
The University of Manchester Research

Interpreting the Value of Flexibility in AC Security-
Constrained Transmission Expansion Planning via a
Cooperative Game Framework

Link to publication record in Manchester Research Explorer

Citation for published version (APA):
Churkin, A., Kong, W., Alizadeh, M. I., Capitanescu, F., Mancarella, P., & Ceseña, E. A. M. (2023). Interpreting the
Value of Flexibility in AC Security-Constrained Transmission Expansion Planning via a Cooperative Game
Framework.

Citing this paper
Please note that where the full-text provided on Manchester Research Explorer is the Author Accepted Manuscript
or Proof version this may differ from the final Published version. If citing, it is advised that you check and use the
publisher's definitive version.

General rights
Copyright and moral rights for the publications made accessible in the Research Explorer are retained by the
authors and/or other copyright owners and it is a condition of accessing publications that users recognise and
abide by the legal requirements associated with these rights.

Takedown policy
If you believe that this document breaches copyright please refer to the University of Manchester’s Takedown
Procedures [http://man.ac.uk/04Y6Bo] or contact uml.scholarlycommunications@manchester.ac.uk providing
relevant details, so we can investigate your claim.

Download date:13. Oct. 2023

https://research.manchester.ac.uk/en/publications/1fa248c5-975d-4bcf-aa7d-eb200502bfa1


Interpreting the Value of Flexibility in AC
Security-Constrained Transmission Expansion
Planning via a Cooperative Game Framework

Andrey Churkin∗, Wangwei Kong†, Mohammad Iman Alizadeh‡, Florin Capitanescu‡,
Pierluigi Mancarella∗,§ and Eduardo A. Martı́nez Ceseña∗,¶

∗Department of Electrical and Electronic Engineering, The University of Manchester, U.K.
†National Grid Electricity Transmission, U.K.

‡Luxembourg Institute of Science and Technology (LIST), Luxembourg
§Department of Electrical and Electronic Engineering, The University of Melbourne, Australia

¶Tyndall Centre for Climate Change Research, U.K.

Abstract—Security-constrained transmission expansion plan-
ning (SCTEP) is an inherently complex problem that requires
simultaneously solving multiple contingency states of the system
(usually corresponding to N-1 security criterion). Existing studies
focus on effectively finding optimal solutions; however, single
optimal solutions are not sufficient to interpret the value of
flexibility (e.g., from energy storage systems) and support system
planners in well-informed decision making. In view of planning
uncertainties, it is necessary to estimate the contributions of
flexibility to various objectives and prioritise the most effective
investments. In this regard, this work introduces a SCTEP tool
that enables interpreting the value of flexibility in terms of
contributions to avoided load curtailment and total expected
system cost reduction. Inspired by cooperative game theory, the
tool ranks the contributions of flexibility providers and compares
them against traditional line reinforcements. This information
can be used by system planners to prioritise investments with
higher contributions and synergistic capabilities.

Index Terms—Flexibility, security-constrained optimal power
flow, Shapley value, stochastic optimisation, transmission network
planning.

I. INTRODUCTION: THE NEED FOR INTERPRETABLE
SECURITY-CONSTRAINED PLANNING

Security-constrained transmission expansion planning
(SCTEP) is becoming increasingly important as the integration
of uncertain renewable energy sources (RES) accelerates [1].
To guarantee cost-effective and reliable (e.g., N-1 secure)
operation of future power systems, it is necessary to develop
accurate SCTEP models capable of identifying potential
congestion and voltage issues and finding optimal investments
in assets (such as line reinforcement) and flexibility (energy
storage systems, demand response programs, etc.).

Power system planning with N-1 security constraints is
an inherently complex problem, as it requires simultane-
ously solving normal system conditions alongside multiple
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contingency states. This is recognised by existing security-
constrained optimal power flow (SCOPF) literature, as SCOPF
models used for verifying the feasibility of network plans
for selected contingencies have high computational costs as-
sociated with large numbers of variables, nonlinearities and
nonconvexities of the optimisation problems [2]–[4].

To overcome the above challenges, existing studies focus on
simplifying the SCTEP formulation, e.g., via power flow lin-
earisations and metaheuristic algorithms [5]–[7]. These models
allow system planners to approximate single optimal SCTEP
solutions and develop investment portfolios. However, a single
optimal solution is not sufficient to interpret the value of flex-
ibility and support well-informed decision making. That is, it
is unclear how flexibility providers contribute to the economic
efficiency and N-1 security of a system, and how effective
they are compared to traditional line reinforcement. Without
this information, system planners cannot prioritise investment
options (to deploy first the solutions that bring more value)
and analyse their potential synergies. Prioritising investments
becomes especially important in multi-stage planning, where
uncertainties from later stages or years can compromise the
adequacy of the planning decisions being made now.

In this regard, this work introduces an open-source SCTEP
tool for interpreting the value of flexibility:

https://github.com/AndreyChurkin/iSCTEP/

The tool enables interpreting the value of flexibility in terms
of contributions to avoided load curtailment and total expected
system cost reduction. Inspired by cooperative game theory
[8], the tool ranks the contributions of flexibility providers and
compares them against traditional line reinforcements. This
information allows system planners to prioritise investments
with higher contributions and synergistic capabilities, i.e., the
largest contributions in combination with other investments.

Specifically, the tool formulates a cooperative game among
selected investment options (line reinforcements and flexibility
providers) and iteratively solves a SCTEP model to estimate
the value of investments in different coalitions (combinations
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of investments). The planning model is based on an exact
nonlinear stochastic AC SCOPF formulation, adapted from
previous work [4], which enables finding accurate AC-feasible
solutions for multiple post-contingency states and incorpo-
rating uncertainties from RES. Then, marginal contributions
of investments to coalitions are estimated and the Shapley
value, a popular valuation concept from cooperative game
theory [8], is computed to provide a single-valued estimation
of the usefulness of investments. As demonstrated through
simulations in Section III, cooperative game theory provides
a natural framework for analysis of investment options in the
SCTEP problem, giving unique insights into the contributions
of investments and their synergistic capability.

Similar coalitional analyses and Shapley value applications
have been done in power systems research. In [9], solution
concepts from cooperative game theory were applied for the
identification of critical parameters affecting power system
small-disturbance stability. In [10], the Shapley value was used
to estimate the impact of various components of flexible multi-
energy systems on their reliability. In [11], the usefulness of
the Shapley value was demonstrated for estimating the criti-
cality of flexibility providers in active distribution networks.
In [12], cooperative game theory was applied to rank the
usefulness of fast-ramping flexibility providers in transmission
expansion planning. Even though exploring a similar flexibility
valuation concept, study [12] is different from current work,
as it: 1) relies on a linear optimisation model, 2) does not
consider contingencies, and 3) does not compare investment
in flexibility against line reinforcement options.

The usefulness of the Shapley value has also been recog-
nised beyond power systems research. For example, it has been
demonstrated that the Shapley value and its approximations
can be used to effectively interpret machine learning models
and solve data valuation problems [13], [14]. Similar to the
SCTEP problem, complex machine learning models, typically
formulated as black-box models, can provide a single solution
to a classification or prediction problem. However, a single
solution is not enough to interpret the outcome of the learning
model and the value of the input data and its features.
Therefore, interpretable machine learning models based on the
Shapley value are getting increasing attention.

This work combines recent advances in SCOPF and SCTEP
modelling and concepts from interpretable models (using co-
operative game theory) and makes the following contributions:

• A new SCTEP planning tool is developed for interpreting
the value of flexibility in terms of contributions to avoided
load curtailment and total expected system cost reduction
via the coalitional analysis of investment options, allow-
ing system planners to prioritise investments with higher
contributions and synergistic capabilities. To the authors’
knowledge, no such analysis has been performed in the
context of SCTEP. Compared to relevant studies, such as
[12], the developed tool is based on the exact nonlinear
stochastic AC SCOPF formulation, adapted from [4].

• The proposed cooperative game formulation considers in-
vestment options as players, which enables comparing the

value of flexibility against traditional line reinforcement.
In contrast to works such as [9], [10], the tool not only
identifies critical system components and contingencies
but also suggests investments that effectively deal with
potential system operation problems.

The proposed SCTEP tool is demonstrated with a simple 5-
bus system and a realistic 30-bus UK electricity transmission
system. The performed coalitional analysis for the selected
investment options provides the following findings:

• Investments in flexibility and line reinforcement offer
vastly different values depending on the objectives of the
system planner. Flexibility providers consistently reduce
load curtailment in many coalitions, as they can directly
reduce peak load demand at specific locations. Line
reinforcements tend to offer lower costs by facilitating
the transfer of power from cheaper generators.

• Individual contributions of investment options cannot
always be used to correctly estimate the entire range
of possible contributions. That is, traditional sensitivity
analyses (exclusion of certain investments) can lead to
an incorrect assessment of the investment’s value and
synergistic capability. A thorough coalitional analysis is
required to prioritise investment options.

The rest of this paper is organised as follows. Section II
introduces the SCTEP model and formulates the framework
for interpreting the value of flexibility. Section III presents
simulations for two test systems and discusses the scalability
of the developed tool. Section IV concludes the paper.

II. MODELLING FRAMEWORK: COALITIONAL ANALYSIS
FOR THE SCTEP PROBLEM

This section first introduces the SCTEP problem formu-
lation as a nonlinear optimisation model and defines the
objective functions used to assess the planning solutions.
Then, a cooperative game among investments is formulated to
interpret their value and identify investments with the highest
contributions to the selected objectives.

A. SCTEP Formulation

A nonlinear stochastic AC SCOPF model, originally in-
troduced and tested in [4], is adapted in this work to de-
velop the SCTEP tool. The SCOPF model is extended by
explicitly including planning decision variables: additional line
capacities due to reinforcements and capacities of flexibility
providers.1 The complete model formulation is presented in
(1a)-(1l), where variables and constraints are defined for each
scenario s and state of the system k. To ease the notation (to
avoid duplication of similar constraints), all considered system
states are denoted by k. Yet, within the tool, k = 0 indicates
the normal operation and k ≥ 1 indicates contingency states.

Constraints (1c) and (1d) represent active and reactive power
balance equations for each node n of the system, which include

1Note that investment options are defined as continuous variables (MVA
capacity increase for lines and flexibility providers), while in practice these
variables are discrete. The inclusion of integer and binary variables will be
considered in future research.
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MODEL Stochastic AC security-constrained power flow for SCTEP [QCP]

Variables: (for scenario s and state k)
ekn,s, f

k
n,s real and imaginary parts of complex voltage ∀n ∈ N

pknm,s, q
k
nm,s active and reactive power flows ∀(n,m) ∈ L

P k
n,g,s, Q

k
n,g,s active and reactive power production of generators ∀n ∈ N , g ∈ G

P ↑,k
n,f,s, P

↓,k
n,f,s, Q

↑,k
n,f,s, Q

↓,k
n,f,s increase and decrease of active/reactive power by flexibility providers ∀n ∈ N , f ∈ F

LCk
n,s, RCk

n,s active load curtailment and RES power curtailment ∀n ∈ N
LInm additional line capacity due to reinforcement ∀(n,m) ∈ L
FIn,f additional capacity of flexibility providers due to investments ∀n ∈ N , f ∈ F

Constraints: (for scenario s and state k)

pknm,s = (ekn,s
2
+ fk

n,s

2
)Gnm − (ekn,se

k
m,s + fk

n,sf
k
m,s)Gnm − (fk

n,se
k
m,s − ekn,sf

k
m,s)Bnm ∀(n,m) ∈ L (1a)

qknm,s = −(ekn,s
2
+ fk

n,s

2
)Bnm + (ekn,se

k
m,s + fk

n,sf
k
m,s)Bnm − (fk

n,se
k
m,s − ekn,sf

k
m,s)Gnm ∀(n,m) ∈ L (1b)∑

g∈G
P k
n,g,s + PR

n,s −RCk
n,s − PD

n,s + LCk
n,s +

∑
f∈F

(P ↑,k
n,f,s − P ↓,k

n,f,s)−
∑

(n,m)∈L

pknm,s = 0 ∀n ∈ N (1c)

∑
g∈G

Qk
n,g,s −QD

n,s +
∑
f∈F

(Q↑,k
n,f,s −Q↓,k

n,f,s)−
∑

(n,m)∈L

qknm,s = 0 ∀n ∈ N (1d)

Pn,g ≤ P k
n,g,s ≤ Pn,g, Q

n,g
≤ Qk

n,g,s ≤ Qn,g ∀n ∈ N , g ∈ G (1e)

pknm,s

2
+ qknm,s

2 ≤ (Snm + LInm)
2 ∀(n,m) ∈ L (1f)

V n
2 ≤ ekn,s

2
+ fk

n,s

2 ≤ V n
2 ∀k ∈ K (1g)

0 ≤ P ↑,k
n,f,s ≤ P

↑
n,f + FIn,f , 0 ≤ P ↓,k

n,f,s ≤ P
↓
n,f + FIn,f ∀n ∈ N , f ∈ F (1h)

0 ≤ Q↑,k
n,f,s ≤ Q

↑
n,f + FIn,f , 0 ≤ Q↓,k

n,f,s ≤ Q
↓
n,f + FIn,f ∀n ∈ N , f ∈ F (1i)

0 ≤ LInm ≤ LInm ∀(n,m) ∈ L (1j)
0 ≤ FIn,f ≤ FIn,f ∀n ∈ N , f ∈ F (1k)

0 ≤ LCk
n,s ≤ PD

n,s, 0 ≤ RCk
n,s ≤ PR

n,s ∀n ∈ N (1l)

active and reactive power flows defined in (1a) and (1b). In
(1e), limits of active and reactive power are defined for each
generator g. Network operation constraints, congestion and
voltages, are imposed in (1f) and (1g). Operation limits of
flexibility providers are defined by the set of constraints (1h),
(1i). Investments in line reinforcement and flexibility providers
are capped with (1j) and (1k). Finally, (1l) defines limits
of load curtailment and RES power curtailment. Note that
curtailments of RES and loads (and the associated penalties)
are introduced to prevent infeasibility of the AC SCOPF model
at the system operation stage.

Two objective functions are considered in this work for
the SCTEP problem formulation. The first objective is the
minimisation of load curtailments for all scenarios and states,
which corresponds to robust system planning:

min
∑
s∈S

∑
k∈K

∑
n∈N

LCk
n,s (2)

The second objective is the minimisation of the total ex-

pected system cost:

min
∑
s∈S

∑
k∈K

πk
s

[∑
n∈N

[∑
g∈G

cgen
n,g(P

k
n,g,s)

+LCk
n,sc

curt
n +RCk

n,sc
curt
R +

∑
f∈F

(P ↑,k
n,f,s + P ↓,k

n,f,s)c
flex
n,f

]]
+
∑

(n,m)∈L

LInmcinv
nm +

∑
n∈N

∑
f∈F

FIn,fc
inv
f (3)

This objective comprises the cost of generation (given by
function cgen), penalties associated with load curtailment and
RES power curtailment, ccurt

n , ccurt
R , cost of flexible power

production, cflex
n,f , and investments in line reinforcement and

flexibility providers (with levelised costs cinv
nm and cinv

f ). The
probability of occurrence of scenario s for state k is given by
πk
s . In the simulations presented in this work, for simplicity

reasons, all scenarios and contingencies are assumed equiprob-
able. The probability of a contingency state is assumed to be
0.05 while the normal state has a probability of 0.95.
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B. Coalitional Analysis: Interpreting SCTEP Solutions via
Cooperative Game Theory

Cooperative game theory offers a natural framework to
analyse the contributions of investment options to the defined
objectives [8], [12]. For this purpose, different investments
are represented as players jointly contributing to various coali-
tions (combinations of investments). Specifically, a cooperative
game (N ; v) in SCTEP can be formulated as follows:

• N is a finite set of players (investment options considered
in the STEP problem). A subset of N is called a coalition.
The largest possible coalition containing all players is
called the grand coalition. The collection of all coalitions
is denoted by 2N .

• v : 2N → R is the characteristic function associating each
coalition S with a real number v(S), which is a metric
describing the value of a coalition.

In this work, the defined objective functions (2) and (3) are
used to characterise the value of coalitions in terms of maxi-
mum load curtailment and total expected system cost. That is,
the optimal solution for the SCTEP problem with a coalition of
investments S, minimised curtailment or minimised expected
cost, defines the value of the coalition. Then, the marginal
contribution to coalition S by player i is estimated as the
difference in the coalition’s value with and without the player:

MC(S)i = v(S ∪ {i})− v(S) ∀i ∈ S ∀S ⊆ N (4)

By comparing the differences between multiple optimal
SCTEP solutions, marginal contributions calculated in (4) rep-
resent maximum avoided load curtailment and total expected
cost reduction driven by the investments. Analysis of contribu-
tions of the investments to all 2N coalitions enables accurately
estimating their usefulness and synergistic capabilities, i.e.,
potential contributions in combination with other investments.
As a single-valued estimation of the contributions by player i,
the Shapley value, the weighted average of player’s marginal
contributions to all possible coalitions, can be calculated:

Shi =
∑

S⊆N\{i}

|S|!(|N | − |S| − 1)!

|N |!
MC(S)i (5)

A simplified analysis of coalitions can be done by consider-
ing only players’ contributions to the grand coalition and their
individual contributions (to coalitions with only one player).
That is, a truncated coalitional structure can be considered, for
example, to perform the initial screening of investment options
and select investments with the highest contributions for more
detailed coalitional analysis. This corresponds to the traditional
planning approach, where the system planner can perform a
sensitivity analysis of the optimal solution by excluding one of
the investment options (or excluding all but one investment).
However, as will be demonstrated by the simulations, such a
simple sensitivity analysis can lead to an incorrect assessment
of the investment’s value and its synergistic capability.

F1 F2

1 2

3 4 5

D1 D2

G3 G5G4

L1-2

L1-3
L1-4 L2-5

L3-4 L4-5

W R4

Fig. 1. Case study: illustrative 5-bus system.

III. RESULTS AND DISCUSSION

This section demonstrates the proposed flexibility valuation
approach for two test transmission systems: a 5-bus illustrative
network and a 30-bus UK system. For each system, the impacts
of investments in line reinforcement and flexibility are anal-
ysed in terms of avoided load curtailment and expected system
cost reduction. Then, insights into the value of flexibility,
coalitional game formulations, and other modelling features
are discussed. All simulations have been performed with JuMP
1.11.0 for Julia 1.6.1 language and Ipopt 3.14.4 solver.

A. Case Study: Illustrative 5-bus System

To illustrate the principles of flexibility valuation in SCTEP,
the developed tool is first applied to a simple 5-bus system
with 6 lines, as shown by its single-line diagram in Fig. 1.
This system has been originally introduced in [3], [4] to test
AC SCOPF models. There are three generators, each with a
maximum capacity of 1500 MW and 750 MVar, supplying
two loads (demand of 1100 MW and 400 MVAr at bus 1 and
demand of 500 MW and 200 MVAr at bus 2).

A set of 6 contingencies is considered, corresponding to the
tripping of every line (N-1 conditions). The 5-bus system is
modified by setting a maximum transmission capacity of 800
MVA for each line, which makes some contingencies binding,
i.e., resulting in load curtailment. To avoid potential load
curtailment due to contingencies, it is necessary to upgrade the
system and solve the SCTEP problem. It is assumed that the
system planner has the following investment options: 1) each
line can be reinforced by a maximum additional capacity of
100 MVA, as shown by the dashed lines in Fig. 1, 2) flexibility
(e.g., energy storage systems) can be built at bus 1 and bus 2,
with a maximum capacity of 100 MW. The investment cost
for flexibility, cinv

f , and levelised cost of transmission lines,
cinv
nm, are assumed to be 5 e/MWh. Generators have quadratic

cost functions as given in [3], with the generator at but 3
being the cheapest one. Flexibility providers are expected to
provide power at the price of 30 e/MWh. Penalty cost for
load curtailment, ccurt

n , is set at 104 e/MWh.
To introduce uncertainties in the system operation, bus 4 is

assumed to have RES, a wind farm (denoted by “W”) with
a maximum capacity of 500 MW and a generation profile
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Fig. 2. Valuation of flexibility in terms of the maximum avoided load
curtailments for the 5-bus system.

given by two scenarios. The optimal solution to the SCTEP
model (1a)-(1l) with cost-minimising objective function (3)
recommends upgrading lines, 1-3, 1-4, 2-5, and investing
in both flexibility providers to their maximum capacities.
These investments allow reducing the total expected system
cost by 8.5%, from 0.621 to 0.568 mlne/h. However, this
solution is not sufficient to interpret the value of flexibility
in the considered planning problem. To deal with planning
uncertainties, the system planner needs to prioritise the in-
vestment options and address the following questions before
accepting the optimal expansion plan. How do flexibility
providers contribute to avoiding potential load curtailment
and reducing the total expected system cost? How effective
are flexibility investments compared to line reinforcement?
Which investment options jointly contribute to the defined
objectives and thus have the highest synergistic capabilities
in SCTEP? To address these questions and provide additional
information for the system planner, the developed flexibility
valuation tool was applied and the coalition analysis of the
investment options was performed.

The assumed investment options lead to a cooperative game
with 8 players (six line reinforcements and two flexibility
providers), which is feasible to analyse by considering a total
of 28 = 256 coalitions. First, the curtailment-minimising
objective function (2) was selected to solve the SCTEP model
(1a)-(1l). For each coalition, the maximum avoided load
curtailment was estimated to characterise its value. Then, the
marginal contributions of players were calculated using (4) and
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individual contributions contributions to the grand coalition

the Shapley value

distribution of contributions

Fig. 3. Valuation of flexibility in terms of the total expected cost reductions
for the 5-bus system.

the Shapley value (5) was computed to represent the weighted
average contribution to all possible coalitions. The results are
presented in Fig. 2 as violin plots showing the distribution
of the players’ marginal contributions. As a single-valued
estimation of contributions, the Shapley value is displayed by
a single point (red diamond marker) for each player.

The performed coalition analysis demonstrates vast differ-
ences in the contributions of investment options to the maxi-
mum load curtailment. Reinforcements of lines 1-2, 3-4, and 4-
5 make no positive contributions, regardless if considered indi-
vidually or in combination with other investments. Therefore,
they can be excluded from the investment portfolio. Lines 1-3
and 2-5 can contribute to avoiding load curtailment, but most
of their contributions are low compared to other investment
options. Line 1-4 appears to be the best investment option
for load curtailment reduction, with the highest synergistic
capability, that is, the largest contributions in combination
with other investments.2 Flexibility providers at buses 1 and 2
can lead to significant load curtailment reductions and have a
similar distribution of their contributions. It can be concluded
that, if targeting the maximum load curtailment reduction, line
1-4 should be given priority in the system expansion planning.
This justifies the need for a thorough coalitional analysis to
prioritise investment options.

2Note that the maximum marginal contribution of line 1-4 exceeds its
capacity of 100 MVA. This indicates that this line greatly contributes to other
investment options which cannot maximise their curtailment reduction without
line 1-4 reinforcement.
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Second, objective function (3) was selected to solve the
SCTEP model (1a)-(1l) while minimising the total expected
system cost. Analysis of the players’ contributions to the
expected cost reductions is shown in Fig. 3. Similar to the load
curtailment analysis presented in Fig. 2, line 1-4 and flexible
units at buses 1 and 2 make the highest contributions, therefore
offering the highest synergistic potential. Yet, the distribution
of contributions is different as the cost-minimising simulations
depend on cost assumptions and minimise both load and wind
curtailment, as well as generation and investment costs. For
example, line 1-3 makes consistent contributions to the total
expected cost reduction by increasing the energy export from
the cheap generator at bus 3.

The results illustrate how the value of flexibility in SCTEP
can be interpreted as contributions to avoided load curtailment
or total expected system cost reduction. Depending on the
objective function and cost assumptions, the system planner
can prioritise investments with higher synergistic capabilities
and make well-informed decisions.

An important aspect of the performed simulations is the
analysis of marginal contributions to all possible coalitions.
Specifically, the range of all possible contributions is com-
pared with the individual contributions of investments and
their contributions to the grand coalition. This demonstrates
that a simple sensitivity analysis, which excludes one of the
investment options (or all but one investment), can lead to
an incorrect assessment of the investment’s value and its
synergistic capability. For example, when analysing individual
contributions to avoided load curtailment presented in Fig. 2,
the system planner may decide that flexibility at bus 1 should
be prioritised. Yet, the entire range of contributions and
the Shapley value confirm that reinforcement of line 1-4 is
the most effective investment. Therefore, it is necessary to
perform a thorough coalitional analysis to accurately prioritise
investment options.

B. Case Study: UK Electricity Transmission System

To demonstrate the scalability of the flexibility valuation to
larger systems, a simplified transmission system of the UK was
selected [15]. This system, representing the UK transmission
grid in 2020, has 30 buses, 100 lines, and a total power demand
of 57.2 GW and 16.3 GVAr.3 The system is visualised in
Fig. 4 as a graph where the size of nodes represents the
nodal demand and the colour scheme indicates the location of
generation capacity. A set of 50 contingencies (N-1 criterion)
is considered in the SCTEP problem. To analyse a case with
potential load curtailment due to contingencies, it is assumed
that the planning horizon is 2050, where the total electricity
demand will increase by 93% compared to 2020 levels [16].
The total generation capacity is assumed to increase by 54%,
which is aligned with the UK’s generation expansion plan
in 2035. Thus, the planning problem corresponds to the
planning between 2035 and 2050, when investments in line

3Note that the UK system has many parallel lines connecting the same
buses. In the SCTEP, only one of the parallel circuits will be considered
tripped to simulate contingencies and analyse N-1 security of the system.
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Fig. 4. Case study: simplified electricity transmission system of the UK in
2020. Red lines indicate contingencies that become binding in 2050.

reinforcement and flexibility are needed to meet the growing
power demand and guarantee N-1 security of the system.

Uncertainties associated with RES operation are introduced
by considering 3 GW of wind capacity at bus 4 (denoted by
“W”) given by a set of 10 scenarios.4 Similar to the 5-bus
system case study, the investment cost for flexibility, cinv

f , and
levelised cost of transmission lines, cinv

nm, are assumed to be
5 e/MWh. Generators have linear cost functions in the range
of 1-70 e/MWh. Flexible power price is 30 e/MWh. Penalty
cost for load curtailment, ccurt

n , is set at 104 e/MWh.
In total, 51 lines are assumed available for reinforcement by

a maximum additional capacity of 1000 MVA, and all buses
are considered for flexibility investments with a maximum
capacity of 1000 MW. This leads to a set of 81 investment op-
tions, which are too many for a coalitional analysis. Therefore,
a screening of the initial investment options was performed
by measuring the individual contributions of these options to
maximum avoided load curtailment. That is, SCTEP model

4The wind capacity assumption does not correspond to the total forecast
wind generation in the UK, which is expected to reach dozens of GW. This
assumption allows to demonstrate explicit modelling of uncertain generation
in SCTEP, focusing on load curtailment rather than wind curtailment.
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Fig. 5. Valuation of flexibility in terms of the maximum avoided load
curtailments for the UK transmission system.

(1a)-(1l), (2) was solved for coalitions of one player. Among
the line reinforcement options, only three lines, 7-8, 11-13, and
17-16, have positive contributions and therefore are selected
for further analysis. All 30 flexibility locations have positive
impacts on avoided load curtailment. Among them, the four
locations with the highest marginal contributions, buses 25, 26,
27, and 28, are selected. The resulting cooperative game has
7 players and can be solved by analysing 27 = 128 coalitions.

Analysis of the marginal contributions to avoided load
curtailment for the selected investment options is presented
in Fig. 5. It can be concluded that investing in the flexibility
provider at bus 25 should be prioritised as this option has
the highest synergistic capability to avoid load curtailment.
Among the line reinforcements, line 17-16 should be priori-
tised as it makes consistent positive contributions.

The cost-minimising SCTEP model (1a)-(1l), (3) recom-
mends investments in 12 line reinforcements and 8 flexibility
providers, with the optimal capacities ranging between 22-
1000 MW. The optimal expansion plan allows to reduce
the total expected cost by 3%, from 28.6 to 27.7 mlne/h.
Analysis of the marginal contributions to the total expected
system cost reduction for the selected investment options
is presented in Fig. 6. In contrast to the load curtailment
analysis, line reinforcement options make more significant
contributions in terms of costs. For example, line 7-8 has the
highest contributions to the total expected cost reduction since
it reduces wind curtailment at bus 4 and enables the transfer of
cheaper power from the northern part of the system. It follows
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Fig. 6. Valuation of flexibility in terms of the total expected cost reductions
for the UK transmission system.

that, if focusing on the total expected cost minimisation, the
system planner should prioritise reinforcing this line.

C. Discussion

The developed SCTEP tool enables interpreting the value of
flexibility as contributions to avoided load curtailment or total
expected system cost reduction and comparing it against line
reinforcements. This information allows system planners to
prioritise investments with higher contributions and synergistic
capabilities. The proposed flexibility valuation approach is not
only a post-processing of the optimal SCTEP solution, but a
comprehensive analysis of multiple solutions corresponding
to various coalitions of investment options. Solving security-
constrained problems is known to be computationally expen-
sive for large systems with many scenarios [4]. Therefore, the
scalability of the proposed approach is a major limitation, as
2N coalitions have to be simulated to estimate all contributions
for the selected investment options.

Nevertheless, there exist two ways to overcome the scal-
ability issue and apply the developed SCTEP tool to large
systems. First, as simulations of different coalitions are not
interdependent, the process can be greatly parallelised to
compute the value of coalitions using multiple cores and
processors, thus reducing the computational time for coali-
tion analysis. Second, recent studies on the Shapley value
applications have demonstrated that coalitional analysis can
be performed accurately enough by considering a strategically
selected limited number of coalitions [13], [14], [17]. That is, a
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truncated coalitional structure can be used to estimate players’
contributions and approximate the Shapley value. Moreover,
coalitional analysis can be performed in several stages, where
investment options are screened by limiting the number of
coalitions. Then, the options with less significant contributions
are discarded, and the analysis is repeated for a cooperative
game with fewer players.

The aim of this work is to illustrate the concept of flex-
ibility valuation in SCTEP and explain the usefulness of
this information for system planning. Therefore, not all the
computational aspects have been thoroughly analysed. Future
work will further explore the scalability of the developed tool
by testing larger systems with multiple uncertainties, including
multi-period optimisation with intertemporal constraints and
energy storage systems.

IV. CONCLUSION

Accurate N-1 secure planning of future transmission sys-
tems is becoming increasingly important as the integration
of uncertain RES accelerates. To guarantee reliable and cost-
effective system operation, system planners exploit SCTEP
models and optimise investments in line reinforcement and
flexibility. Being a complex optimisation problem, SCTEP is
typically solved once to find the optimal investment strategy.
However, a single optimal solution is not sufficient to interpret
the value of flexibility in transmission planning and support
well-informed decision making.

In this regard, this work introduces a SCTEP tool that
enables interpreting the value of flexibility in terms of avoided
load curtailment and total expected system cost reduction.
Inspired by cooperative game theory, the tool ranks the contri-
butions of flexibility providers in SCTEP and compares them
against traditional line reinforcements. This information can be
used by system planners to prioritise investments with higher
contributions and synergistic capabilities. The proposed flexi-
bility valuation approach is demonstrated for two transmission
systems (illustrative 5-bus system and UK’s 30-bus system).
It is found that, depending on the objectives considered by the
system planner, investments in flexibility and line reinforce-
ment can have vastly different values. Flexibility providers
tend to make consistent contributions to avoided load curtail-
ment, while line reinforcement can outperform investments in
flexibility in terms of total expected system cost reduction.
The distribution analysis of the players’ contributions also
showed that individual contributions of investment options
cannot always be used to correctly estimate the entire range of
possible contributions. That is, a simple sensitivity analysis for
traditional planning models (exclusion of certain investments)
can lead to an incorrect assessment of the investment’s value
and its synergistic capability. This justifies the need for a
thorough coalitional analysis to prioritise investment options.

Future work will further investigate the computational as-
pects and scalability of the proposed approach by consider-
ing the Shapley value approximations, testing larger systems
with multiple uncertainties, including multi-period optimisa-
tion with intertemporal constraints and energy storage systems.
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approaches for identification of critical parameters affecting power
system small-disturbance stability,” Int. J. Electr. Power Syst., vol. 97,
2018.

[10] M. Cao, C. Shao, B. Hu, K. Xie, J. Zhou, H. Leng, and W. Zhang,
“Reliability tracing of the integrated energy system using the improved
Shapley value,” Energy, vol. 260, p. 124997, 2022.

[11] A. Churkin, W. Kong, J. N. M. Gutierrez, E. A. M. Ceseña, and
P. Mancarella, “Tracing, ranking and valuation of aggregated DER
flexibility in active distribution networks,” IEEE Transactions on Smart
Grid, 2023.
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