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Transmission Network Investment With Distributed
Energy Resources and Distributionally
Robust Security
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Abstract—Distributed energy resources (DER) have the poten-
tial to significantly contribute to network security and hence release
latent capacity of existing transmission assets. In this context, we
propose a distributionally robust approach to network security in
order to recognize the limited data and knowledge associated with
the underlying process behind the realization of system contingen-
cies within the transmission expansion planning (TEP) problem,
and thus determine the optimal portfolio of DER services necessary
to displace, in a secure fashion, inefficient network investments. To
do so, we propose a two-stage optimization model where the first
stage determines the transmission expansion plan and the schedul-
ing of DER post-contingency services in coordination with further
corrective control measures such as generation reserves. The sec-
ond stage minimizes the expected cost of corrective actions under
various contingencies. Through various case studies, we demon-
strate the benefits of security services provided by DER and the ad-
vantages of our proposed distributionally robust approach (where
outage rates are assumed ambiguous) against alternative n — K
security and stochastic approaches, where outage rates are either
ignored or assumed fully known, respectively.

Index Terms—Transmission expansion planning, distributed
energy resources, network security, power systems economics.
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1. INTRODUCTION

HE need for transmission network infrastructure in reality
T is mainly driven by both increasing the economic effi-
ciency and the reliability of electricity systems [1]. In fact, new
network investments can present significant benefits in terms of
both reduced operational costs and/or unsupplied energy cost.
In terms of the latter (i.e. reliability benefits), networks are de-
signed with a certain level of redundancy in order to securely
deal with network (or other system) outages without curtailing
(high volumes of) demand, which may be costly. According to
empirical evidence [1], the application of reliability criteria has
been the most important and predominant reason to undertake
network investments within system operators’ jurisdictions. It
is, therefore, paramount to determine the real cost of demand
response as an alternative to further network investments.

Additionally, it is envisaged that network security, which has
been historically delivered through asset redundancy, should
evolve and hence be provided by emerging and innovative non-
network technologies, especially those at the demand side in
order to release latent network capacity and thus make more ef-
ficient use of the existing assets. In this vein, advanced technolo-
gies for post-contingency control, which can take advantage of a
range of distributed energy resources (DER), can effectively pro-
vide security services and thus displace the need for redundant
network capacity. The set of DER includes distributed genera-
tion (DG), backup generation, an array of storage technologies
and demand itself (by utilizing the inherent demand-side flex-
ibility, particularly from non-essential loads and demand asso-
ciated with the heat and transport sectors). References [2]—[5]
report on the possible contributions from DER to the security of
supply of the main system.

Within the context of transmission expansion planning, out-
ages have been considered either in a deterministic manner
[6]-[9] or in a probabilistic/stochastic fashion [10]-[13]. When
the deterministic approach is chosen, likelihood of generation
and network outages is ignored. Such likelihood is key to bal-
ance pre- and post-contingency costs and therefore determine
the right portfolio of network assets, generation reserves, and
DER participation in the provision of security. On the other
hand, probabilistic/stochastic approaches have been proposed
to properly balance pre- and post-contingency generation, net-
work and demand-side measures (by minimizing cost of network
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investment and expected cost of operation, including demand
shedding/curtailment). However stochastic approaches assume
perfectinformation of reliability data, which may be impractical.
A more comprehensive review and discussion on deterministic
and/versus probabilistic treatment of system security in network
planning problems can be found in [14].

Within the context of robust optimization (RO), conservative-
ness has always been a matter of concern. The first approach
presented by [15] proposed to deal with uncertainty by means
of box constraints, which led to over-conservative solutions. In
[16], ellipsoidal uncertainty is considered to alleviate conserva-
tiveness at the expense of sacrificing the benefits of linearity.
In order to propose a less conservative approach with linear
robust counterparts, the work in [17] has developed a method-
ology that guarantees feasibility for a predefined number of
coefficient changes. In addition, adjustable robust optimization
(ARO) [18] has been proposed as a way to consider recourse
decisions within the RO framework. Over the years, multiple
problems have been addressed via robust optimization and sev-
eral important theoretical results in RO have been derived [19].
Within power systems literature, some of the many relevant
contributions are [20]-[23] for operations and [6], [24]-[26] for
expansion planning.

More recently, distributionally robust optimization (DRO) has
been attracting a great deal of attention. Unlike stochastic op-
timization (SO), DRO does not assume full knowledge of the
underlying process behind the realization of uncertainty. Never-
theless, DRO can properly take advantage of available moment
information. From a theoretical point of view, some of the main
contributions are [27]-[29]. In addition, the unit commitment
problem has been addressed via DRO approaches in [30]-[32].

In this context, we propose a distributionally robust secu-
rity framework to incorporate (the right portfolio of) post-
contingency DER services in transmission expansion planning
(TEP) problems. Due to the distributionally robust nature of our
model, it assumes limited knowledge of the underlying process
behind the realization of system contingencies, recognizing ac-
tual information levels available in reality regarding reliability
data (i.e. data-driven approach). Hence, our model can deter-
mine the actual levels of network investment that DER services
can displace in an economic and secure fashion. While the use
of distributionally robust approaches to uncertainty has been
already proposed to analyze various problems in power system
operation (see [30], [32]-[34]) and investment planning (see
[35] and [36]), our model is, to our knowledge, the first one that
proposes a distributionally robust approach to network security
for determining the right portfolio of DER services in transmis-
sion planning. Note that our model has been designed from the
transmission network planner’s perspective and thus it selects
the right portfolio of DER services among those being offered
by aggregators. As transmission network operators and planners
have no jurisdiction over distribution networks, DER sizing is
out of the scope of this paper. Overall, the main contributions
of this paper are:

1) Develop a distributionally robust, 2-stage optimization

model for the treatment of network security in TEP
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problems that appropriately captures the participation of
DER in the provision of network security.

2) Develop an efficient solution method based on Benders
decomposition techniques that determines the optimal so-
lution of the proposed distributionally robust, 2-stage op-
timization model.

3) Demonstrate that n — 1 security approaches significantly
undermine the value of DER in displacing network invest-
ments and generation reserves.

4) Demonstrate that alternative stochastic approaches (here-
after called fixed probabilities approaches) are optimistic
regarding the value of DER in displacing network invest-
ments and generation reserves.

The remainder of the paper is organized as follows. Section I1
presents an overview of the proposed framework and the mathe-
matical formulation of the proposed model. Section III describes
the proposed solution methodology. In Section IV and V, we
present case studies, and finally in Section VI we conclude.

II. MATHEMATICAL FORMULATION
A. Overview

The model proposed in this paper aims to determine the op-
timal set of transmission network investments by balancing the
costs of network investments against the corresponding costs
of network operation pre- and post-fault, including the costs
of network congestions, generation reserves, demand and gen-
eration curtailments through special protection schemes (SPS)
and, importantly, the costs of an array of DER post-contingency
services. In this context, Fig. 1 illustrates that there are several
alternatives to network investment in order to increase secured
power transfers during a pre-fault condition, comprising utiliza-
tion of DER (to increase flexible demand in the exporting area
and reduce flexible demand in the importing area in case, for
instance, a line fault occurs), SPS (to curtail generation in the
exporting area and demand in the importing area in case a line
fault occurs), and even generation reserves (to reschedule gen-
eration post-fault and accommodate power transfers in case a
line fault occurs). Furthermore, doing nothing is also an option
if the cost of congestion (i.e. cost of network operation without
the increase in power transfers pre-fault, that can include the
cost of wind spillage) is proved very small.

Note that although the expansion of the transmission network
has to be undertaken, in general terms, due to the increasing con-
nections of renewable generation in exporting areas and demand
resources in importing areas (for example, from the transport
and heat sectors), the investment levels needed to deal with such
transmission expansion can be alleviated if the right portfolio of
corrective, post-contingency measures is deployed to control the
outputs/levels of such renewables and demand resources. As ex-
plained in [13], post-contingency, corrective control actions can
successfully reduce network congestions and thus release latent
network capacity of the existing assets, displacing the need for
further network investments. In the case of DER, we assume
that aggregators can provide three instrumental services to sys-
tem operators from DER under a contingency state, namely net
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Fig. 1. Diagram illustrating the TEP problem and the general methodology.

load reduction, net load increase, and net load shifting. Although
these services may be provided by a very large set of DER within
a distribution network (including DG, energy storage systems
and flexible load itself), they are presented/offered to transmis-
sion system operators in an aggregated fashion, using supply
curves as shown in Fig. 1, where various response/volume lev-
els (in MW) present different availability and utilization fees.
In the case of the load shift service from DER, we also consider
a payback effect [37], where the total energy consumption (in
MWh) results, overall, higher when load is shifted.

To determine the optimal portfolio of DER security services
within the TEP problem, we propose a two stage model as de-
picted in Fig. 1. The first stage of the model determines the
transmission expansion plan and the scheduling of generation,
up- and down-spinning reserves as well as the availability of
DER post-contingency services. The second stage minimizes
the expected cost of corrective actions under various contin-
gencies. Since it is typically challenging to calculate precise
probabilities of contingent scenarios (that is critical to deter-
mine DER support to post-contingency network congestion),
in this paper, we assume limited knowledge of the underlying
process behind the realization of such contingencies. Hence,
we propose a formulation capable to solve the TEP problem
while assuming “ambiguous” reliability data, simultaneously
comprising several probability distributions of failure rates as
shown in Fig. 1.

Note that as our focus is on the role of network redundancy for
providing network security and how DER can efficiently com-
pete as an alternative measure against such network redundancy,
we focus on system outages rather than other sources of uncer-
tainty in the short term. Note also that we use a static (rather
than dynamic) model in the sense that it considers only one year
(not many) and comprises two stages, pre and post-fault across
various operating conditions. These assumptions are commonly
used and well accepted in network reliability studies [8], [10],
[11], [13], [14], [38].

B. Model

The two-stage TEP model with post-contingency DER ser-
vices and ambiguity in the underlying process behind the

Authorized licensed use limited to: Universidad de chile. Downloaded on December 30,2025 at 21:29:38 UTC from IEEE Xplore. Restrictions apply.

<}:> with ambiguous reliability data

. Volume
- Load increase and

reduction services
2nd stage - Shift services
Post-contingency operation

Power |ncrease (with payback)

Time

5159

realization of outages is mathematically written as follows:
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where sets &, I, I,,, £, £LC, £LE, N, P,, T, W include (in this
order) indexes of steps for power imbalance costs (in this paper,
steps refer to the segments — or piecewise constant values—
in the supply curve shown in Fig. 1), indexes of all genera-
tors, indexes of generators connected to bus b, indexes of all
transmission lines, indexes of candidate transmission lines, in-
dexes of existing transmission lines, indexes of buses, probabil-
ity distributions, indexes of time blocks (used to discretize yearly
operation into a few operating points), and indexes of renew-
able generators such as wind and solar. The decision variables
are scheduled load increase (or disconnection of DG), ADbte
scheduled DG output increase (or load disconnection), AD,, ,
scheduled load shifting, AthD , voltage angles, 6;, power flows,
fits power outputs, p;¢, scheduled down- and up-spinning re-
serves, r, and 7, as well as construction of candidate lines,
vy, and commitment of dlspatchable units, u;;. Coefficients Clp ,
cd, cr, cfp C’b6 , C’be , and C represent cost of genera-
tion, scheduhng of down- and up-spinning reserves, schedul-
ing of load shifting, scheduling of load increase (or discon-
nection of DG), scheduling of DG output increase (or load
disconnection), and investment in transmission lines. Param-
eters AD" 0, AD 410, By, Cuots Do Fi, M, NE, P, P;.
Ef) R §7U 2y, and h; correspond to maximum load increase (or
disconnection of DG), maximum DG output increase (or load
disconnection), maximum load shifting, available fraction of re-
newable generation at a given period, nominal demands, power
flow capacities, sufficiently large constant, number of steps for
power imbalance cost, minimum stable generations, maximum
stable generations, maximum capacities of down-spinning re-
serve, maximum capacities of up-spinning reserve, reactances
of lines, and number of hours in each time block, respectively.
Finally, H, (g,, a;) represents generation cost for a given first-
stage decision, q,, and a; is a random vector associated with
the availability of system elements (generators and transmission
. . T T

lines), i.e, a; = (a¥ ,al")

The objective function (1) to be minimized includes costs
of generation and scheduling of post-contingency services,
namely, down- and up-spinning reserves, load shifting, load
increase (or disconnection of DG), and DG output increase
(or load disconnection) as well as expected value of second-
stage operation cost, and cost of construction of candidate lines.
Nodal power balance is modeled by constraints (2). Constraints
(3) and (4) enforce power flow limits for existing and candidate
lines, respectively. In a DC load flow fashion, constraints (5)
and (6) represent power transfers through existing and candi-
date lines, respectively. Constraints (7)—(10) impose limits to
pre-contingency power generation as well as down- and up-
spinning reserves scheduling for each dispatchable unit. Simi-
larly, constraints (11) limit the generation of renewable gener-
ation units. Constraints (12)—(14) model maximum capacities
of post-contingency DER services. It should be noted that the
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last step e of variables AD" ;. and AD ;. is not scheduled
in the first stage since such step corresponds to generation and
demand curtailments (i.e. SPS), which are highly penalized in
the second stage. Finally, constraints (15) and (16) enforce the
binary nature of investment and commitment variables.

The operation under contingency can be modeled as:
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where Y is the set of indexes of snapshots under contingency
within each time block ¢t € 7. These snapshots are used to dis-
cretize post-contingency operation and capture evolution of rel-
evant variables within 1 hour. For instance, if set )V comprises
two snapshots, the first one is related to the first 30 minutes after
the occurrence of an outage and the second one corresponds
to the remaining 30 minutes. Parameters At, §, RD;, and RU;
represent time length of each snapshot (1 hour divided by the
number of snapshots), payback for the load shifting service,
ramp-down and ramp-up limit of each generator, respectively.
Coefficients C{¢, Cie, CLF", CI~", and CI'P* correspond to
costs of utilizing scheduled down-spinning reserve, up-spinning
reserve, DG disconnection (or load increase), load decrease (or
DG output increase), and load shifting, respectively. The deci-
sion variables correspond to the positive and negative deviation

of flexible demand from its nominal value, AthgL/) ¢ and Athf -,

g;;p , actual load
—C

decrease (or DG output increase) AD,, yeo Voltage angles un-
der contingency, Hgty, power transfers under contingency, ffty,
generation output under contingency, pf,, , utilized down- and
up-spinning reserves under contingency, rftf;j and 74 .

The objective function (17) to be minimized in the system
operation problem includes costs of utilizing scheduled post-
contingency services of down- and up-spinning reserves, DG
disconnection (or load increase), load decrease (or DG output
increase), and load shifting. Analogously to (2)—(6), constraints
(18)—(22) model nodal balance and power transfers under con-
tingency. Constraints (23) relate post-contingency generation
outputs to pre-contingency generation and scheduled reserves.
Constraints (24) and (25) limit the utilization of down- and
up-spinning reserves to the amounts scheduled in the first-
stage. Constraints (26)—(29) impose ramp rate limits to the

actual DG disconnection (or load increase), AD
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post-contingency generation. Note that constraints (26) and (27)
(which are imposed only on the first snapshot) present a term
equal to At/2 since this is the middle or reference point in
time to which the variables of the first snapshot are referred.
In (28) and (29), we do not divide At by 2 as the time length
between the middle/reference points of two consecutive snap-
shots is equal to At. Constraints (30) and (31) enforce limits
for actual DG disconnection (or load increase) and actual load
decrease (or DG output increase), respectively, for all steps of
power imbalance costs, except the last one which corresponds
to involuntary generation curtailment (ADJ: JN E) or demand

curtailment (AD,{ yNE ). Constraints (32) and (33) model ac-
tual load shifting limits according to first-stage decision and
load shifting payback, respectively. Constraints (34)—(36) im-
pose as a rule that the first snapshot (y = 1) should present
the highest values of load shifting as well as DG disconnection
(or load increase) and load decrease (or DG output increase).
We use this rule because the first snapshot represents the first
minutes right after an outage occurs and therefore when the vol-
ume of corrective control measures is the highest. Finally, (37)
and (38) impose limits on involuntary generation curtailment
(AD;, xp) and demand curtailment (AD, ¢ ), respec-
tively.

Note that, due to our focus on network security, ramp rate
limits (and other operational details) have been ignored in the
first stage but considered in the second stage in order to properly
compare DER against utilization of reserve services right after
an outage occurs. Interestingly, considering the lack of gener-
ation flexibility in the first stage (ignored in this paper) can
enhance the scope of the benefits associated with DER (which
are associated with further ancillary services, apart from net-
work security), but this is beyond the scope of this paper.

C. Ambiguity Sets

Similar to [30], for each time block ¢t € 7, we consider the
ambiguity set P; which is constituted by the probability distribu-
tions associated with the n — K criterion for a given knowledge
level of failure probabilities. The ambiguity set P; can be math-
ematically described as:

P ={Q e M. (A):Eq[Sa,] <}, (39)

where a; = 1 — a;. Vector iz, and matrix .S correspond to esti-
mated values of means and an auxiliary matrix of coefficients.
In addition, we define:

A= {(aG,aL) e {0,137 x {0, 1}/l :

Za?—&—ZalL Zn—K},

iel lel

(40)

where n is the number of system elements (n = |I] + |£]) and
K is the security parameter, which is a predefined number of
simultaneous outages.

In the presented methodology, a; is a random vector that
represents the availability of system elements (in our case, gen-
erators and transmission lines). In addition, set A is the support
of a,. Within this context, M_. (A) contains all probability dis-
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tributions on A. Thus, Q is a probability distribution that belongs
to M (A) such that the condition Eg[Sa,] < I, is satisfied.
Hence, for each time block ¢, P; contains all probability distri-
butions in M (A) that comply with Eg[Sa:] < m,.

In this paper, within the context of transmission expansion
planning, we compare three types of ambiguity sets, namely
fixed probabilities, n — K security, and interval probabilities,
which are described next.

1) Fixed Probabilities Approach: In this case, we consider
that failure probabilities are well-known, therefore, we have:

Pr=1{Q e M (A):Eq[l —af] = pfj, Vi € I;

Eo[l —aj;] = pj;,Vl€ L};Vt€T. 41)

For this approach z, should be chosen as [p? , —p’ |7, where
pis the column vector of estimated failure rates. Matrix .S would
be [I, —1]7 e R2MHIED=(I+ILD),

2) n — K Security Approach: Opposite to the previous ap-
proach, in this case, we assume that failure probabilities are
completely unknown. Hence, the ambiguity set is defined as:

Pr={QeM, (A):0<Eg[l—a§] <1,Vi€l;

0<Eg[l—af]<1,VieL};VteT. (42)

In this case, 7z, should be chosen as [17,07]”, where 1 and
0 are column vectors of only ones and zeros in RI*IX1 re-
spectively. Whereas matrix S is the same used for the previous
case.

3) Interval Probabilities Approach: In this approach, we as-
sume limited knowledge of the underlying process behind the
realization of outages. This knowledge is characterized by a
range of failure probabilities (i.e. ambiguity intervals), whose
length depends on the quality of the historical data regarding
outages of the element (more details on the definition of distri-
butional sets under moment uncertainty can be found in [27]),
and a bound of the overall system’s failure rate. In this manner,
the overall ambiguity set is written as:

Pr={Qe M., (A):p§ <Eq[l —afj] <P Vi€l

ph <Eo[l —af] <pj;, VI € L; Y Eo[l —aff]
el

+Y Eoll—ap] <p}VteT.
lel

(43)

The vector of estimated means, f1,, should be selected as
', —p",p]" for this case. Where P is the column vector of up-
per bounds for the failure rates, p is the column vector for lower
bounds, and p is the system wide failure rate. This time matrix
S should be chosen as [I, —I, 1|7 € RN+ =(I[+[L])

III. SOLUTION METHODOLOGY

The two-stage model (1)—(16) mathematically describes the
TEP problem with an optimal portfolio of DER security services
under ambiguity in failure probabilities of system equipments.
Due to convenient convexity properties, this model is suitable
for the use of Benders decomposition.
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First, for simplicity purposes, the two-stage model (1)—(16)
can be written in the following compact manner.
Minimize Z It |:CT q +c” ' q’ }
q;
teT

+ct qh + 3 hsup Eo(H,(qr.ar))  (44)
reT QeP;
subject to:
Ag, > b;VteT (45)
q" € {0,1}/¢! (46)
q? e {0,111 (47)

where g”, q¢, and q* represent vectors of binary operational
variables, continuous operational variables, and binary invest-
ment variables, respectively. Note that g, = [¢Z" ,¢¢" , ¢~ ]”.
In addition, the objective function (44) corresponds to (1),
whereas constraints (45) group (2)—(14). Moreover (46) and
(47) are related to (15) and (16), respectively.

Also, the operation under uncertainty (17)—(38) can be written
as:

Hi(q,,a:) = Min?:i’fnize dl'y, (48)
subject to:

By, > e 1 (0r) (49)
Cryy > Dig; + g: : (P1) (50)
By, > Fyi(ai)q, + hi(ar) : () (51)
Gry; 2 Ji(ar)q; + ji = (Ar) (52)
Ky, > si(ay) « (T), (53)

where (48) represents (17). Expression (49) groups constraints
(18), (28), (29), (33)—(37). Constraint (50) is associated with
(30)-(32), whereas (51) is related to (26) and (27). Expression
(52) represents (20), (22)—(25), and (38). Finally, constraint (53)
corresponds to (19) and (21).

The steps related to the proposed solution methodology are
described next.

A. Problem Reformulation
Formulation (44)—(47) can be equivalently written as the fol-
lowing bilevel program:

Minimize Z hy

at,q,

[chtC +cft th} +ct gt

teT
+ ) hioy (54)
teT
subject to:
Constraints (45)—(47) (55)
o = {Magxeig}ize %Ht (a1, a:)Q(a) (56)
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subject to:

> SaQay) < H, : (m) (57)
ar €A

Z Q(at):lz(%)},VteT, (58)
a; €A

where the adequate choice of matrix S and vector 7z, in expres-
sion (57) indicate which of the ambiguity sets defined in (41),
(42), and (43) is considered.

In light of duality theory, model (54)—(58) can be rewritten
as:

Minimize Z hy {CT qu +cP' qﬂ + q*
7 >0,04,q, et § .
+ ) (el + ) (59)
teT
subject to:
Constraints (45)—(47) (60)
! Sa, + o ZHt(qt,at),VtGT,at e A (61)

It should be noted that constraints (61) can render formulation
(59)-(61) computationally intractable due to their combinatorial
nature. In order to circumvent this dimensionality curse, we
rewrite (61) in the following manner.

0 > max{Ht (g a¢) — ﬂtTSdt},Vt eT. (62)
a €A

Based on the presented reformulation, we describe next sub-
problem, master problem, and solution algorithm.

B. Subproblem

At each iteration j, for a given first-stage solution qEJ), the
subproblem identifies its associated worst-case contingency, a;,
for each time block ¢ € 7. This identification is done by means
of the problem formulated in the right hand side of (62). This
problem is bilevel program since H; (qt, at) corresponds to a
minimization problem and it is therefore not aligned with the
outer maximization in a, € A. However, since H;(q;,a;) is
a linear program, we replace it by its dual (which is a maxi-
mization problem) in (62), include constraints (66)—(68), and
linearize products of binary and continuous decision variables
to develop a mixed integer linear programming (MILP) formu-
lation hereinafter called subproblem. Hence, the subproblem
can be represented by the compact formulation (63)—(68). The
complete formulation of the subproblem can be found in [39].

> el O+ (g0 + Dig,)" @
ter

+ (Fi(an)q; + hi(a)" Q + (Ji(ar)gq, + i)' Ay
+ St (at)

Maximize
0:.9,Q;,A T ay

— T 5a,] (63)

subject to:

(64)
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O, P, U, Ay, Ty >0Vt €T (65)
ZaﬁJrZaﬁanK;VteT (66)
leL i€1
ab € {0,1;VieLteT (67)
a €{0,1;Viel,teT (68)

C. Master Problem

The master problem (69)—(71) is a relaxation of the original
problem (1)—(16). This relaxation is achieved by replacing (62)
by cutting planes in the equivalent reformulation of the original
problem (59)—(60) and (62). The complete formulation of the
master problem can be found in [39].

Minimize Z hy {CT qfc +cP" q,B ] + ' q*
7 >0,0t,q; ter ) )
+ ) (el T + 1) (69)
teT
subject to:
Constraints (45)—(47) (70)

¢ > el 07 + (g + Dig,)" @V
+ (F(af)q, + hi(al))T Q)

+si(af’) T — o)

Na, + ;)" AV
(71)

+ (Ji(af’
Sal)\Vje J,teT

D. Solution Algorithm

The procedure proposed in this section is an outer algorithm
based on Benders decomposition. This outer algorithm is an
iterative process that is carried out until the included cutting
planes rend the solution of the relaxed problem (master problem)
sufficiently close to optimality. The solution algorithm can be
summarized as follows.

1) Initialization: set j < O.

2) Solve the optimization model (69)—(71), store qgj ), 7r1<5j )

and wi‘j), and calculate LBY) =", . by [chf('j) +

CBT th(J)] + CLT qL(,i) + ZteT ht(ﬂ'f‘j)T (J))

By + o
3) Identify the worst case contingency for stored

(7)

qij ) and ;") by running the subproblem, store

values of its deciséon variablgs and calculate
3 ] T ] T N

UBY) = Ser he[c g () +cb' g (J)] + et gt 4

Sier he (w7, + U9, where UV is the value of
the objective function of the subproblem for time block .
4) 1If (UBY — LBUYW) /UBY) < ¢, then STOP; else, CON-
TINUE.
5) Include in (69)—(71) a cutting plane of the format (71)
with decision variables stored in step 3, set 7 «— 7 + 1,
and go to step 2.

IV. IEEE RTS CASE STUDY

This section studies the economic and reliability perfor-
mance of various security services provided by DER when
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co-optimized with network investments and other alternative
operational measures to release network capacity. To do so, we
introduce three approaches for the treatment of DER security
services, namely improved n — 1 security, fixed probabilities
and interval probabilities. These three approaches will be com-
pared against the traditional n — 1 security approach that pre-
vents the use of DER services to provide network security.

A. Input Data

We modified the IEEE RTS described in [40] by adding:

1) 500 MW of thermal generation in buses 13, 14, 16, 23.

2) 700 MW of peak load in buses 9,10, and 400 MW of peak
load in bus 3.

3) 300 MW of wind generation in bus 12.

Also, we consider the following 10 candidate network as-
sets (in addition to the existing infrastructure informed in [40])
in the network planning problem (indicating end buses): 3-24,
9-11,9-12,10-11, 10-12, 11-13, 11-14, 12-13, 12-23, 15-24.
Network investment costs for lines and transformers are
60 $/MW.km.year and 20 k$/MW.year, respectively. The an-
nuity of the investment cost is balanced against the cost of one
year of system operation, representing the state of the system
when the transmission assets are already built, that is, years af-
ter the investment decisions have been originally made. Other
relevant cost data includes a VoLL equal to 12 k$/MWh, SPS
utilization cost for generation curtailment equal to 1 k$/MWh,
and reserve utilization costs equal to the fuel costs of the cor-
responding generation technologies (fuel costs can be found in
[41]). Cost of holding/scheduling generation reserves is consid-
ered to be costlier for fast generation technologies and equal to
20 $/MW/h. For slow generation technologies, we consider a
lower cost equal to 7 $/MW/h. Regarding the pre-contingency
operating conditions, they were clustered in 40 blocks that repre-
sent combinations of different demand and wind outputs across
a year. Regarding post-fault operation, all n — 1 contingencies
are modeled throughout 1 hour, divided into 2 30-min snap-
shots. Outage rates of network and generation equipment are
those presented in [40].

We consider DER post-contingency services available in 10
nodes with the following features:

1) Downwards DER service: Disconnections of flexible,
non-essential loads and DG outputs increases that can
contribute up to 13% of the nodal demand and respond
right after a contingency occurs. Scheduling costs follow
a 2-step supply curve similar to that illustrated in Fig. 1
whose values are equal to 5 and 10 $/MW/h for the first 8%
and the following 5%, respectively. Likewise, utilization
costs are equal to 50 and 80 $/MWh.

2) Upwards DER service: Disconnections of DG and demand
increases that can contribute up to an equivalent of 6%
of nodal demand and respond right after a contingency
occurs. Scheduling costs follow a 2-step supply curve
similar to that illustrated in Fig. 1 whose values are equal
to 1 and 2 $/MW/h for the first 4% and the following 2%,
respectively. Likewise, utilization costs are equal to 20
and 30 $/MWh.
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3) Shift DER service: Shifts of flexible, non-essential loads
and storage plants that can contribute up to 5% of nodal
demand, responding right after a contingency occurs and
recovering 30 min later. Scheduling and utilization costs
are equal to 2 $/MW/h and 5 $/MW, respectively. The
payback considers a 10% penalization in terms of energy
consumption (parameter § = 1.1 in (33)).

B. Case Studies

We analyze 4 approaches to consider DER security services

in network investment planning:

1) Traditional n — 1 security approach (baseline), where no
DER is permitted.

2) Improved n — 1 security approach, where DER services
are used to provide security as long as involuntary demand
curtailments through SPS are avoided. Post-contingency
costs are, evidently, neglected since probabilities are ig-
nored.

3) Fixed probabilities, where DER services are used to
provide security in coordination with further post-
contingency control measures (i.e. SPS).

4) Interval probabilities, where DER services are used
to provide security in coordination with further post-
contingency control measures, recognizing ambiguity in
reliability data.

We use Julia version 0.6 and Gurobi [42] on a server with two

10-core processors (Intel Xeon E5-2660) and 48 GB of RAM.

C. Results and Discussion

Table I presents a general overview of the results for each
approach, where economic, reliability and physical output data
are shown and compared. Discussion is provided next.

1) Case 1: Traditional n — 1 Solution (baseline, no DER):
Table I shows that, in the baseline case, the model invests signif-
icantly, including 7 network assets (3 lines and 4 transformers)
at a total investment cost of $38.3 million. Also, the amount of
reserve scheduled is the highest and equal to 398 MW (on av-
erage across the year) in order to deal with all n — 1 generation
(and network) outages without demand participation, totalizing
an annual scheduling cost equal to $60.6 million. Given that
DER is prevented to provide security services, high levels of
redundancy in both transmission and generation are needed to
secure the system.

2) Case 2: Improvedn — 1 Solution With DER Participation:
In this case, Table I shows that the model invests in 5 network
assets (2 lines and 3 transformers), totalizing an investment cost
of $27.1 million, which is considerably lower than that of the
traditional n — 1 approach. Furthermore, the model also sched-
ules considerably less generation reserves, with a total reserve
scheduling cost of $19.1 million per year and an average of
155 MW of generation reserve margin across the year. Expect-
edly, this is possible due to the scheduling of DER services,
which totalizes a cost equal to $15.7 million. All of the above
demonstrate, at least from a robust/deterministic point of view,
the significant benefits of DER.
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TABLE I
OVERALL RESULTS OF 4 DER APPROACHES

Traditional

. Improved Fixed Interval
Ttem n-1 (baseline, n-1 probabilities probabilities
no DER)
Tnvestment cost 38.3 27.1 177 19.1
[million $]
Operating cost
(planned, pre-fault) 295.7 289.3 283.7 283.5
[million $]
Reserve holding cost
(all services) 60.6 19.1 12.5 12.7
[million $]
DER holding cost
(all services) 0 15.7 15.3 15.3
[million $]
Expected costs of
generation reserves 0.46 0.31 0.22 0.22
DER 0 0.59 0.66 0.64
SPS 0.75 0.61 4.00 2.75
[million $]*
Total cost 395.8 352.71 334.1 3342
[million $]
CVaRggg, of SPS cost 75.5 60.7 398.4 2739
[million $]*
LOLE
]+ 0.48 0.40 7.67 4.06
No. of ne.w network 7 5 3 4
assets installed
Averaged upwards/
downwards generation 398/99 155/92 150/0 152/0
reserve available [MW]
Averaged downwards/
upwards DER 0/0 250/29 250/9 250/17
services available [MW]
Averaged shift
DER service 0 10 7 8
available [MW]

*Results obtained from an out-of-sample analysis of 30 million scenarios (3,000 random
vectors where each vector element contains the failure rate of a system component uniformly
distributed in the [—30%, 30%] ambiguity interval with respect to its reference
value, times 10,000 contingencies (beyond n — 1) for each of these vectors, considering
exponentially distributed outages as indicated in [43]).

3) Case 3: Fixed Probabilities Approach Solution With DER
Participation: In this case, the optimal portfolio of DER and
further post-contingency control actions can significantly dis-
place redundancy (network capacity and generation reserves),
reducing network investment and generation reserve availability
costs up to $17.7 and 12.5 million, respectively.

Regarding the more efficient use of generation reserves, we
observe an interesting interaction with DER services. In particu-
lar, we notice that optimally shifting non-essential loads allows
operators to delay (rather than reduce) the need for generation
reserve utilization. This enables the use of slower, less flexi-
ble thermal units (but more cost-effectively) to provide reserves
services. Fig. 2 shows exercised volumes of reserves and DER
services, demonstrating that faster (and more costly) genera-
tion reserves can be reduced and interchanged by slower (and
lower-cost) generation reserves due to the use of shift DER
services, improving the overall economic performance of post-
contingency control actions to secure the power network.

4) Case 4: Interval Probabilities Approach Solution With
DER Participation: We run the proposed interval probabilities
approach to DER, where each failure rate is assumed to be within
the £30% ambiguity interval with respect to its reference value.
Also, we assume (following [30]) that the aggregated system
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Fig. 2. Aggregated utilization of reserves and DER services when facing an
outage of a 350 MW generator on bus 23. Model results are indicated by crosses;
for the sake of visualization, referential lines are provided.

failure rate, i.e. overall number of outages at a system level,
presents an upper bound and equal to that of the previous fixed
probabilities approach (see Eq. (43)). This assumption properly
captures that, at an aggregated level, uncertainty is more limited.

Because of the ambiguity in reliability data, the model hedges
the system operation and investment solutions through higher
volumes of network investment and generation reserves as
shown in Table I in comparison with the fixed probabilities
model. Furthermore, we found that the interval probabilities
approach solution seeks to protect the system against the out-
ages of highly loaded generating units and lines that, due to the
ambiguity framework, become more prone to fail due to their
potentially large impact. Similarly to the n — 1 criterion that
protects the system against the worst n — 1 outage, the interval
probabilities approach protects the system against the worst ex-
pected impact, that with the largest risk (i.e. worst expected cost;
note that worst cases are decision dependent). In this context,
this model decides to reinforce transmission corridors from/to
busbar 11, which, after examining the resulting network opera-
tion, is proved to be the main hub of the system (the one with
the highest volumes of energy transferred across a year).

D. Overall Costs and Risks: Out-of-Sample Analysis

Table I shows material benefits of DER on total costs and
risks, although the ultimate value of DER depends on the ap-
proach used towards probabilities. In fact, Table I shows that
ignoring reliability data (like in the improved n — 1 approach)
significantly undermines the value of DER services. Further-
more, Table I demonstrates that the fixed probabilities approach
can minimize total costs mainly through less network invest-
ment. Similarly, the interval probabilities approach also attempts
to minimize total costs but when assuming that reliability data is
not fully known, which drives a slightly higher network invest-
ment cost (in comparison with the fixed probabilities approach)
in order to efficiently hedge the solution and thus decrease risks,
as demonstrated in Table I through the CVaRggy and LOLE
(CVaRggy, corresponds to SPS curtailment cost on average in
the worst 1% events and LOLE is calculated across the year
following the general method described in [43]).
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TABLE II
SENSITIVITY ANALYSIS

Ttem 0% +10% +30% +100%
interval interval interval interval
fvestment cost 177 177 19.1 19.1
[million $]
Operating cost
(planned, pre-fault) 283.7 283.8 283.5 283.4
[million $]
Reserve holding cost
(all services) 12.5 12.8 12.7 13.5
[million $]
DER holding cost
(all services) 15.3 154 153 15.5
[million $]
Expected costs of
generation reserves 0.22 0.22 0.22 0.22
DER 0.66 0.66 0.64 0.63
SPS 4.00 3.65 2.75 2.16
[million $]*
Total cost 334.1 3342 3342 3345
[million $]

*Results obtained from an out-of-sample analysis of 30 million scenarios (3,000 random
vectors where each vector element contains the failure rate of a system component uniformly
distributed in the [—30%, 30%] ambiguity interval with respect to its reference value,
times 10,000 contingencies (beyond n — 1) for each of these vectors, considering expo-
nentially distributed outages as indicated in [43]).

We have undertaken a sensitivity analysis in order to study the
differences among various solutions determined by using dif-
ferent intervals applied on outage rates (e.g. 0%, +=10%, £30%,
+50%, +70%, +90%, +100%). These results are shown in
Table II. As expected, the larger the interval, the more
conservative the solution. In fact, the network investment so-
lution associated with an interval of +10% is equal to that
obtained by running the model with fixed probabilities (i.e. 0%
interval), which leads to the larger cost of network investment.
Also, for intervals higher than +30%, we observed more net-
work investment (than that of the case with +=10% interval), but
no differences in network investments within the entire range
between £30% and £100%. Significant changes in the invest-
ment propositions can be observed, however, in both n-1 so-
Iutions (improved and traditional), which are equivalent to use
the complete 0-1 ambiguity interval (with and without DER, re-
spectively). This demonstrates that, from a network investment
perspective, the results (in this case) obtained by the proposed
probabilities interval approach are reasonably robust against
changes in the length of the intervals used, but fundamentally
different from those classical solutions obtained through the
application of the n — 1 security approach and the fixed proba-
bilities approach.

V. 118-BUSBAR SYSTEM CASE STUDY
A. Input Data

This section demonstrates the scalability of our distribution-
ally robust approach to DER. To do so, we apply it on the IEEE
118-busbar test system presented in [44]. We add 1300 MW of
extra demand so as to increase congestion levels and consider
10 candidate lines. Regarding reliability data, reference outage
rates are 0.001 occ/h and 0.00011 occ/h for generators and lines
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TABLE III
RESULTS OF THE 118-BUSBAR SYSTEM CASE STUDY

Item Case #1 Case #2 Case #3 Case #4
Number of
10 20 10 10
time blocks
Number of ) 2 3 )
snapshots
Serial or Parallel Parallel Parallel Serial
parallel
Execution time 177 289 353 861
[min]
Maximum RAM
14 16 15 4
used [GB]
fnvestment cost 0.84 0.84 0.72 0.84
[million $]
DER holding cost
(all services) 10.19 10.13 10.38 10.19

[million $]

(every 100km), respectively considering a 230% ambiguity in-
terval. A total of 10 buses provide DER security services in a
similar way as in the previous IEEE RTS case study.

B. Results and Discussion

Table III demonstrates the scalability of our modelling ap-
proach against different volumes of data. In effect, 10 and 20
demand levels (or blocks) are considered across a year. Also,
we demonstrate that the time resolution in the post-fault con-
ditions can be improved in order to more accurately represent
the post-contingency evolution of demand services. These re-
sults also demonstrate the advantages of parallel computing,
reducing computational time by almost 5 times, although RAM
memory resources are increased by more than 3 times. In this
particular case, Table III shows that investment decisions are
more sensitive to post-fault rather than pre-fault time resolution,
which demonstrates the importance of modelling appropriately
the evolution of different DER services during post-contingency
conditions in transmission network investment, as proposed in
this paper.

VI. CONCLUSIONS

This paper proposed a distributionally robust approach to net-
work security for planning future network infrastructure that can
properly recognize both the participation of DER security ser-
vices and limited knowledge of the underlying process behind
the realization of system contingencies. To do so, we proposed a
two-stage optimization model, where the first stage determines
the transmission expansion plan and the scheduling of genera-
tion, up- and down-spinning reserves, and availability of DER
post-contingency services, and the second stage minimizes the
expected cost of corrective actions under various contingen-
cies. Overall, the proposed model is capable to solve the TEP
problem while simultaneously comprising several probability
distributions of failure rates, necessary to properly determine
the right portfolio of demand-based security services.

Through a number of quantitative assessments, we demon-
strated the benefits of security services provided by DER and
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the advantages of our proposed interval probabilities approach
against alternative n — 1 security and fixed probabilities so-
lutions. In particular, we demonstrated that while the n — 1
approach significantly undermines the value of DER in dis-
placing network capacity, the fixed probabilities counterpart
is optimistic. In this vein, the interval probabilities approach
properly utilizes DER services to displace network investments
(and other security services from generation reserves), while
providing hedged and secured solutions against the partially
(un)known reliability data available in reality. Importantly, un-
certainty in DER and how this may affect network investment,
is proposed as further research.
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