation project, the deployment speed and re-deployability of the mobile
MSSSC solution were demonstrated in Southeast Europe, dramatically increased local RES
integration and the availability of cross-border power flow transfer capacity [7]. The flexible
controllability of the MSSSC enables the mobile solution to support post-contingency recov-
eries with advanced communication devices [15,25]. In addition, the MSSSC technology
can be considered as a potential solution for potential voltage control, transition stability,
harmonic issues, and demand uncertainty management [12,26].

A number of methodologies have been studied for various types of FACTS devices al-
location. Line-flow-based multiple FACTS devices analysis methodologies were considered
as a compatible and adaptive approach with the robust Newton—-Raphson (NR) algorithm
which is widely used in commercial software [27]. The generic algorithm was consid-
ered as an efficient solution for multi-type FACTS devices location optimisation [28,29].
A power flow entropy-based FACTS optimal allocation tool with group searcher opti-
mization (GSO) technique was investigated for power flow regulation [30]. The objective
function of minimising the transmission system power losses can be introduced for FACTS
devices optimal placement study, and the tool with bacterial swarming algorithm showed
robust performance [31]. The multi-objective evolutionary algorithm was considered as
a compatible optimal FACTS devices deployment method for power system losses and
voltage deviation management [32]. A system security-based FACTS devices deployment
study indicated that FACTS devices offer enhancement of network security margin [33].
In addition, a GAMS-based fixed MSSSC optimal deployment study with an equivalent
impedance MSSSC model was conducted to indicate significant technical and economic
performance of the MSSSC as the grid constraints solution [34].

Additionally, the DC-optimal-power-flow-based (DCOPF) linear model of MSSSC
devices was introduced and used for setting point optimisation and power system anal-
ysis [35,36]. It is found that the approximated active-set interior point algorithm has a
negligible impact on the ACOPF-based FACTS models [37].

In summary, the existing FACTS devices allocation tools are shown in Table 1.
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Table 1. Summary of optimal FACTS allocation tool.

AC Tool DC Tool Objectives
Line-flow-based model with NR Power system loadability
Algorithm [27] GAMS-based tool [34] maximisation [28]
Genetic algorithms [28] Reactive power planning [31]
Generic graphical-user-interface-based Power flow entropy minimisation [30]
tool [28]
Bacterial swarming algorithm [31] Real power loss minimisation [32]
GSO Algorithm [30] Voltage deviation minimisation [32]

Non-dominated sorting genetic

algorithm [32] Network security maximisation [33]

Economic function [34]

However, it is noted that there is limited mobile MSSSC optimal deployment inves-
tigation literature. This is an obstacle for wide application of mobile MSSSC solutions in
transmission system planning. Hence, this work proposes an open-source DCOPF tool to
support system planners to identify the optimal mobile MSSSC deployment locations.

1.3. Contributions
The contribution of this work are introduced as follows:

¢ Introduces a novel open-source tool to support system planners to explore the DCOPF-
based optimal placement of mobile MSSSC in transmission systems.

*  Considers the operation deadband in linear MSSSC model.

¢ The proposed linear and multi-period model considers the historical Irish transmission
system data, including wind and demand patterns, and system non-synchronous
penetration (SNSP).

1.4. Paper Structure

The structure of this paper is indicating the tool development details. The models and
methodologies used in the tool development are described in Section 2. The study results
are discussed and concluded in Section 3. The sensitivity analysis is conducted in Section 4.
Finally, the main findings and suggestions for future works are presented in Section 5.

2. Materials and Methods
2.1. Formulations
2.1.1. The DCOPF Model

The DCOPF problem is an approximation of ACOPF with necessary assumptions of a
large ratio of the reactance and resistance of the transmission lines (X/R >> 1), negligible
charging capacitance, and the constant of voltage magnitude as 1 p.u. The DCOPF method is
commonly used in transmission network planning, due to its computation simplicity [38,39].

A DCOPF model was established whose objective function (1) is to minimise the total
generation cost. The voltage angle constraints (2), generation units power output constraints
(3), generation ramping speed constraints (4), transmission line thermal limit (5), nodal power
balance Equation (6), and DC power flow Equation (7) were modelled, respectively.

In addition, a load aattern (LP) is defined as the ratio of the hourly load and maximum
load during a selected period, allowing the change of load with respect to the time in (6).
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where

i,j: Set of buses;

g: Set of generators;

I: Set of loads;

sh: Set of shunt devices;

t: Set of time;

ij: The elements between Bus i and Bus j;
RS: Ramping speed of generators ;
LP: Load pattern;

f: Power flows ;

B: Susceptance of the line;

T: Transformer turns ratio;

0: Transformer phase-shift angle;
G: Conductance of shunt devices.

Furthermore, the renewable generations are widely installed in the modern power
system. One of the most identical characteristics of renewable generation is the variable
power output. As a result, a number of wind generators are defined as the generation units
with varying capacities and are free of charge for operation in this study.

Similarly, wind pattern (WP) is introduced, which is akin to the load pattern, to repre-
sent the varying wind generation output with respect to time. It is defined as the proportion
of the hourly wind generation and maximum wind generation during a selected period,
as shown in (8). Additionally, with extra wind generation variables, the nodal power
balance Equation (7) can be rewritten in (9).

Yw,t PN < P,y < PHYWP 8)
Vi j,gw it Y fiig— Y Poit+ Y Puit+ PLiLPr— Gy i =0 )
i i w

]

where

w: Set of wind generating units;

pin, prmax; Minimum and maximum wind power output;

P: Wind power output;

WP: Wind pattern.

Additionally, the SNSP constraint is necessarily considered in modern power system
operation. It limits the level of non-synchronous power generation in the system to ensure
the necessary level of inertial reserves in the system, as well as to maintain the secure and
stable grid operation. In Ireland, EirGrid, Irish TSO, is striving to improve the level of
SNSP to 95% by 2030 to achieve its net-zero target. By April 2022, EirGrid announced that
75% of SNSP has been successfully trailed [40]. As a result, the SNSP constraint is defined
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as the proportion of total RES generation and the total system demand which is less than
75% in this case, as shown in (10).

Zw Pw,t

Yw,t, ] =
Y1 PLP

< SNSP (10)

2.1.2. The N-1 Security Constraint

The security constraint is a vital measurement in modern grid planning. The consider-
ations of generation unit and transmission line N-1 contingency constraints in the DCOPF
model offer the enhancement of system security.

The generation shift factor (GSHF Y ) was introduced to show the impacts of varied
generator power output at Bus m, APm, on the power flow, f;;. Similarly, the line outage

distribution factor (LODF,},,) was introduced as the impacts of power flow changes in
Line mn, Afy,, on power flow in Line ij. Equations (11) and (12) indicate that the post-
contingency power flows are within the transmission line operating limit to secure the
system during the N-1 events [39].

Vi j,gt — f;}mx < flf + GSHE AP < fre (11)
Vi, j t < R+ LODFyA fumy < e (12)

2.1.3. The Mobile MSSSC Model

As previously mentioned, the MSSSC can offer equivalent inductive or capacitive
impedance variance of the circuits [1]. The traditional MSSSC model was defined as the
fixed reactance injection [34]. However, this approach hardly reflects the flexibility of the
devices, and the nonlinearity of the varied reactance injection model can lead to computational
issues, As a result, the nodal injection model of MSSSC was utilised in this study.

Figure 1 indicates that the effect of MSSSC can be modelled as power injections at both
end buses of each line. Equation (13) shows that the injection-shift-factors-based model is
proportional to the reactance changes (Ab;;). Based on the characteristics of the MSSSC,
maximum and minimum levels of leading or lagging voltage injection are defined as Vz'fj]m
and Vi’;’]fzx in (14) [36]. In Figure 2, a deadband for MSSSC operating range during the injection
mode was introduced based on the linear MSSSC model [1]. In the DC power flow, the power
flow is approximately equal to the line current (15) [36]. Following the derivation, the linear
MSSSC model can be re-written as (16). A variable N;; is defined to control the deployment of
the devices on Line ij. In this case, Nj; is a time-independent real number varying within the
boundary of (0,1). Additionally, it is noted that the MSSSC is only available for installation
on the line, not on transformers; thus, the set of ij in the below equations are for transmission
line only.

Afijy = Dby (0 — 6, 4) (13)

|V$f”| < [AXinjl [ Lije | < [Vig™ (14)

| Lij | ~ |fiz (15)

Vi/jrt N ‘/11;111]1H||bz]| < |Afl], |V17;711]ax||bij| (16)

where
ij: Sets of transmission lines
Afij: Power flow changes in Line ij;
Ab,] Susceptance changes of Line ij;
Vl’g]l" Vl’]f]”x Minimum and maximum voltage injection of the MSSSC;
AXiyj: Reactance injection of the MSSSC;
[;j: Current flow in Line ij;
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N;;: MSSSC deployment controller for Line ij;
bij: Susceptance of Line ij.

Bus i Busj

b, Ji

Af;

Figure 1. MSSSC nodal injection model [36].
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Figure 2. The operating and deadband range of MSSSC for voltage injection.

Practically, two variables were introduced to collaboratively represent positive and
negative bound in (16). Two binary variables (B; and B;) control the operation of the mobile
MSSSC. This can be expressed as follows:

Bl,tVz‘i;?]inb'j < Afyjit < BVt (17)
=By Vini*bij < Afije < =By V" byj (18)
By + Bat < Njj (19)
where
A fl.]*, A fl]* The positive and negative power flow changes in Line ij;
B1, By: Operation controller of MSSSC.
Then, the nodal injection model of MSSSC can be added into (9):
Y (fije + Dfije) =Y Peit + Y Puit + PriLPt — Ggi = 0 (20)
8

]

w

According to (17), the same signs of f;; and Af;; means that the MSSSC is operated in
inductive injection mode to push power away from the installed line, otherwise the MSSSC
is operated in conductive injection mode to pull power onto the line.

Additionally, the capital cost of the network enhancement approach is an important

measurement for the evaluation and decision-making process. The investment cost of
mobile MSSSC can be calculated with net present value (NPV) method which is commonly
used in grid infrastructure investment evaluations. According to ENTSO-e cost—benefit
analysis (CBA) guideline [41], the assumption of 2% per annum of total deployment
cost attributed to operation and maintenance (OM) costs, and 40-year lifetimes [42] are
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determined. The hourly cost of the devices is calculated as EUR 8, and is considered as part
of grid operation cost in the objective function (1).

min Zt:Cost(Pg,tHW) + ZCost(Nij)SW (21)
g, ij,t

where

HW: Weight of the combination of wind and load pattern in a year;
SW: Weight of the season in a year.

The new objective function allows the algorithm to automatically find the optimal
deployment locations of mobile MSSSC in the given network. Nonetheless, the automation
requires tremendous computations, which may be constrained in large-scale network
model applications.

2.2. Architecture of the Tool

The DCOPF tool was developed using Pyomo package, which is a Python-based open-
source mathematical modelling and optimisation tool. The Pyomo models can be interacted
with a number of built-in Python packages as well as external commercial software via
interfaces. Various robust solvers, such as GLPK, IPOPT, GUROBI, etc., can be utilised to
solve the Pyomo model [43]. The developed Pyomo-based security-constrained DCOPF
(SC-DCOPF) models can facilitate the application of Pyomo package in power system
operation and planning studies.

The structure of the proposed tool is shown in Figure 3. There are four modules
in the tool, including data input, DCOPF model, results output, and results analysis.
The data input module is applied for mobile MSSSC and network data input, as well as
preliminary calculation of security constraints. The SC-DCOPF Pyomo model is established
in the second model. The raw result data are output in the third module, followed by the

analysing and visualising of the results.
Results
Data Input DCOPF Model
Deployment location

MSSSC Data
l visualisation

MSSSC locations

Network Data DCOPF Pyomo Model MSSSC operation
Generation operation
| Wind curtailment
Security Constraints ?ystem Cos't
Calculation Utilisation of line
(GSHF, LODF) CO, Reduction

Figure 3. The architecture of the DCOPF tool.

2.3. Assumptions

The assumptions are made to gain the analysis result, as well as to evaluate the
performance of the tool. The impact of the proposed mobile MSSSC deployment tool was
evaluated in the IEEE 118-bus system, as shown in Figure 4. It assumes that wind turbines
are installed in the rural area, indicated as blue buses. The test time steps were set as an
hour and the test period was set as a year. Load pattern and wind pattern were calculated
from real system data extracted from EirGrid’s website [44].
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Figure 4. EEE 118-bus test system; blue buses indicate the added wind generation location [45].

The assumptions for mobile MSSSC and transmission line loading criteria are shown

as follows:

The mobile MSSSC characteristics are based on SmartValve 10-1800 device [1].

The capital cost of mobile MSSSC deployment, including three mobile MSSSC, ancil-
lary devices, and human resources cost, at one location is assumed to be EUR 2 M [46].
The lifetime of the devices is 40 years with 2% of OM cost per annum [42].

The CO; emission factor of electricity is 295.8 gr/kWh [47].

Three mobile MSSSC devices (one device per phase) are deployed at each location,
and eighteen mobile MSSSC devices in total are available for six locations.

The SNSP is considered as 75% in accordance with Irish system requirements [40].
The heavily loaded line is the line whose loading is greater than 50% of its thermal
limit during operation.

The congested line is the line whose loading is greater than 90% of its thermal limit
after N-1 contingency.

The underutilised line is the line whose loading is less than 10% of its thermal limit
without contingencies.

2.4. Data Preprocessing

The IEEE standard 118-bus system data are extracted from Matpower [38]. The trans-

mission line thermal limits and the cost of generating units are justified from Illinois
Institute of Technology’s open data [48].

Due to the computation limit of the machine and the solver, the tool is unable to

run 1-year real system data. Following the assessment of whole year demand and wind
generation data, it is noticed that the demand and wind generation data are decoupled,
and seasonal variants of demand are observed in Figure 5. The system peak demand is
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normally over 6000 MW in the winter, and it is around 5000 MW in the summer. Hence,
the system demand data are separated into three groups subjecting to the levels of demand,
which can be roughly called winter selection, summer selection, and spring and autumn
selection. For the wind power output, it has limited relationship with the demand, but the
seasonal variation of that emerges. Hence, the wind generation data are categorised with
the corresponding demand data (Please see Appendix A).

LWy

0 1000 2000 3000 4000 5000 6000 7000 8000
Time (h)

7000

6000

5000

4000

3000 A

Electricity (MW)

2000 A

1000

Figure 5. 2021 Ireland’s all-island demand and wind generation data.

The system load and wind generation data are time-series data; thus, the time-series
clustering tool of Tslearn was applied in this study. Tslearn is a Python package that
provides a time-series data analysis tool based on machine learning algorithms [49]. The dtw
tool was used for demand data clustering since the data are concentrated, but the so ftdtw
tool was used for wind generation data clustering due to the nature of the sparsity of data.

The analysis results show that each group of demand can be clustered into a single
set of data, as shown in Figures A1-A3. Note that several low-demand curves appear in
the winter selection caused by the Christmas holiday, which can be neglected. The wind
generation data are hardly categorised due to their nature of unpredictability. By applying
an experimental approach, the wind data can be roughly clustered into five groups per
season, as shown in Figures A4—-A6. Therefore, there are one demand cluster and five wind
clusters for each selection, leading to 15 combinations of load and wind clusters in total
(five sets of that per selection). When merging the wind clusters, it is important to keep
the transition between each wind and demand pattern smooth; otherwise, it may result in
infeasibility issues during resolving the model.

In order to identify the seasonal data, the names of clustering data are defined as follows:

*  Season 1: Winter. It includes 107 days (2568 h) during 1 January 2021-15 February
2021 and 1 November 2021-31 December 2021.

®  Season 2: Summer. It includes 153 days (3672 h) during 1 April 2021-31 August 2021.

* Season 3: Spring and autumn. It includes 105 days (2520 h) during 16 February
2021-31 March 2021 and 1 September 2021-31 October 2021.

In addition, the weight of each cluster should be calculated to indicate the number
of occurrences of each demand and load pattern in a year period. The weight should be
respectively taken into account when calculating the generation cost, MSSSC cost, and wind
curtailments, as shown in (21).
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3. Results

Following the use cases of mobile MSSSC [50], there are four scenarios presented in
this study. They are shown as follows:

¢ 118-bus system normal operation study;
. 1 x 150 MW demand connection study;
* 2 x 75 MW demands connection study;
e 1 x 150 MW RES connection study.

For each scenario, it contains three cases to show the impacts of mobile MSSSC, which
are as follows:

*  Base case: The results without N-1 contingency constraints and mobile MSSSC deployment.
*  N-1security: The results with N-1 contingency constraints, but without mobile MSSSC de-
ployment.

*  Automatic method: The final results were obtained by using the proposed tool.

3.1. 118-bus System Normal Operation Study

In the first scenario, the optimal allocation of mobile MSSSC was conducted in the
standard 118-bus system under normal operation condition. This illustrates the impacts
of mobile MSSSC deployment in the existing networks. As shown in Figures 6 and 7,
the mobile MSSSC are installed on Line 30-38, Line 77-78, Line 85-88, Line 85-89, and Line
88-89, which are highlighted in red, during Season 1. It is noted that the deployment of the
devices at a triangular shape circuit. The reason is that a power hub is located at Bus 87
that generates a large amount of power, causing network congestion at the bottleneck at
Bus 85. By allocating the mobile MSSSC, it allows system operators to redirect the power
flows from the right-side-adjacent lines to increase the power transfer capacity. The devices
deployed on Line 85-89 can be relocated during Season 2 and Season 3.

Figure 6. The optimal mobile MSSSC allocation during Season 1. Red lines indicate the mobile
MSSSC deployment locations.



Energies 2022, 15, 3878

11 of 27

Figure 7. The optimal mobile MSSSC allocation during Season 2 and Season 3. Red lines indicate the
mobile MSSSC deployment locations.

The detailed results are shown in Table 2. It indicates that the N-1 security constraints
cause a significant increase in the wind curtailments and system costs. With the mobile
MSSSC deployment, there was a 42 GWh of wind curtailment reduction achieved in a year.
This leads to 12,418 t of CO, emission reduction. The reason is that the mobile MSSSC
allows operators to rebalance the power flows to increase the network power transfer
availability. The total generation cost reduction reaches EUR 941k, which is caused by the
increases in wind generation and the redispatching of thermal generating units. The system
total cost is calculated from the summation of total generation costs and the mobile MSSSC
costs. The deployment of 15 devices (5 locations) in Season 1 and 12 devices (4 locations) in
seasons 2 and 3 require EUR 301k. Although the mobile MSSSC requires additional capital
investment, there are EUR 640k of system total cost drops observed. The average utilisation
of the transmission lines is introduced as the proportion of the number of lines that are
over 10% of its capacity and the total number of the lines during a year. It is found that
the mobile MSSSC effectively improves the utilisation of the lines, resulting in 0.4% annual
utilisation improvement.

3.2. 1 x 150 MW Demand Connection Study

Recently, the large demand connection, such as data centres and green hydrogen
facilities, is a huge challenge for power system planners due to the existing network
constraints. The transmission line thermal overload issues may result in delays in the
demand connection and the inefficiency of demand allocation, leading to financial losses.
Specifically in Ireland, the expansion of data centres is a huge challenge for Irish system
operators to deliver the power and achieve the 2030 climate target [51].

Therefore, the study results of 1 x 150 MW demand connection at one location are
conducted. It envisages that the mobile MSSSC solution can facilitate the large demand
allocation planning by balancing the power flows.

For the 150 MW single load connection scenario, Figure 8 shows that the load is located
at Bus 87 when no mobile MSSSC is installed in the system. Additionally, it is noticed
that no devices are needed in Season 2 and the demand is allocated at Bus 87 as well.
In Figure 9, Line 30-38 is identified for mobile MSSSC deployment, and the new load is
also placed at Bus 87 during seasons 1 and 3. The unchanged demand location is due to the
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large wind power output and low-cost thermal units at Bus 87 delivering the power to the
new demand.

Table 2. Mobile MSSSC allocation simulation results.

Season Case Curtvzlirllr(ri\ent Gen Cost Devices Cost Total Cost Network
(EUR M) (EUR k) (EUR M) Utilisation (%)
(MWh)
Season 1 Base Case 19,267 58.68 0 58.68 56.8
(Winter)
N-1 Security 70,182 59.72 0 59.72 54.2
Automatic
Method 51,891 59.36 103 59.46 55.6
Season 2 Base Case 1043 84.77 0 84.77 522
(Summer)
N-1 Security 18,153 85.36 0 85.36 55.5
Automatic
Method 10,448 85.10 118 85.21 52.0
Season 3
(Spring and Base Case 3538 54.98 0 54.98 54.3
Autumn)
N-1 Security 54,681 55.89 0 55.89 52.7
Automatic
Method 38,694 55.57 81 55.65 53.6

Table 3 shows the detailed results of 1 x 150 MW load connection study. It is found
that the wind curtailment is zero. This means that the wind energy curtailment can be
avoided by installing new demands, such as an energy storage system. The deployment
of mobile MSSSC can effectively reduce generation costs. With the deployment of mobile
MSSSC on Line 30-38, EUR 131.59k of annual generation costs are saved. Although this
requires an EUR 41k investment per annum for the devices, this enables total system
operation cost to decrease by EUR 90.89k in a year. The redispatch of thermal generators
causing slight transmission line utilisation is observed, but it can be neglected compared to
its benefits.

Figure 8. The 1 x 150 MW demand location during seasons 1, 2, and 3 without mobile MSSSC. Green
node indicates the load connection location.
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Figure 9. The optimal 1 x 150 MW demand and mobile MSSSC allocation during seasons 1 and 3. Red
lines indicate the mobile MSSSC deployment locations; green node indicates the load connection location.

Table 3. Mobile MSSSC allocation simulation results with 1 x 150 MW demand.

Season Case Cur‘:;lirllient Gen Cost Devices Cost Total Cost Network
(EUR M) (EUR k) (EUR M) Utilisation (%)
(MWh)
Season 1
(Winter) Base Case 0 63.17 0 63.17 58.2
N-1 Security 0 63.36 0 63.36 55.3
Automatic
Method 0 63.28 21 63.30 55.2
Season 2 Base Case 0 91.73 0 91.73 54.8
(Summer)
N-1 Security 0 91.77 0 91.77 50.5
Automatic
Method 0 91.77 0 91.77 50.5
Season 3
(Spring and Base Case 0 59.58 0 59.58 57.8
Autumn)
N-1 Security 0 59.69 0 59.69 52.8
Automatic
Method 0 59.63 20 59.65 52.3

3.3. 2 x 75 MW Demand Connection Study

Following the development of flexible energy storage system, mid-scale, movable
facilities, such as mobile battery energy storage [52] and magnetic energy storage [53], are
expected to provide flexible services to the grid. Considering the mobile energy storage
system as system loads, it is understood that the deployment locations of the facilities have
notable effects on the grid, Thus, a study was conducted to study the coordination of the
optimal placement of mobile MSSSC and multiple demands. In this case, 2 x 75 MW loads
were assumed to be connected to the grid at two different locations.

For the new 2 x 75 MW demands connection scenario, Figure 10 shows that the new
2 x 75 MW demands are supposed to be placed at Bus 38 and Bus 87 without any mobile
MSSSC deployment. In Figure 11, two devices are installed on Line 30-38 and Line 77-78,
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and the new demands are located at Bus 86 and Bus 87 during Season 1 and Season 3.
In Season 2, the new demands are suggested to be placed at Bus 86 and Bus 87, but the
devices are only deployed on Line 77-78, as shown in Figure 12. Similarly, this allows
system operators to redeploy the rest of the devices for other applications.

Figure 10. The 2 x 75 MW demand location during seasons 1, 2, and 3 without mobile MSSSC. Green
node indicates the load connection location.

Figure 11. The optimal 2 x 75 MW demand and mobile MSSSC allocation during seasons 1 and 3.
Red lines indicate the mobile MSSSC deployment locations; green node indicates the load connec-

tion location.
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Figure 12. The optimal 2 x 75 MW demand and mobile MSSSC allocation during Season 2. Red lines
indicate the mobile MSSSC deployment locations; green node indicates the load connection location.

Table 4 shows the detailed results of the 2 x 75 MW load connection study. There
are 5389 MWh wind curtailment reduction in a year by using mobile MSSSC, leading to
1594 t of CO, avoidance. A reduction of EUR 379k of system annual generation costs can
be achieved with EUR 111k annual investment for mobile MSSSC deployment. This results
in EUR 268k of annual system total operation costs reduction. While a slight reduction of
transmission line utilisation is observed due to the redispatch of generators, it is understood
to neglect the negative impacts on the utilisation of the lines compared to the significant
benefits of mobile MSSSC.

Table 4. Mobile MSSSC allocation simulation results with 2 x 75 MW demand.

Season Case Cur‘:;li?rflent Gen Cost Devices Cost Total Cost Network
(EUR M) (EUR k) (EUR M) Utilisation (%)
(MWh)
Season 1
(Winter) Base Case 885 63.19 0 63.19 58.2
N-1 Security 6235 63.57 0 63.57 56.0
Automatic
Method 1077 63.35 41 63.39 55.5
Season 2 Base Case 0 91.73 0 91.73 547
(Summer)
N-1 Security 0 91.83 0 91.83 51.9
Automatic
Method 0 91.79 29 91.82 50.9
Season 3
(Spring and Base Case 0 59.58 0 59.58 58.1
Autumn)
N-1 Security 231 59.80 0 59.80 53.6
Automatic
Method 0 59.68 40 59.72 53.4

Furthermore, it is found that the separated allocation of the demand leads to increases
of wind curtailments and total generation costs. This means that the best demand connec-
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tion strategy is to place the large demand close to the RES generators or low-cost generators
to avoid network congestion. Additionally, it is understood that the deployment of mobile
MSSSC can support system operators to find the optimal placement of new demands,
as well as to mitigate the negative effects of new demands connection with low costs.

3.4. New RES Connection Study

According to Ireland’s Climate Action Plan, the proportion of renewable electricity is
expected to increase up to 80% of total electricity generation by 2030 [54]. This requires a
large amount of RES generation connection to the grid, causing network congestion issues.
It envisages that the mobile MSSSC can support the RES connection to mitigate the network
congestion. Therefore, the new RES connection case study is conducted to investigate the
impact of mobile MSSSC allocation on the new 1 x 150 MW RES connection.

In Figure 13, the new RES generating unit is initially supposed to be deployed at
Bus 32, but it is found that Bus 116 is a better location with mobile MSSSC placement in
the network during Season 1. There are nine lines needed for mobile MSSSC installation,
including Line 30-38, Line 23-24, Line 23-32, Line 77-78, Line 82-83, Line 85-88, Line
85-89, Line 88-89, and Line 89-92. During Season 2, Bus 77 was initially identified for
RES generation connection without mobile MSSSC. With four sets of devices (12 devices in
total) deployed on Line 77-78, Line 85-88, Line 85-89, and Line 88-89, the RES generation
is suggested to be allocated at Bus 116, as shown in Figure 14. Figure 15 shows that the
RES generation should be connected at Bus 27 without any device deployment. When
mobile MSSSC devices are installed on Line 30-38, Line 77-78, Line 82-83, Line 85-88, Line
85-89, Line 88-89, and Line 89-92, the RES generation is advised to be connected at Bus 116.
The rest of the devices can be applied to support short-term network reinforcement and
maintenance projects during Season 2 and Season 3. Additionally, it is noted that a number
of devices are installed in the southeast region. This is caused by the large amounts of
power generated from the power hub at Bus 87. By installing the mobile MSSSC, the system
operators can manage the power flows from the south, unlocking the constrained energy
transfer capacity.

Figure 13. The optimal 1 x 150 MW RES and mobile MSSSC allocation during Season 1. Red lines
indicate the mobile MSSSC deployment locations; light green node indicates the RES location without
devices, and orange node indicates the RES location with devices.
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Figure 14. The optimal new 1 x 150 MW RES and mobile MSSSC allocation during Season 2. Red
lines indicate the mobile MSSSC deployment locations; light green node indicates the RES location
without devices, and orange node indicates the RES location with devices.

Figure 15. The optimal new 1 x 150 MW RES and mobile MSSSC allocation during Season 3. Red
lines indicate the mobile MSSSC deployment locations; the light green node indicates the RES location
without devices, and the orange node indicates the RES location with devices.

Table 5 shows the detailed results of the 1 x 150 MW RES generating unit connection
study. There are 55,874 MWh wind curtailment avoidances achieved by deploying mobile
MSSSC, leading to 16,528 t CO, emission avoidance in a year. Additionally, the increases
in wind power output and redispatch of generators result in EUR 950k system generation
cost saving with EUR 444k of investment cost for mobile MSSSC. Hence, the reduction of
system annual operation costs is EUR 507k. Meanwhile, a negligible net negative impact on
the utilisation of the lines is observed. This may be caused by the redispatch of generators.
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Table 5. Mobile MSSSC allocation simulation results with 1 x 150 MW RES.

Season Case Cur‘;?irllrflent Gen Cost Devices Cost Total Cost Network
(EUR M) (EUR k) (EUR M) Utilisation (%)
(MWh)
Season 1 Base Case 24,981 53.86 0 53.86 56.1
(Winter)
N-1 Security 75,001 54.75 0 54.75 52.7
Automatic
Method 50618 54.37 185 54.56 54.3
Season 2 Base Case 764 77.74 0 77.74 53.6
(Summer)
N-1 Security 17,502 78.26 0 78.26 51.7
Automatic
Method 9190 78.04 118 78.16 50.6
Season 3
(Spring and Base Case 1892 50.21 0 50.21 55.7
Autumn)
N-1 Security 54,694 51.03 0 51.03 53.4
Automatic
Method 31,515 50.68 141 50.82 52.4

Consequently, the mobile MSSSC can significantly reduce the network wind cur-
tailment, system generation cost, and CO, emissions caused by the new RES generator
connection. It allows system planners to facilitate the RES connections with a short lead
time and low cost.

4. Sensitivity Analysis

Conventional thermal power plants use fossil fuels, such as coal, peat, oil, and natural
gas, to generate electricity. The cost parameters of thermal generators are caused by the
different fuel types of the generators. Hence, the variants of the fossil fuel prices may affect
the generator dispatching, causing various network issues, and mobile MSSSC allocations.
Therefore, a sensitivity analysis was conducted to investigate the impacts of the cost of
generators on the deployment locations of mobile MSSSC solutions.

It is understood that the power outputs of low-cost generating units are usually at
their maximum capacity. Thus, the power cost changes of these units have significant
impacts on the system performance. As a result, the generating units at Bus 8, Bus 25, Bus
46, Bus 49, Bus 62, Bus 65, Bus 77, and Bus 99 are targeted. In addition, it is noted that
the sensitivity analysis focuses on the Season 2 data, and the results of the 118-bus system
normal operation study are considered as the reference.

In Table 6, the effects of generator costs on the system operation and the mobile MSSSC
placement are presented. It indicates that 8.02 GWh and 8.05 GWh of wind curtailment
reduction are achieved when the targeted generators’ costs are reduced by 10% and 5%,
respectively. This results in 2373 t and 2381 t of CO; avoidance, as well as EUR 218k and
EUR 232k of total generation cost reduction with 10% and 5% of targeted generator cost,
drops, respectively. It identified three deployment locations, which are Line 77-78, Line
85-88, and Line 88-89, requiring EUR 88k of investment, This results in EUR 130k and EUR
144k of system operation cost reduction as 10% and 5% of targeted generator cost drops.
When the targeted generators’ cost increases by 5%, 9.37 GWh of wind curtailment, 2772 t
of CO, emission, EUR 365k of total generation cost, and EUR 218k of system operation cost
reduction are observed. This needs EUR 147k of investment for 15 devices deployment on
Line 77-78, Line 85-88, Line 85-89, and Line 88-89. Moreover, 11.13 GWh of wind energy,
3293 t of CO, emission, EUR 417k of total generation cost, and EUR 240k of system cost are
saved when 10% of the targeted generator costs increase by deploying 18 devices on Line
67, Line 77-78, Line 85-88, Line 85-89, Line 88-89, and Line 114-115. The deployment
location changes of the mobile MSSSCs are caused by the system needs and the generating
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units redispatching. This implies that the mobile MSSSC solution allows system operators
to manage the network constraints caused by the variations of the generator cost, as well as
to facilitate the RES integration.

Table 6. Mobile MSSSC allocation sensitivity analysis results.

Wind
0,
The % Change Curtailment CO; Gen C(.)St Devices Cost Total C.o st MSSSC
of Targeted Reduction Avoidance (t) Reduction (EUR k) Reduction Allocations
Gen Cost (EUR k) (EUR k)
(MWh)
—10% 8023 2373 218 88 130 L7778, Lgs—ss,
and Lggg9
—5% 8049 2381 232 88 144 L7778, Lgs—ss,
and Lgg_g9
L3o—38, L7778,
0% 7705 2279 258 118 141 Lgs_ss,
and Lgg_gg
L3o—38, L7778,
5% 9373 2772 365 147 218 Lgs—ss, Lss_so,
and Lgg_gg
Le—7, L77_78,
10% 11,134 3293 417 176 240 Les—ss, Les—s9,
Lgg—g9,

and Li14-115

Figure 16 shows that the cost reduction of targeted generating units has limited impacts
on the wind curtailment reduction. The reason is that the cost reduction of targeted units has
limited effects on the power output of these units since they are already at their maximum
power output in most periods. When the generator costs increase, the zero-cost wind power
is used to replace the power generated from the high-cost generators. It results in significant
wind curtailment reductions. The growth of total generation cost is observed with the
increasing cost of targeted generators. This is caused by the increasing shares of wind power.
Similarly, the system cost increases with the growth of targeted generators’ costs.

—&— Gen Cost Reduction
400 { —&— System Cost Reduction r11.0
—e— Wind Curtailment Reduction
L1055 =
350 o
c
L10.0-2
5
< 300 A 8
L t9.5 £
- -+
g 5
O 250 A1 =
Fr9.0 =
©
£
o
200 A1 L
85 3
£
=
150 - r8.0

-10% 5% 0% 5% 10%
The Change of Targeted Gen Cost

Figure 16. The generator costs sensitivity analysis results.
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In conclusion, the generator cost changes may cause generation redispatching and
network congestion which will affect the optimal deployment locations of mobile MSSSC.
It indicates that more installation of the devices is suggested to facilitate the RES integration
by redirecting the power flows.

5. Conclusions and Future Works
5.1. Conclusions

The proposed tool has been presented in this paper to optimally allocate the mobile
MSSSC in transmission networks. The tool is expected to provide effective indicators to
TSOs, specifically Irish system operators, in planning the transmission network. The main
findings shown in this dissertation are as follows:

*  The deployment of mobile MSSSC can effectively reduce the RES curtailment, CO,
emissions, system generation cost, and system total cost. It also has positive impacts
on the existing asset utilisation improvement.

*  The presence of new demand should be primarily placed close to RES generating units or
low-cost generators. The separation of the large demand deployment may have different
impacts on the network congestion, compared to a single large demand connection.

e With optimally allocated mobile MSSSC, the high system operation cost, as well as the
growth of wind curtailment caused by new demands connections, can be effectively
mitigated.

*  The additional RES connection can result in severe network congestion and significant
wind curtailment due to the limited network transfer capacity. The mobile MSSSC can
effectively facilitate the RES connections by optimally allocating the RES connection
location as well as rebalancing the power flows.

*  The tool can be used to investigate the optimal deployment locations of new demand,
such as data centres or power-to-gas facilities, and RES connections, following the
coordination with mobile MSSSC deployment.

*  The variations in generating unit cost affect the optimal deployment locations of mo-
bile MSSSC. The more expensive the thermal units are, the more the RES curtailment
reduction is economically justifiable.

5.2. Future Work

Based on this study, there are several paths that the proposed mobile MSSSC allocation
research can be extended to, as follows:

¢ The detailed multiple numbers of mobile MSSSC allocation tool should be investigated.
This is important for system planners to avoid extensive civil engineering works by
reducing the installation locations.

¢ The mobile MSSSC deployment strategy under unit commitment conditions should
be investigated since these devices can provide flexibility for the UC problem.

*  An ACOPF model for mobile MSSSC deployment location optimisation tool should
be investigated.

*  The investigation of other FACTS allocation strategies adapted with linear operation
model methods can be performed [36].

*  The impact of mobile MSSSC transportable constraints, including re-deployment
speed and moving range, on the deployment strategy should be investigated. It
should be considered as a fast-react force to mitigate sudden risks, enhancing the
stability and reliability of the grid.

*  The impacts of mobile MSSSC placement on the extreme weather event management
and post-contingency should be investigated. The impact of mobile MSSSC demolish-
ing on the originally installed lines should be considered to prevent additional risks to
the system.

e The impacts of the application of mobile MSSSC for voltage control [26] and uncertain
demand mitigation on the deployment location should be investigated [12]. The short-
circuit analysis should be considered in MSSSC deployment strategy.
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¢  The detailed and customised cost-benefits analysis can justify the results of optimal
allocation of mobile MSSSC, as well as the best investment decision for system planners.
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Abbreviations

The following abbreviations are used in this manuscript:

RES Renewable energy source

TSO Transmission system operator

FACTS  Flexible AC transmission systems

MSSSC  Modular static synchronous series compensator
IGBT Isolated-gate bipolar transistor

SNSP System non-synchronous penetration

PFC Power flow controller

NR Newton-Raphson

GSO Group searcher optimization
OPF Optimal power flow

LpP Load pattern

WP Wind pattern

GSHF Generation shift factor

LODF  Line outage distribution factor
NPV Net present value

CBA Cost-benefit analysis

OM Operation and maintenance
Unit

% Percentage

EUR Euro

g gram

kWh Kilowatt hour
MW Megawatts
MWh Megawatt hour
GWh Gigawatt hour

M Million
k Thousand
t Tonne
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Appendix A

The LD and WD analysis results that are described in Section 2.4 are presented in

this section.The red line is the centre of the cluster in the following figures.
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Figure A1. Season 1 demand data clustering.
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Figure A2. Season 2 demand data clustering.
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Figure A4. Season 1 wind generation data clustering.
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Figure A5. Season 2 wind generation data clustering.
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