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The accelerated penetration rate of renewable energy sources (RES) brings environmental benefits at the
expense of increasing operation cost and undermining the satisfaction of N-1 security criterion in transmission
systems. To address the latter issue, this paper envisions N-1 security control in RES dominated power systems
through stochastic multi-period AC security constrained optimal power flow (SCOPF). The paper extends the
state-of-the-art, i.e. deterministic and single time period AC SCOPF, to capture two new dimensions, RES
stochasticity and multiple time periods, as well as emerging sources of flexibility such as flexible loads (FL)
and energy storage systems (ESS). Accordingly, the paper proposes and solves for the first time a new problem
formulation in the form of stochastic multi-period AC SCOPF (S-MP-SCOPF). The S-MP-SCOPF is formulated
as a non-linear programming (NLP) problem. It computes optimal setpoints of flexibility resources and other
conventional control means for congestion management and voltage control in day-ahead operation. As another
salient feature, the proposed model is comprehensive and accurate, using: AC power flow model for both
pre-contingency and post-contingency states, inter-temporal constraints for resources such as FL and ESS in
a 24-hours time horizon and RES uncertainties. The importance and performance limitation of the proposed
model through a direct approach, pushing the problem size up to the solver limit, are illustrated on two test
systems of 5 nodes and 60 nodes, respectively. For the 60 node test system, the largest successful case can
manage 30 scenarios and is solved in 22,110 s. Future work will develop a tractable solution algorithm.

1. Introduction optimal power flow (SCOPF) [4-6] is the conventional tool to enforce
N-1 security at a given period of time and is mainly used in the day-
ahead operation for the cost-optimal procurement of ancillary services

(e.g., for managing congestion and voltages). To this end, SCOPF

1.1. Motivation

To attain the stringent sustainable goals set to them, power sys-
tems worldwide are hosting increasingly large amounts of variable
renewable energy sources (RES), mainly wind and solar, at all voltage
levels. However, massive RES penetration significantly challenges the
enforcement of transmission system security [1] due to the inherent
variability and difficulty to predict RES output. In this context, power
systems operate closer to their security limits and hence fulfilling
N-1 security becomes a challenging task, particularly under stressed
operation conditions, unexpected RES output, and/or unavailability
of effective control actions. Regarding the latter aspect, as classical
control means (e.g., conventional power plants) and controllable RES
may not be sufficient to fulfil security, additional emerging sources
of flexibility, such as flexible loads (FL) and energy storage systems
(ESS), are being deployed to enhance power system flexibility and offset
issues provoked by RES [2,3]. Deterministic AC security-constrained
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computes the optimal balance of preventive (i.e., pre-contingency) and
corrective (i.e., post-contingency) actions able to guarantee static sys-
tem security (i.e., pertaining to congestion and voltage magnitude) for
a set of postulated (e.g., N-1) contingencies. Lastly, SCOPF problems,
in their simplest form, are formulated as large scale (non-convex)
non-linear programs (NLPs) whose main difficulty lie in their large
problem size [4-6]. A brief yet comprehensive overview of SCOPF
problems [7,8] that are published in the literature is presented in the
next section.

1.2. Related works

Deterministic single period AC SCOPF is state-of-the-art [9-16].
Its solution has been extensively explored through various algorithms:
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Nomenclature

Sets

E Set of ESS indexed by e

F Set of FL indexed by f

G Set of generators indexed by g

K Set of operation states, including normal
and contingencies, indexed by k

N Set of nodes indexed by n

R Subset of nodes with RES

S Set of scenarios indexed by s

T Set of time periods indexed by ¢

Parameters

APg, ramp rate limit of generator g

AT time interval ratio

nehe charging efficiency rate of ESS e

ndise discharging efficiency rate of ESS e

th /ﬁ:’s maximum active power charg-
ing/discharging limit of storage

. e

FL;C /F‘;ec maximum active power increase/decrease
limit of FL f

i probability of occurrence of scenario s

P, /ﬁg minimum/maximum active power limit of
generator g

Qg /ég minimum/maximum reactive power limit
of generator g

v, V., minimum/maximum voltage limit at node
n

sh shunt susceptance of the branch linking

nodes »n and m

B, susceptance of the branch linking nodes n
and m

c, cost (€/MWh) of active power of energy
storage e

s cost (€/MWh) of active power of flexible
load f

[ cost (€/MWh) of active power re-dispatch
of generator g

an"’”’ cost (€/MWh) of active power curtailment
at node n

an“‘” cost (€/MWh) of active load curtailment at
node n

Gum conductance of the branch linking nodes n
and m

I maximum current of line linking nodes n
and m

Pp,. load active power at node n, period ¢

ng.r active power of generator g at time ¢
cleared in the energy market

Op,, load reactive power at node n, period ¢

decomposition methods (e.g., Benders decomposition or iterative algo-
rithms based on contingencies filtering, both embedding interior-point
method for core NLP problem) applied to exact formulations [9-12],
approximations [10,13], meta-heuristics [14] and convex relaxations
(e.g., semi-definite programming [9,15] and second order cone pro-
gramming [16]) that are able to assess the optimality gap of exact

R RES active power at node n, period t,

n,s,t R
scenario s
soch¥ maximum State-of-Charge for storage e
SOC™min minimum State-of-Charge for storage e
Variables
er . real part of complex voltage (e‘;v tify S,,)
at node n, period ¢, scenario s, state k
f,’f,m imaginary part of complex voltage at node
n, period ¢, scenario s, state k
Lc»l;,s,z active load curtailment at node n, time 7,
scenario s, state k
;ﬁ'tk active power charging of storage e at time
t, scenario s, state k
P;ﬁf;k active power discharging of storage e at
time ¢, scenario s, state k
P;‘Z;k active power decrease of FL f at time ¢,
scenario s, state k
}"S”tk active power increase of FL f at time ¢,

scenario s, state k
Pé active power of generator g at time f,
8.5t .
scenario s, state k

K active power injection at node n, time f,

iNjpst
scenario s, state k
Q.. reactive load curtailment at node n, time ¢,
scenario s, state k
Q’é reactive power of generator g at time ¢,

8.5t .
scenario s, state k

reactive power injection at node n, time ¢,

scenario s, state k

Rc;lf,s,; active power of RES curtailment at node n,
time 7, scenario s state k

State-of-Charge for storage e at period f,

scenario s, state k

k

i”jn..v,t

Socﬁ

e,s,t

algorithms’ solution. Further modelling advancement regarding genera-
tors’ response after contingencies to frequency and voltage control have
been also explored [13,17].

Solving deterministic single period AC SCOPF is today computation-
ally demanding but still scalable to systems of reasonably large size
(i.e., thousand nodes) [6]. Despite AC SCOPF is the state-of-the-art,
some works develop sophisticated algorithms for its linear (DC) SCOPF
approximation via column and constraint generation [18], constraints
redundancy screening [19], alternating direction method of multipliers
(ADMM) in a distributed manner [20], network compression [21],
linearized AC SCOPF [22], and machine learning [23].

To capture RES inherent variability, two timely extensions of SCOPF
have also been developed independently to address:

« uncertainties (regarding RES) based on robust optimization [24],
distributionally robust optimization [25], stochastic optimization
(exact [26], simplified DC [27] or relaxed [28]) and chance-
constrained optimization [29]; other uncertainties (e.g., regarding
corrective control potential failure) were tackled via chance-
constraints [30] or DC model using ADMM regarding demand
uncertainties [31] .

multiple time periods (linked by inter-temporal constraints) via the
simplified DC model [8,32] or the exact AC model [33,34] .

However, these extensions are very scarce and tremendously in-
crease the computational burden of the problem.
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Table 1
Model features of various approaches.
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Model Deterministic single-period Multiple time periods

Operation uncertainty

Flexibility resources AC model Scalability

[9-18] X
[19]1,[23] X
[20] X
[24]

[25]

[26] X
[27]

[28]

[29]

[30]

[8]

[32]

[33]

[34]
proposed

X X X X X

X

X X X X X X

X X

Additionally, to reliably deal with RES variability, a meaningful
SCOPF problem should also consider time dependent emerging flexi-
bility resources (e.g., FL and ESS). However, these flexibility resources
were considered only sporadically and in a single period deterministic
SCOPF [35].

1.3. Contributions and paper organization

It can be concluded that the approaches aimed to extend SCOPF
state-of-the-art are not only very scarce but also have considered sep-
arately the two main features: RES uncertainties and multiple time
periods. In addition, the approaches to any of these two challenges do
not model in a joint fashion the two other difficult features such as AC
network model and emerging flexibility resources.

To bridge this gap, as a conceptual contribution, this paper proposes
the new envisioned concept of multi-period AC SCOPF under uncer-
tainties to control N-1 security in RES-dominated power systems of the
future. The main contribution of this paper is the extension of the state-of-
the-art, i.e., deterministic AC SCOPF, to capture jointly two new dimensions
(RES stochasticity and multiple time periods) as well as the emerging sources
of flexibility (FL and ESS). In other words, the paper proposes and solves
for the first time a new problem formulation in the form of a stochastic
multi-period AC SCOPF (S-MP-SCOPF).

A direct approach relying on the state-of-the-art NLP solver [IPOPT
[36], widely used in many AC OPF/SCOPF applications, is conducted
tackling the largest problem size that the solver can still manage while
a tractable solution algorithm is planned for future work. Note that the
challenging size of the proposed S-MP-SCOPF problem is determined
by the product of four different dimensions: the size of the system,
number of postulated contingencies, number of uncertainty scenarios
and number of time periods.

To further highlight the above mentioned novel contributions of this
work, Table 1 summarizes the main modelling features of the proposed
approach which distinguishes it from the several existing methods. One
can observe that, like this work, scalability is not pursued per se in most
works that address more challenging AS SCOPF problem extensions.
Also, it is implied that if AC grid model is not used, then simplified
models (e.g. DC) are adopted.

The remaining of the paper is organized as follows. Section 2
presents the detailed formulation of the S-MP-SCOPF problem. Sec-
tion 3 provides quantitative results with a direct approach to the
proposed problem. Section 4 concludes and provide directions for
future works.

2. Formulation of the S-MP-SCOPF problem

This section describes in detail the proposed S-MP-SCOPF model
to procure, in day-ahead operation planning, flexibility for congestion

management and voltage control such that to satisfy N-1 security cri-
terion. The model computes optimal set-points for flexibility resources
(FL and ESS), RES curtailment and other conventional control means
(e.g., generators) in each time period and system state. As illustrated
in Fig. 1, normalized scenario profiles over 24-hour period which are
generated using a time series based Auto regressive integrated moving
average (ARIMA) [37] model along with network topology data, set of
N — 1 contingencies, and cleared generators’ active power in energy
market are inputs of the proposed model. Note that any other scenario
generation method such as Monte Carlo simulation accompanied with
any scenario reduction/ clustering technique such as k-means, [38], can
be plugged into the proposed model.

The model relies on AC power flow equations using voltages ex-
pressed in rectangular coordinates.

A modelling aspect worth discussing for any stochastic optimization
problem is the number of decision-making stages assumed. In day-
ahead operation planning, there may be two such stages corresponding
to “here and now” (H&N) or scenario-independent decisions and “wait
and see” (W&S) or scenario-dependent decisions stages. H&N decision
variables in our problem refer to large size slow generators, whose
generation scheduling is independent of RES scenario realizations,
while W&S decision variables refer to fast response generators that can
be redispatched depending upon RES scenario realization. Choosing
the adequate combination of these two decisions is context-dependent,
i.e. it depends on the operator preference as well as type of available
generators. For example, in a system with high percentage of slow
responding nuclear power plants, one would favour H&N decisions
while in future power systems targeted in this work, dominated by
variable RES (even with 100% RES penetration), one would favour
only W&S decisions. Accordingly, in what follows, we will formulate
first the S-MP-SCOPF problem with only single stage W&S decisions
which we advocate in this work and use unless mentioned otherwise.
Later, we will extend the problem formulation to two decision-making
stages including both H&N and W&S decisions. Numerical results will
be provided with both these decision making options.

2.1. Single-stage S-MP-SCOPF model based on W&S decision variables

The single-stage S-MP-SCOPF problem formulation is presented in
(1)-(23). The objective (1) is to minimize the expected cost of flexibility
procurement for ancillary services (congestion and voltage control) in
transmission network operation under both normal (pre-contingency)
and post contingency states. This cost pertains to the re-dispatch of con-
ventional generators, ESS, FL, curtailment of RES and load curtailment
to prevent infeasibility.

mmzzﬂs{z

0
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seS teT geCG
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ARIMA scenario
generation model
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(Multi periods data including\

generation/load profiles:
- RES scenarios
- load profiles

Network G ) Set of N —1
data - energtors active powers contingencies
cleared in the energy market
- J
S-MP-SCOPF model:
Objective function: (1)
Constraints: (2)-(23)
e N R
Outputs for each period:
k k k
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ch dis,k k
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Prsi Prot
k k
RCn,s,t? Lcn,s,t
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Fig. 1. Flowchart of the proposed model.
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i —dis
0< Pk <P Vee EsesteT.kek (16)
h.k dis,k
P:,s,f Pe,;ft
— — <Il,Vee E,seS,teT,kekK 17)
e e
Y Pt =Y Pl VfeF seS €T kek (18)
er 7 der
0< P <P VfeFsesS1eT kek (19)
—d
0<PIF <P VfeFseS1eTkek (20)
Pdec,k inc,k
f.sit fasit
o+ <IVfeF,seSteTkek (21
Py ’
0<Lef,, < Pp ,NneN,seS,1eT,kek (22)
O<Ref < R, VneN;seSieTkek (23)

where k = 0 represents normal operation state while £ > 1 indicates
contingency states, all notations being defined in the nomenclature.

Constraints (2) and (3) represent active and reactive power balance
equations (for each node n, scenario s, time 7 and state k), which include
active/reactive power flows from (4) and (5). Note that in (3) load
curtailment assumes constant power factor.

Constraints (6) and (7) are the hard physical limits on active and
reactive powers of generator g.

Network operation constraints (congestion and voltages) are mod-
elled by constraints (8) and (9). Eq. (8) represents the longitudinal
branch current limit, which is a reasonable approximation of the cur-
rent aimed to avoid doubling the number of constraints (e.g., when the
current is expressed for both ends of the branch). Eq. (9) imposes limits
on node voltage magnitude.

Eq. (10) restricts the ramping of generator g for each two successive
time intervals of normal operating state. Eq. (11) is the coupling
constraint on active power of generator g between normal operation
and post-contingency states.

The ESS operation is captured by the following set of constraints
[39]. Eq. (12) describes the dynamics of State-of-Charge (SoC), (13) is
the SoC limit for each ESS, (14) maintains the SoC of ESS equal on
first and last time periods, (15) and (16) are limits on active power
charging and discharging of ESS and (17) prevents the simultaneous
charging and discharging of storage e for each period.

It is important to note that (17) is a smart and tractable exact
approximation, proposed in [40] to avoid introducing binary variables
to model the statuses charging and discharging of an ESS. In the
latter work it is demonstrated that this modelling approach imitates
exactly the behaviour of binary variables, i.e., at the optimum, an
ESS either charges or discharges but not both. This is due to the fact
that both charging and discharging status have associated costs in the
objective function which in turn prevents the simultaneous charging
and discharging of an ESS. This effect is also empirically observed in
all our numerical simulations.

The FL operation is modelled by the following set of constraints.
Eq. (18) maintains the energy balance of a FL over whole time horizon,
(19) and (20) are the limits on the increase and decrease of active
power of FL, respectively, and (21) prevents simultaneous increase and
decrease in the active power of FL during each time interval. Remark
that (21) relies on the same type of assumption and approximation as
for storage elements in (17).

Finally, (22) limits the load curtailment while (23) restricts the RES
curtailment.

Note that the proposed S-MP-SCOPF is an NLP problem. Finally,
when only W&S decisions are considered, the single stage S-MP-SCOPF
problem can be decomposed per scenario in a series of deterministic
multiperiod SCOPF (D-MP-SCOPF), as shown in Fig. 2, and if parallel
computations are implemented, computation efficiency can be greatly
improved.
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Set of S scenarios

S-MP-SCOPF

v e O o
D-M D-MP D-MP
SCOPF | | SCOPF SCOPF
s=1 s=2 s=S

A4 h 4

Weighted average of the decisions of S scenarios

Fig. 2. Decomposition of the proposed S-MP-SCOPF into a series of D-MP-SCOPF to
take advantage from parallel computation.

The proposed model relates with energy and ancillary service mar-
kets in the following way. It is assumed that first energy market is
cleared without (considering accurate models for) power flow con-
straints. Then the TSO runs the proposed grid operation model taking
into account the active power set points of the conventional generators,
cleared in the market, to guarantee feasible operation conditions. As
the market may not lead to a generation dispatch that satisfies all
constraints, the TSO may have to re-dispatch some generators (together
with other control means) at minimum re-dispatch cost. Specific mar-
kets may also clear additional reserves (e.g. for frequency control)
before this SCOPF is run which are not in the scope of this paper. Indeed
in SCOPF frameworks operating reserves such as spinning reserve are
typically not considered. Our SCOPF handles only static constraints
(voltages and currents). However, if available from some ancillary
services market clearing, the presence of additional reserves may be
modelled in our SCOPF problem, as similarly done in [41]. In such a
case, our SCOPF may lead to procure further reserves, in top of those
already cleared in the market, to satisfy N-1 security with respect to
static constraints.

2.2. Two-stage S-MP-SCOPF model based on H&N and W&S decision
variables

In this subsection, we briefly explain the two-stage S-MP-SCOPF
problem formulation by considering both H&N and W&S decisions. To
this end, the set of generators G is divided into two subsets, namely sce-
nario independent H&N generators (G,) and scenario dependent W&S
generators (G,,). This leads to the following changes in the single-stage
S-MP-AC SCOPF model presented in the previous section.

+ The objective function (1) becomes:

minz Z

teT geGy,

SRR ICIEAD

teT seS  gely,

h.k dis,k
+ Y [2 (Pt + P ) e,

keK | eeE
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0 s
P, —p
Gy Gy,

inc,k dec.k
+ Z (Pf,s,t +Pf,x,t )Cf
feF
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Egs. (10) and (11) are replaced with the following coupling
constraints, respectively:

k 0
|P - P | =< apg

GL;J

VieG,seS,teT, ke K,k+#0 @7)
| 3 ”—Po I|<APG,_ VieG,,s€S1ET (28)
|BS - P2 |<4Ps VieGreT 29)

Clearly, the utilization of H&N decisions reduces the size of S-
MP-SCOPF problem. The size reduction stems from the fact that
the number of decision variables regarding active and reactive power
outputs of large slow generators will be reduced by assuming them
to be independent of RES scenarios. However, the problem cannot be
decomposed straightforwardly as for only W&S decisions, see Fig. 2.

Last but not least, a practical aspect of any stochastic optimization
problem is the interpretation/implementation of the optimal stochastic
solution of W&S variables, see Fig. 1. If only W&S decisions are used,
the obtained stochastic solution can be averaged and implemented by
the operator as H&N decisions. Weighted or aggregated W&S decisions,
however, do not guarantee to satisfy all constraints but produce at least
a picture of the next day possible scenarios. Nevertheless, the TSO can
still choose the specific settings of one likely scenario, which are by
default feasible once the SCOPF problem is feasible. As regards the com-
bination of W&S and H&N decisions, they can clearly be employed by
the power system operators practically as their feasibility is guaranteed.

3. Numerical results

The features of the proposed S-MP-SCOPF model are illustrated
using two test systems of 5 and 60 nodes respectively, for 24-hours
time frame (one hour time resolution), given sets of N-1 contingencies
and different number of scenarios.

We focus on solving the S-MP-SCOPF problem with only single
stage W&S decisions unless mentioned otherwise. All simulations are
performed in Julia/JuMP open source programming language [42] on
a PC of 2.11 GHz and 48 GB of RAM. IPOPT optimizer is used to solve
all NLP problems [36]. In all simulations, the base apparent power is
set to 100 MVA.

3.1. Results for 5-node test system
The 5 node system is adopted from [6] and its one-line diagram

is shown in Fig. 3. We consider 6 N-1 line contingencies and up to 10
uncertainty scenarios. Full results for this test case are comprehensively
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L4

ESS Device (W)Wind Farm --Flexible Load (FL)

1 by .---: i L 1 AT_ 2
YFL2

Fig. 3. One-line diagram of the 5-bus system.

discussed and all necessary data are provided to enable benchmarking,
reproducibility and comparison (see Tables 2 and 3).

To consider RES, a wind farm is deployed at node 4. Fig. 4 shows ten
normalized scenario profiles over 24-hour period which are generated
using a time series based ARIMA model. The scenarios and contingen-
cies are equiprobable and (for simplicity) loads are assumed constant
for the entire 24 h horizon. For the sake of illustrative purposes,
we neglected loads uncertainty as, in day-ahead, this is generally
much lower than the uncertainty related to wind power production.
In other words, forecasting error of loads in transmission network are
deemed acceptable for operators as opposite to wind power production.
However, the proposed model can include loads uncertainty straight-
forwardly in the same manner as wind power uncertainty. Four case
studies are developed to assess the capability of the proposed model
(in all cases load and RES generation curtailment is allowed to prevent
infeasible problems):

Case#0: no FL or ESS are considered;

Case#1: one ESS is embedded at node 1 with the parameters
provided in Table 4 and ¢, cost is set to 80 €/MWh;

Case#2: 10% of load at node 1 and 2 (FL1 and FL2 in Fig. 3)
is assumed flexible and the ¢ ; cost is set to 80 and 40 €/MWh,
respectively in all operation states;

Case#3: both ESS and FL are allowed to take part in optimization,
with the costs given above.

3.1.1. Case#0

Table 5 compares the results of the proposed model for different
RES capacities, where RC0-RC10, CG and LC stand for RES capacity (be-
tween 0 and 1000 MW), conventional generation and load curtailment,
respectively. It can be observed that as the penetration rate of RES
increases, CG cost reduces gradually since the RES production is paid
by feed-in-tariff. However, the cost of curtailed energy increases up to
105,294 € in RC10. This suggests that efficient utilization of flexibility
resources can potentially reduce the amount of curtailed energy.

3.1.2. Case#1

Table 6 provides the proposed model results with ESS at node 1 for
different RES capacities. In comparison with the base case (i.e. Case#0)
the curtailment cost is reduced up to
46% (i.e., (105,294 — 56,754)/105,294€) and the total cost reduces by
1,631,997 — 1,595,907 = 36,090€ for RC10. In addition, the flexibility
added by ESS prevents load curtailment in case RC7.

3.1.3. Case#2

Similar benefits are observed using FL in both nodes 1 and 2 as
shown in Table 7. Using the flexibility provided by FL causes no
energy curtailment for RC7 and RC8. Even in the case RC10, the total
curtailment cost is reduced to 62% (i.e., (105,294 —40,001)/105, 294€).
In addition, the total cost for RC10 is reduced by 2.75% with respect
to the base case.
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Table 2

5-bus system data at peak load with no wind, no storage and no flexible load.
bus P, 0, P, 06 v pmin rmax pin P Qmin o AP, a b ¢

MW MVar MW MVar pu pu pu MW MW MVar MVar MW €/MWh? €/MWh €

1 1100 400 - - 0.954 0.92 1.05 - - - - - - - -
2 500 200 - - 0.950 0.92 1.05 - - - - - - - -
3 - - 700.0 69.5 1.0 0.92 1.05 150 1500 -500 750 200 0.01 25 100
4 - - 600.0 304.9 1.0 0.92 1.05 150 1500 -500 750 200 0.01 60 100
5 - - 333.8 146.9 1.0 0.92 1.05 150 1500 —-500 750 200 0.01 30 100

a, b, c: Cost coefficients of conventional generators in nonlinear form aPé +bP; +c.

Wind scenarios

1.0

o o o
> o 0

Normalized Value [pu]

o
N

Time [hr]

Fig. 4. Wind power scenarios profile (normalized values).

Table 3
5-bus system: line data.
Line bus bus ynom R,, Xom B,, T
n m kv Q Q uS
L1 1 2 400 3.2 16 160 1587.7
L2 1 3 400 6.4 32 320 1587.7
L3 1 4 400 3.2 16 160 1587.7
L4 2 5 400 6.4 32 320 1587.7
L5 3 4 400 6.4 32 320 1587.7
L6 4 5 400 6.4 32 320 1587.7
Table 4
ESS characteristics.
bus soC™min socm F:'” ;Z”' el plise
MWh MWh MW MW
1 660 2200 50 50 0.95 0.95
3.1.4. Case#3

The results for the proposed S-MP-SCOPF model considering both
ESS and FL are summarized in Table 8. It can be seen that no energy
curtailment occurs for RC7 and RC9. In addition, the curtailment cost
decreases by 90.5% (i.e. (105,294 — 10,001)/105,294€). This suggests
that efficient utilization of flexibility resources can potentially reduce
the amount of curtailed energy. One can also observe that the total
cost is reduced by 4% with respect to the base case.

Another important remark is the synergy benefit of using FL and ESS
flexibility sources simultaneously as can be noticed by the reduced cost
of FL (9.88%) and ESS (27.2%) in comparison to the results reported
for the Case#1 and Case#2 in Tables 6 and 7, respectively.

The computation time of the NLP problem is short in the range
of few tens of seconds. Despite the small system size (5 nodes), the
corresponding S-MP-SCOPF problem includes 7 operation states, 24
time periods and 10 scenarios which corresponds to roughly equivalent

in size of solving an AC OPF problem for a system of around 8,400’
nodes.

For all case studies, the only binding contingency is the discon-
nection of line L2. For this contingency, in Case#3 and RC10, Fig. 5
illustrates the state of charge (SoC) profile for scenario 8 (i.e., s8 in
Fig. 4) while Fig. 6 plots the ESS and FL profiles. As expected, to
accommodate maximum wind power in the network, ESS discharges
in periods with excess wind (i.e., 7-14) while FL decreases the load
(i.e., underdemand) during the same time-periods. To maintain their
daily energy balance equal to zero, both ESS and FL increase charging
and load to hours of low wind generation (i.e., 1-6 and 16-24).

Fig. 7 illustrates the load curtailment for scenario s8 and contin-
gency in line L2. A decreasing trend can be observed from Case#0 to
Case#3 by considering the flexibility of ESS and FL. For instance, at 12
pm, the curtailed power reduces by 72% (i.e., (1.714—0.42)/1.714) when
considering both ESS and FL. This further demonstrates the benefits of
additional flexibility offered by ESS and FL.

3.2. Results for Nordic32 test system

To test model scalability, we use the synthetic Nordic32 test sys-
tem [43], which is closely inspired by the Sweden system. The test
system includes 60 nodes, 23 generators, 57 lines, 31 transformers,
and 12 shunts reactors/capacitors [43]. A contingency set of 33 N-1
line disconnections is assumed. We assume a futuristic renewable-
dominated version of this system (see Fig. 8), in which five large wind
farms (with 7200, 5400, 6300, 5700, and 6300 MW of rated power) are
installed at nodes 1012, 1013, 1014, 4021 and 4042, respectively. The
penetration rate of wind generation as compared to the total generation
capacity is 18.84% (i.e. 100 * (163,950 MW-30, 900 MW)/163,950 MW).
However, overall Sweden’s generation capacity and electricity produc-
tion roughly comes from dispatchabe renewable hydroelectric (45%)

1 operation states (7) x time periods (24) x scenarios (10) x nodes (5).
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Table 5

Case#0 SCOPF results for different RES capacities.
RES cases RES (MW) CG cost (€) LC cost (€) Total cost (€) Time (s)
RCO 0 1,693,208 0 1,693,208 12
RC1 100 1,676,410 0 1,676,410 11
RC2 200 1,659,782 0 1,659,782 12
RC3 300 1,643,324 0 1,643,324 11
RC4 400 1,627,036 0 1,627,036 12
RC5 500 1,610,917 0 1,610,917 13
RC6 600 1,594,967 0 1,594,967 14
RC7 700 1,578,949 2,287 1,581,236 21
RC8 800 1,560,524 2,8060 1,588,584 25
RC9 900 1,543,530 57,444 1,600,974 25
RC10 1,000 1,526,703 105,294 1,631,997 26

CG: Conventional Generation.
LC: Load Curtailment.
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Fig. 5. SOC profile of ESS for scenario 8 in contingency in line L2.
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Fig. 6. Injection and absorption profile of active power for both ESS and FL in contingency in line L2.
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Fig. 7. Curtailed active power profile for four cases: contingency L2 and s8.

and low-carbon nuclear (30%) power, [43]. As such, renewable gen-
eration, dispatchable and variable, dominates the electricity mix. As a
consequence, to cope with the uncertain variability and potential excess
of active power injected in north area while managing congestion and
voltage issues, three FL are assumed at nodes 1011, 1044, and 2031,
and two ESS (with the same parameters as in Table 4) are embedded
at nodes 1045 and 4046. The load pattern from [44] is adopted for a

generic summer day. To test the scalability of the proposed model, we
consider up to 30 scenarios.

3.2.1. Illustration of flexibility resources

In this subsection, the performance of the emerging flexibility re-
sources on the Nordic32 test system is evaluated. To evaluate the
added value of using emerging flexible resources (FL and ESS), like
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Fig. 8. One-line diagram of Nordic32 test system.

Table 6 Table 7

Case#1 SCOPF results with ESS for different RES capacities. Case#2 SCOPF results with FL for different RES capacities.
RES cases CG cost LC cost ESS cost Total cost Time RES cases CG Cost LC cost FL cost Total cost Time

©) ®© ©) ®© () ©) ®©) ®© ®© ()

RCO 1,693,208 0 0 1,693,208 12 RCO 1,693,208 0 0 1,693,208 12
RC1 1,676,410 0 0 1,676,410 13 RC1 1,676,410 0 0 1,676,410 13
RC2 1,659,782 0 0 1,659,782 13 RC2 1,659,782 0 0 1,659,782 13
RC3 1,643,324 0 0 1,643,324 13 RC3 1,643,324 0 0 1,643,324 13
RC4 1,627,036 0 0 1,627,036 13 RC4 1,627,036 0 0 1,627,036 13
RC5 1,610,917 0 0 1,610,917 14 RC5 1,610,917 0 0 1,610,917 13
RC6 1,594,967 0 0 1,594,967 16 RC6 1,594,967 0 0 1,594,967 14
RC7 1,579,193 0 389 1,579,582 23 RC7 1,579,165 0 550 1,579,715 26
RC8 1,563,451 2,064 4,390 1,569,905 27 RC8 1,563,507 0 6,710 1,570,217 20
RC9 1,546,819 26,052 5,300 1,578,171 32 RC9 1,548,656 11,780 10,899 1,571,335 29
RC10 1,530,821 56,754 8,332 1,595,907 27 RC10 1,532,739 40,001 14,377 1,587,117 33

for the 5-bus system, four different case studies are defined, namely: finally, Case#3 where both ESS and FL units are available. For all

Case#0 (base case) in which neither FL nor ESS are used, Case#1 where

only ESS units are utilized, Case#2 where only FL are considered, and cases, 10 wind scenarios are generated, the ESS cost is set to 3 €/MWh
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Table 8
Case#3 SCOPF results with ESS and FL for 10 RES capacities.

RES cases CG cost (€) LC cost (€) FL cost (€) ESS cost (€) Total cost (€) Time (s)

RCO 1,693,208 0 0 0 1,693,208 14

RC1 1,676,410 0 0 0 1,676,410 14

RC2 1,659,782 0 0 0 1,659,782 14

RC3 1,643,324 0 0 0 1,643,324 14

RC4 1,627,036 0 0 0 1,627,036 14

RC5 1,610,917 0 0 0 1,610,917 14

RC6 1,594,967 0 0 0 1,594,967 15

RC7 1,579,193 0 0 389 1,579,582 26

RC8 1,563,707 0 491 4,390 1,568,588 24

RC9 1,550,080 0 6200 5,299 1,561,579 23

RC10 1,536,615 10,001 12,956 6,065 1,565,637 30

Table 9
Nordic32 test system results for different case studies.
Cases Normal operation state Post contingency state Total cost (€)
CG cost (€) LC cost (€) GC cost (€) FL cost (€) ESS cost (€) LC cost (€) GC cost (€) FL cost (€) ESS cost (€)

Case#0 212,184 0.0 16,726 - - 1,791 26,754 - - 257,456
Case#1 211,688 0.0 16,726 - 0.0 1,791 26,758 - 382 257,344
Case#2 212,161 0.0 16,153 226 - 1,791 25,873 364 - 256,571
Case#3 211,675 0.0 16,158 226 0.0 1,791 25,880 361 369 256,464

and FL cost is set to 2.5€/MWh for both normal operation and post-
contingency states. The load and generation curtailment cost is set to
30€/MWh i.e., ten times larger than the most expensive conventional
generator cost.

Table 9 provides the different components of the total expected
cost for the different cases. In Case#0, the total cost equals 257,456€
and wind generation curtailment occurs in both normal and post con-
tingency states. However, thanks to the additional flexibility offered
by the ESS in node 1045, the conventional operation cost reduces
from 212,184€ in the Case#0 to 211,688<€ in the Case#1. As a result,
although an additional cost regarding the activation of ESS is imposed
in the post contingency state, total cost decreases from 257,456€ to
257,344€. In Case#2, although the conventional generators’ cost re-
mains almost constant, the wind generation curtailment cost is reduced
significantly from 26,754€ in the base case to 25,873€ in Case#2.
Consequently, the total expected cost reduces by 885€ (i.e. 257,456 —
256,571 = 885€) as compared to the base case. In addition, in Case#2,
the wind power curtailment cost in normal operation is also reduced by
573€ (i.e. 16,726 — 16,153 = 573€). The same trend can be observed in
the last case, Case#4, where both ESS and FL are activated in the post
contingency state, where the additional volume of flexibility causes a
total expected cost reduction of 992€ (i.e., from 257,456€ in Case#0
to 256,464€ in Case#3).

These results demonstrate that flexible resources (ESS and FL) can
contribute cost-effectively to a reduction of wind energy spillage and
load curtailment, improving the overall system flexibility, and allowing
thereby to accommodate larger amounts of renewables.

Figs. 9, 10, and 11 illustrate the flexible resources behaviour at
the solution of the proposed S-MP-SCOPF model. Fig. 9 shows the SoC
profile of ESS at node 1045 in scenario sl and the contingency in a
single line circuit between nodes 1041 and 1043, which overloads the
second line circuit in parallel between the same nodes, both coloured in
red in Fig. 8. As expected, to alleviate the overload in the second circuit
of line 1041-1043 in periods with high demand, ESS discharges during
peak hours (i.e., 17-20) and charges during the lower demand hours
where the line is less loaded to maintain its energy balance constraint
(see Fig. 9).

The FL at node 1011 in the same scenario and contingency shows
apparently a counter-intuitive behaviour. As can be seen in Fig. 10,
FL decreases the load during hours with extra wind power generation
and, to maintain its daily energy balance, increases the load in hours
with high load. This behaviour can be justified as follows. In hours 7-9
and 12-14, when wind farms generate large amount of wind power,
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the lines between nodes 1011 and 1013, shown with red colour in
Fig. 8, are congested in both normal and post-contingency states. These
bottlenecks require the activation of FL to remove these congestions (by
creating counter-flows) and minimize the wind power curtailment. In
conclusion, the primary functionality of FL is driven by the prevention
of current/voltage constraints violation rather than the simpler power
balance satisfaction needs.

Fig. 11 shows voltage profile for bus 1045 for two cases, namely
with and without ESS and contingency in connecting line 1041 and
1043 under scenario sc_8. Compared to Fig. 10, when ESS charges
during the lower demand hours the voltage magnitude is decreased
while during peak hours voltage magnitude is mostly equal or increased
slightly due to the discharging of ESS.

3.2.2. Model scalability

In this subsection, the scalability test is performed for the proposed
model against increasing number of scenarios and thereby the problem
size. Table 10 shows the results of the scalability test of the proposed
S-MP-SCOPF model for increasing number of scenarios. The results are
obtained with IPOPT solver using default setting except of the relative
optimality gap tolerance, which is set to 107>,

Note that while increasing the problem size, the elapsed time grows
sharply with non-monotonic slope. For instance, although the problem
size increases ten times from 1 scenario to 10 scenarios, the computa-
tion time increases more than 19.7 times (i.e., (5,985 — 289)/289). In
addition, the largest number of scenarios the solver can handle reliably
is 30, which corresponds to a huge NLP optimization problem with
roughly 5 millions continues variables and 9 millions of constraints,
which is solved in 22,110 s. For larger number of scenarios, the default
linear (system of equations) solver package MUMPS in IPOPT fails to
allocate memory even before IPOPT can start iterations. An interesting
observation regarding IPOPT solver is that, as for other interior-point
method-based solvers, the iteration number is little dependent on the
size of the problem.

Note that the computation time can be further significantly im-
proved by using another linear solver in IPOPT. For example, it is
reported at https://github.com/power-grid-lib/pglib-opf/blob/master/
BASELINE.md that ma27 linear solver can decrease the runtime by 2-6
times as compared to default linear solver MUMPS. However, we did
not manage to compile and plug ma27 linear solver in our windows
code implementation to test its performances.

Finally, in terms of objective function one can observe that, since
in cases with 1 and 2 scenarios large amount of wind power is injected
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Fig. 10. Injection and absorption profile of active power for both ESS and FL and contingency in the connecting line between nodes 1041 and 1043.
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Fig. 11. Voltage magnitude of bus 1045 in contingency in the connecting line between nodes 1041 and 1043 for both with and without ESS cases.

into the system, generation curtailment occurs in peak hours which
causes an increase in total cost for these two cases. Note that we
initially generated 10 scenarios as in Fig. 4, and for the cases with
larger numbers, the scenarios are replicated out of the original set of
scenarios. For this reason the value of total cost remains unchanged for
the cases with more than 10 scenarios.

3.2.3. Here and now vs. wait and see decisions

In this subsection comparative results are provided with the advo-
cated single-stage S-MP-SCOPF with only W&S decisions and a two-
stage S-MP-SCOPF problem with both H&N and W&S decisions (here-
after called as H&N option for brevity), see the extended formulation
in Section 2.

When only W&S decisions are considered, the single-stage S-MP-
SCOPF problem is decomposable by scenarios to obtain a series of
deterministic multiperiod SCOPF (D-MP-SCOPF) models, as shown in
Fig. 2 and, if parallel computations are implemented, computation
efficiency can be improved significantly (i.e. 22,110/289 ~ 76 times
faster). This is illustrated for the Nordic32 test case by increasing
parallel processors against total CPU time in Fig. 12.
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Our additional results show empirically that two-stage S-MP-SCOPF
model (both H&N and W&S decisions) is computationally slower (with
IPOPT but necessarily with a tractable solution approach) than the
single-stage S-MP-SCOPF model (only W&S decisions). Concretely, for
5 bus test system, the elapsed time is 20 s when only W&S decision
variables are considered whereas the time rises to 227 s for the case
when both H&N and W&S decision variables are considered. Similarly,
for Nordic32 test case, the problem with 10 H&N generators is solved
after 9481 s while the initial case with all decision variables as W&S
was solved in 5985 s.

In this context, Fig. 13 illustrates the expected active generated
power profile of the most expensive generator which acts as a W&S
decision variable in both SCOPF models. It can be seen clearly that
in the two-stage S-MP-SCOPF model (less degree of freedom), this
expensive unit generates more active power as compared to the single-
stage S-MP-SCOPF model (more degree of freedom) to cover the RES
uncertainties.

Next remarkable observation in Nordic32 test system is that, al-
though the total cost of H&N option is larger than the cost of W&S
option (i.e., 288,274€ for H&N and 256,464<€ for the W&S option), the
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Table 10
Nordic32 test system results for different scenarios.
Number of scenarios Total cost (€) Continues variables Constraints Iter Time (s)
1 555,874 197,206 287,596 123 289
2 421,924 394,582 575,192 144 764
3 652,595 591,788 862,788 167 1,404
4 319,122 789,164 1,150,384 173 2,040
5 297,430 986,540 1,437,980 160 2,283
6 284,137 1,183,916 1,725,576 166 2,878
7 274,769 1,381,292 2,013,172 171 3,596
8 267,411 1,578,668 2,300,768 169 4,100
9 261,006 1,776,044 2,588,364 180 4,451
10 256,464 1,973,420 2,875,960 186 5,985
20 256,464 3,312,280 5,751,920 185 14,351
30 256,464 4,968,420 8,627,880 186 22,110
40 IPOPT failed
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~ 201
g
= 151
=
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1
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Number of processors
Fig. 12. Total CPU time with respect to different number of parallel processors.
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Fig. 13. Expected generation of unit at bus 5 in H&N and the corresponding expected value in W&S option in 5-bus test system.

value of active power generation profile of almost every H&N generator
is lower than the expected values of the same units when considered
as W&S decisions. Figs. 14 and 15 show this for buses 38 and 60
respectively. This implies that when both H&N and W&S variables are
considered, H&N units generate less in order to allow fast responsive
but more expensive W&S units to capture the RES uncertainties.

4. Conclusions and future work

The research efforts devoted to address the challenges of extending
the state-of-the-art in AC SCOPF (i.e., deterministic and single time
period) are scarce and mostly capture one novel feature at the time.
This paper has extended the state-of-the-art in AC SCOPF to capture
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two new dimensions (RES stochasticity and multiple time periods) as
well as to model time dependent constraints of emerging sources of
flexibility (FL and ESS). Accordingly, this paper solves for the first time
a new NLP problem formulation in the form of stochastic multi-period
AC SCOPF (S-MP-SCOPF) which we envision for procuring flexibility
for ancillary services (congestion and voltage control) in renewable
supply dominated power systems of the future. This problem enables
computing optimal set points of the flexibility resources and other
conventional control means for congestion management and voltage
control in day-ahead operation planning.

As we address a new problem, full problem details and results have
been provided for a 5-node test system to foster benchmarking. The
results obtained for this system show the effectiveness of the ESS and
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Fig. 14. Generation of unit at bus 38 in H&N and the expected corresponding value in W&S problem in Nordic32 test system.
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Fig. 15. Generation of unit at bus 60 in H&N and the expected corresponding value in W&S problem in Nordic32 test system.

FL for flexibility provision in day-ahead operation, which are able to
reduce the load curtailment cost up to 90.5%.

The Nordic32 test system has been used to ascertain scalability,
noting and as shown in Table 1 that scalability is rarely addressed by
the few works that extend the state-of-the-art in AC SCOPF. The largest
NLP S-MP-SCOPF problem solved in this work (60 nodes, 34 states,
24 time periods, 30 scenarios) is roughly equivalent in size to solving
an AC OPF problem for a system of huge size (cca. 1,500,000 nodes).
Very few works report results for such a big NLP problem. We have
relied on the state-of-the-art NLP solver IPOPT, which is widely used
to solve AC OPF/SCOPF problems. The running time obtained for the
largest NLP problem on this system (roughly 5 millions optimization
variables and 9 millions constraints, which is very close to the edge of
computer/solver limit) is 22,110 s. While this time could be deemed
a bit excessive for day-ahead operation planning, the elapsed time for
a problem that includes three times less scenarios is 5,985 s, which
is still acceptable. Furthermore, problem decomposition and parallel
computations of single stage S-MP-SCOPF with only “wait and see”
variables can greatly speed up the solution time with up to 76 times.

The paper has discussed that a massive reduction in computation
time could be expected by using a more performant linear solver
within IPOPT, a tailored implementation by parallelizing some com-
putations [12], merely using a commercial solver, or by developing
iterative methodologies [10].

This direct approach can thus scale to medium size systems by
careful beforehand knowledge of problematic/binding contingencies,
as an input from the operator, as well as reducing the number of
uncertainty scenarios to a few.

As future work, we plan to develop a tractable approach of S-
MP-SCOPF problem through decomposition and approximation along
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the above mentioned lines. Another research stream would be con-
sideration of more agile corrective actions in case of contingencies in
finer time resolutions to facilitate different ancillary service activation
(i.e. particularly 10-minute and 30-minute reserves) if available from
some ancillary service market clearing.

Finally, as the correlation among wind farms mimics the practical
conditions more realistically, we also plan to address specifically this
issue in our future work.
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