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EC.1. The Frequency Regulation Mechanism
In modern power systems, electricity is trans- 150

mitted in the form of alternating current, i.e.,

the direction of current changes periodically

with a nominal frequency f°, e.g., 50 Hz. Fol- 100 |

lowing a sudden power deficiency, power gen- E

eration will be smaller than the demand. The E electric load
o

rotational kinetic energy (inertia) stored in 50 |- :
LD
the rotor of generators will be spontaneously e

converted into power and injected into the

system. As a result, the rotation of genera- 0 0 1‘0 J 20 SJO 1 4‘0 J 5‘0 6JO
tors slows down, and the system frequency Time (s)
drops accordingly. To recover frequency, gen- ) ) ] )
Figure EC.1: Schematic of the delivery function
erators subsequently extract more steam from  of the frequency regulation reserve.
the turbine and increase their power genera-
tion. The increased power refers to the frequency requlation reserve. In addition, electric loads can
provide frequency regulation reserve by reducing their instantaneous power demand until the end
of frequency regulation process.
During the frequency regulation process, the frequency deviation A f(s) at time s after the power
deficiency is commonly modeled by a first-order differential equation,
2H, dAf(s)
fo  ds

where H; denotes the available inertia in the system at operating hour ¢ (H; should be adjusted

+nAf(s)=—AP+ R(s), (EC.1)

accordingly with H, — HS if the loss of inertia due to generator outages is considered); 7 is the
load damping ratio; AP is the power deficiency; and R(s) is the total frequency regulation reserve
delivered by generators and electric loads at time s, which is commonly modeled by piece-wise
linear functions, as shown in Figure EC.1. With sufficient inertia and frequency regulation reserve
resources, frequency will be gradually stabilized at a quasi-steady state at the end of frequency
regulation process, which commonly takes 60 s. The three indices during the frequency regulation
process, i.e., the initial rate of change of frequency (RoCoF), frequency nadir, and quasi-steady-

state frequency can be calculated by the first-order differential equation (EC.1).
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The initial RoCoF reflects how fast the frequency drops right after the occurrence of power
deficiency. Let s = 0 be the beginning time of the sudden power deficiency. Note that both Af(s) =
and R(s) =0 at time s = 0. Plugging into the equation (EC.1), the initial RoCoF, denoted as

RoCoF,, can therefore be calculated as
ROCOF;, = dA f(s)/ds |sso= — f°AP/(2H,).

Moreover, to avoid under-frequency load-shedding problems, the absolute frequency deviation
at the nadir should be smaller than a maximum admissible value A f*2d*. The sufficient condi-
tion is that the frequency regulation reserve of generators should be fully delivered before the
arrival of the frequency nadir (Wen et al. 2016). Frequency nadir time ¢,,,4; can be estimated by
— A fradiv [RoCoF, = 2H, A f2dr /(f°AP). Hence, given the scheduled frequency regulation reserve

rft of generator g and the ramp rate of generator V,, the sufficient condition is equivalent to
ron < =V, A4 [RoCoF, = 2H,V,A f™" /(f°AP).

On the other hand, electric loads can provide frequency regulation reserve almost immediately by
curtailing some load demand (De et al. 2020). Therefore, we assume that their reserve can always
be fully delivered before the arrival of the frequency nadir. Hence, the frequency nadir condition
is not imposed on the electric loads.

At the end of frequency regulation process, i.e., s = 60, frequency is stabilized at the quasi-
steady state and hence dA f(s)/ds|s—¢0 = 0. Moreover, the frequency regulation reserve from online
generators and electric loads are fully delivered. Let r}) be the frequency regulation reserve of
electric load ¢ at the operating hour ¢, and the overall delivered frequency regulation reserve R(s =
60) =>" geic) Mot S+ Z/e (1] r,. Plugging into equation (EC.1), the absolute frequency deviation at

quasi-steady state A ;™ can be calculated as

AfF =1 AP - Z rgt Z ro | /n.

g€(G] Le[L]
EC.2. Computational Intractability of Modeling Demand Uncertainty
Our test case involves a 118-bus system over a 48-week horizon, resulting in 8,064 hourly time
periods. Introducing load demand uncertainty at each bus and each hour would require model-
ing approximately 952,752 random variables. For stochastic programming, accurately capturing
this uncertainty would require a large number of scenarios, significantly increasing computational

complexity in an already large-scale mixed-integer program.
Alternatively, we may consider an adaptive robust optimization model where uncertainty in

the load-demand is within a budget of uncertainty set D, £ {(Det)eeiry : Do € [D,, Dy, VL €
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(L], > ieipy [Pe — (D, + D;)/2| < B}. Here, D, and D, are the lower and upper bounds for Dy,
respectively, and B >0 is the budget of uncertainty. When B — oo, the worst case is achieved at
Dy = D, for all £ € [L]. For a finite budget B of uncertainty, this approach leads to the following

optimization problem:

min Z Z Ugm + z Z Z e

me[M] g€[G] M) t€Tm g€[G

> 2

me[M]t€Tm

- ZF (pgt) + max max CVaR [Zt(x,AP,A]EItS)
€ t

(Dgy) ee APCUPEB(Py)

(EC.2)

s.t. Generator maintenance constraints for uy,: (1)-(2) in the manuscript,
Binary unit commitment constraints for y,,: Vt € T,,, m € [M],

Linear operational constraints for p,: YDy € Dy, Yl e [L], t €T, me [M],

where C} denotes the maintenance cost of generator g € [G] if it is under maintenance at interval
m,i.e., Ugm =1, C’;Jt denotes the cost for a start-up at hour ¢, F,(-) denotes the generation cost rate
(per hour) at the power output level p,;, and Z,(x, AP, AH?) refers to the frequency regulation
cost given the decision x (from both maintenance and unit commitment) and the realizations of
the uncertain power deficiency AP and inertia AHY.

Recall that the term maxa pey maxpep, (py) CVaRiP; [Zt(x, AP, Affts)] can be reformulated into a
linear program based on Lemma 1. For convenience of analysis, we can rewrite Problem (EC.2)

into the following form:

mln c'x+ g E max min b'z
d; €Dy ztEQ X dt)
mE M]tETm

s.t. Fx<f, x binary,

where d; denotes the vector of [Dy] te[r), X denotes the binary maintenance and unit commitment
decisions, z; denotes the continuous operational decisions of power systems at hour ¢, such as the
power output and frequency regulation reserve of generators, and the inertia from batteries. Other
symbols denote the corresponding coefficient matrix. With some effort, the feasibility set for z, can
be rewritten in the following form: Q(x,d;) := {z; : Hz, <h, Ax + Bz, < g, Gz, =d,}. To obtain a
tractable formulation, the next step would be to obtain the dual of the inner minimization problem
with respect to z;. Eventually, the inner maximization problem can be rewritten as:

max A (Ax—g)—¢'h+n'd,

di,eAm
st. = A'B—p H+n'G=b",
>0, A>0, d; €D;.
The above optimization problem contains a bilinear term 7"d,, which makes it hard to solve. To
handle this term, a common approach is to use outer approximation algorithms that iteratively
approximate the value of the bilinear term (Bertsimas et al. 2012). However, this will greatly aggra-

vate the computational complexity, given that our problem is already computationally intensive.
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EC.3. Joint Ambiguity Set for the Power Deficiency and Inertia
In this section, we provide the distributional robust model accounting for both the uncertain power
deficiency AP and inertia AH?, as well as the exact reformulation for the model.

Given a random sample {AP,,AH?}, {AP,,AHS}, ..., {APy,AHY} for the pair of the two
random variables AH and AP in the R? space. The empirical joint distribution Py of AHS and

AP is
Z 5{AP,L,AHS}7

ne [N]

where d¢ap, ansy is the Dirac function. We then construct a Wasserstein ambiguity set for Py:
B.(Px) = {PEP(®): _inf Bold(én&]<c},

where Py(R?) denotes the set of all probability distributions supported on R?, the distance metric

is d(&1,&2) := & — &1, and Q(P1,IP;) is the set of all joint probability distributions of &; and

&> with separate marginal distributions P; and P,. With the above-constructed ambiguity set, we

reformulate our problem as a distributional robust generator maintenance scheduling (DRGMS)

model:

m)jn Z Z gm+ Z Z Z [C;ygt—i_Eq(pgt)]

me[M] ge[G] M)teTm | g€[G]
+ max CVaR [Zt (x,AP, Aﬁts)] } (DRGMS)
PeBe(Py)

s.t. Generator maintenance constraints: (1)—(2),

Unit commitment constraints: (3),
where Z,(x, AP, AH?) is slightly modified based on (9) to generate a tractable formulation. Specif-
ically, in Equation (7), the frequency regulation reserve from generators is constrained by the ramp

time — frad* /RoCoF,, i.e.,
< VAfnadlr/ROCOFtZQ(Ht—gG)%Aflladlr/(foAP)7 VgE[GL tETm, mG[M]

Here, the nonlinear term H;/AP in the above display makes it hard to derive a tractable reformu-
lation for the distributionally robust model. To circumvent this difficulty, we use RoCoF to replace
RoCoF,, which reduces the upper bound of rg;t and therefore induces a more robust model. More-
over, without loss of generality, we assume the L-th load is the most expensive one for providing
frequency regulation reserve. In the operation practice, the magnitude of power deficiency is always
smaller than the overall amount of load demand. Hence, the frequency regulation reserve of the
L-th load will be the last one to be dispatched and the dispatched amount is always smaller than its
upper bound D;;. Consequently, we remove its upper bound and only consider the upper bounds of
other loads ¢ € [L'] ={1,2,..., L — 1}. Following the same approach in Appendix EC.4, we obtain
the equivalent reformulation for maxpep, (py) CVaR]S, [Zt(x, AP, Af[ts)]:
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LeMMA EC.1. The robust counterpart maxpeg, () CVaRZ[Zt(X,AP,AfNLS)] is equivalent to the

following linear program:

. 1 f° 1
thltl’gft’ o+ ; (— SRoCoF CP+ CLDt> €+ N ng[;v] Tht (EC.3a)
st T €Ry, HY eRyry, eRY Y €eRT, Vne[N],ge[G] e (L], (EC.3b)
Huy=Y IT, Py, +H}+AHS+HE +HY, Wne[N], (EC.3c)

9€[G]
— f°AP, /(2RoCoF) + H® < H,,, Vn€[N], (EC.3d)
CPHP + Z T Z CRrl, <tw+o, VYne[N], (EC.3e)
g€(G] Le[L]
ngt <P,xy—pg, Vne€[N], g€[G], (EC.3f)
e S VoA /RoCoF,  Vn e [N], g€ [G], (EC.3g)
2, <Dy, VnelN], te(L], (EC.3h)
—nAf<Y S+ > D, Yne[N] (EC.3i)
g€l €[]

Proof. For ease of exposition, we first rewrite Z,(x, AP, AH?) as

Zi(x,AP,AH?)=min q,y; (EC.4a)
Y
st. T[AP,AH?]" 4+ h,(x) < Wy, (EC.4b)

where y, = [HP, 75,70 ciar0ern U = [CFs Cois CRlyeiapeernys and the detailed expressions for T,

h,(x), and W are provided below:

_21307;& -1 H" 1 Oix¢  Oixr 0
Ocx1 Ogx1 0Gx1 Ocx1 Ogxe Ogxrr 0
Ocx1 Ocx1 —T; Ocx1 —egxe Ogxrr 0
T=| 0pyxi Opyi | He(X)=1] Ops W=10p.1 Opveg epxr O ;
0 0 0 0 0 0 1
Orx1 Oprxa —-Dj Orx1 Orxe —erxr Opxa
1 0 ] __Wquss_ 0 Lo Lo L]

where H® ==Y 1/ IT, Py, — HY — HC + HS, L' = L— 1, and D = [Dy,, Dy, ..., Dysy]. More-
over, 0 denotes a matrix with all elements as 0, 1 denotes a matrix with all elements as 1, and e

denotes an identity matrix.
For any fixed P € B.(Py), the CVaR of frequency regulation cost CVaRilZ[Zt(X,AP, AHP)] is
equivalent to inf,,cg{o; + iEp[max{Zt(x, AP,AH})—0,,0}]} (Wiesemann et al. 2014). By further
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introducing an auxiliary variable 7, € R, and requiring 7, > Z,(x, AP, AH}) — 0,, we obtain the
following epigraph representation of the robust counterpart maxpep, () CVaRi[Zt(x, AP, AI:ItS)]:
1 .
max inf {at + —Ep [min {Tt |eRy,q)y: — o0y <7, T[AP,AH;]T + hy(x) < Wyt}] } .
PeBe(Py) ot [%2) Tyt
Next, we can switch the order of the supremum over P and infimum over o; by applying the
minimax theorem (Sion 1958). This yields
1 .
inf {O't + - max [Ep [min {Tt I €Ry,q)y: — 0y <7, T[AP,AH?]" 4+ h,(x) < Wyt}] } .
ot © PEB(Py) Tyt
In the following, we focus on deriving the equivalent model for the inner maximization problem
while fixing the variable o:
max E[P |:m1n {Tt ‘ Ty € R_;'_,q;ryt — O < Tt,T[AP, AﬁE]T + ht(X) < W}’t}] . (EC5)
PEBe(P ) Tt
PropoSITION EC.1. Problem (EC.5) admits the following equivalent formulation:

. 1 - .
inf e\ + N Z sup |:(I)(X, o, AP,AHP) — NAH? — AHS| — M\|AP — APM} ; (EC.6)

AR+ ne[N] AP, AHP
where ®(x,0,, AP,AH?) =min,, y, {7, | 7 €Ry,q]y, — 0r <70, T[AP,AH]T +hy(x) < Wy, }.
By dualizing the linear program ®(x, oy, AP, AI:ItS), we have

®(x,0,, AP,AH?) = max —o,dy+ (T[AP,AH?]" +h,(x))"ds,

dy,do,d3

st. di€Ry, dyeRy, dy e RETHH (EC.7)
di+dy=1, W'd; —daq, =0.
Let D={d, €R,,dy € R, ,ds € RS d, +dy=1,WTd3 —dyq, = 0} be the feasible space of the
dual variables d;, dy, and ds. Problem (EC.6) is equivalent to

~ T ~
inf {ex+— 3 sup  sup —ouds+ (T[AP, AAST + ht(x)> ds — A|AP — AP, | — NAHS — AHS|
AER} N S5 aPARS d2.ds€D

AERL d2,d3€D AP, AAS I““Ei
v2|<

= inf {6/\+]1f Z sup sup inf (—(J’tdQ+(T[AP,A_HE]T+ht(X))Td3—’ylAP+’ylAPn—’72Aﬁ§+’}’2AHTSL)}
ne[N]

1 - -
:/\ierg {e/\ + N Z sup inf  sup (70’td2 + (T[AP, AHtS]T + ht(x))ng —mAP+v AP, — 72AH§ + ygAH,Sl)
+ ne[N]

do,d3€D IMISA A p AFS
[ya|SAT T

AERL do,dzeD I71I<A AHS AP
[yv2|<A L

= inf {e/\+i] Z sup inf —oyda+he(x) ds + 1 AHS +72 AP, +  sup [AP(TIdg’71)+Aj:[ts(T:gd3’}/2):|}
ne([N]

where the first equality is achieved by switching the supremum over d,,d; and the supremum

over AP, AI:ItS and the definition of the dual norm. The second equality is achieved by further

switching the supremum and infimum based on the minimax theorem (Sion 1958). Observe that
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the conditions v; = T d3 and v, = T ,d3 must hold for all d; € D to obtain a bounded value for
(EC.6). We thus obtain an equivalent problem for (EC.6):

1
inf {ed+— > sup [—owdy+hy(x)ds + T dsAP, + T Ld;AH]
A N do,d3eD ' '

mElN] (EC.8)
s.t. AeR,,

[T ds| <A, |T5ds| <A Vds €D,
Notice that the constraints | T ds| < \,|T.[d3| < \,Vd; € D is equivalent to the following four linear
programs: supy, cp T ds <A, supg,cp —T.\d3s <A, supgy,p Tipds < X, and supy,cp —T5ds < A. By
dualizing the four linear programs over ds, we obtain the following constraints:

a1 <X Q' <A, T<Woy, —T<Wey, ¢y e R qpy e RO

af p2 <X, @'y <A, T<Wehy, —T < Wapy, ¢ € RETET ahy e ROHEHL
Note that the inner optimization problem in the objective function, sup, 4, azep[—0:da +
h,(x)"d; + T d;AP, + TLd3AHS], is equivalent to ®(x,04,AP,,AHS) = min, . {7 |
Tt € Ry,q)yne — 00 < 70, TI[AP,,AHS]T + hy(x) < Wy,,} by strong duality, where y,, =

[Hy, e Thed geiayeeqny 18 defined analogously to y,. Hence, Problem (EC.8) is equivalent to

1
inf EA+ — Tn
A Tnt,Ynt @, P N n;\ﬂ t

st. AER,, ¢ e RETETL ap) e ROTLFL gy e ROTLFL ) € RETETL)

Tnt € IR+7 Ynt c RG+L+3) vn € [N]7 (EC 9)

q;rym‘/ — 0y S Tnt, T[APH’ AHS]T + ht(x) S Wyma Vn € [N])
q;r¢1SA7 q:’(plé)H q:¢2§)\7 q:wQS)H
T S W¢17 . S W'lnblv T S W¢27 =T S W¢2
Plugging into the detailed expressions of q;, T, and W, it is easy to see that the constraint

set {d)l c RG+L+1,’$1 c RGJrLJrl, ¢2 c RG+L+1,1/)2 c RG+L+1’ thd)l S A, q:¢1 S qu:ql)Q S )\,th,(pQ S
B
AT <W¢,,—-T< W, T < Wy, —T < Wipy} is equivalent to A > =2 + C’LDt. Since we

RoCoF

0B
minimize A in Problem (EC.9), the optimal solution is achieved at A = % + CP,. Hence, the

robust counterpart maxpeg, (p,) CVaRi [Z,(x, AP, AH?)] is equivalent to

1 [ (—2f°CP 1
. - i 2 CD — n
ot,glng'nt ot 2 < RoCoF BV N nEZ[J:V] "
S.t. O¢ S R,

Tnt c RJ’_, Ynt S RG+L+17 Vn c [N],

A Yt — 01 < T, T[AP,, AHS]T +hy(x) < Wy,,, VYne[N].
Plugging detailed expressions of q;, T,h,(x), W into the above program finishes the proof. U
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EC.4. Proof of Lemma 1

For the ease of exposition, we first rewrite Z,(x, AP, AH?) as

Zy(x,AP,AH?) =min q,y; (EC.10a)
Yt
s.t. TAHP +h,(x) < Wy,, (EC.10b)

where Constraint (EC.10b) subsumes frequency security constraints (4)—(8) under the realization
of power deficiency AP and inertia prediction error AfItS, and detailed expressions for y,, q;, T,
h,(x), and W are provided in Appendix EC.5.

For any fixed P € B.(Py) and realization of AP € U, the CVaR of frequency regulation cost
CVaR,[Z,(x,AP,AHP)] is equivalent to inf,,cr{c; + SEp[max{Z;(x, AP, AHP) —0,,0}]} (Wiese-
mann et al. 2014). By further introducing an auxiliary variable 7, € R, and requiring 7, >
Zy(x, AP, Aﬁf) — o0y, we can obtain the following epigraph representation of the robust counterpart

maxpes, (py) CVaR,[Z,(x, AP, AHP)]:

PeB:(Py) ot

1 -
max inf {at + —Ep [min {Tt | eRy, q/y: — 0y <7, TAH? +h,(x) < Wyt}} } . (EC.11)
(2 LYt

Next, we can switch the order of the supremum over P and infimum over o; in problem (EC.11)

by applying the minimax theorem (Sion 1958). This yields

1 .
inf {at + — max Ep [min{n | eRy, q/y: — 0y <7, TAH? +h,(x) < Wyt}} }

ot © PEBe(Py) TEYt

In the following, we focus on deriving the equivalent model for the inner maximization problem

while fixing the variable o;:

max ]E[p: |:min{7't | Ty € R+, thYt — O < Tty TA_FItS +ht(x) < WYt}] . (ECl2)

PeBe(Pn) Yt

ProposITION EC.2. The problem (EC.12) admits the following equivalent problem:

. 1 N .
inf e\ + N Z sup [@(x,at,AHtS) —AAH? - AHS@ , (EC.13)

AER+ ne[N) A}
where ®(x,0,, AHY) =min,, y, {r | 7 € R, q] y; — 0y <7, TAH 4+ h,(x) < Wy, }.
By dualizing the linear program ®(x,o,, AH?), we have
d(x,0,,AHY) = o — ody + (TAH? + hy(x))"ds,
st. di €Ry,dy Ry, dy e RETHH, (EC.14)

d1 +d2 = 1,WTd3 — qut =0.
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For ease of notation, we let D= {d; €R,,dy € R, ,d3 € R¢"* 3 d, +dy =1, W'd3 — doq, =0} be
the feasibility set of the dual variables d;, dy and dj. Hence, problem (EC.13) is equivalent to

1 . ~
inf ¢ e+ N Z sup sup —oydy+ (TAH? +hy(x)) ds— A\AH? — AHY|

AER L n€e[N] AHtS dy,dg,d3€D
1 . .
= inf { eA+ — Z sup sup inf (-O'tdQ + (TAH? +hy(x))"ds —yAHS + vAH,%)
AeR N e[ 42 ds€D ARS lvI<A
1 . .
= inf { eA+ — Z sup  inf sup (—JtdQ + (TAH? + hy(x))"ds —yAHS + 7AHS>
AER, N e[ fod2 dseD RIESUNGE
1 .
= inf { e+ — Z sup  inf —oydy +hy(x)"ds +yAHS +sup |AHS (T 'd; — '7)} )
AR, N nelV] dq,do,d3eD 17ISA AHS

where the first equality is achieved by switching the supremum over d;, ds, d3 and the definition
of the dual norm. The second equality is achieved by further switching the supremum over AI:ItS
and infimum over 7 based on the minimax theorem (Sion 1958).

Observe that the condition v = TTds must hold for all d3 € D to obtain a bounded value for
(EC.13). We thus obtain an equivalent problem for (EC.13):

1
inf A+ — su —0ydy +hy(x)"ds + T dsAHS

" (EC.15)
s.t. AeR,,

T ds| <\, Vds €D.

Notice that the constraint |T"d3| < \,Vd3 € D is equivalent to the following two linear programs:
supg,ep T'ds < A and supy,cp —T'ds < A. By dualizing the two linear programs over ds, we

obtain the following constraints:
4/ $<X aTPA TSWo, —~T<Wep, $e RO, g e RO,

Plugging these constraints into problem (EC.15), we have

. 1 S
Algfw ex+ N Z sup |:—O'td2 +h(x)"ds + TTd3AHn}

D
ne[N] dy,da,d3€

st. AER,,peRETLT3 qp c RETLFS, (EC.16)
A/ P<A g P <A,
T<W¢, - T<Wre.
Note that the inner optimization problem in the objective function, i.e., supd17d27d3€D[—0td2 =+

h;(x)"ds + TTd;AHS], is equivalent to ®(x,0, AHS) =min, ,y 7ot | Tat € Re,q ynt — 0r <
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Tots TAHS +hy(x) < Wy, } by the strong duality, where y,, = [H.., HS, HE,, 75, rnﬁ]ge[G] teqr) 18
analogous to y,;. Hence, problem (EC.16) is equivalent to

inf e)\+f Z Tnt

A\ Tnt:Ynt, P
ne [N]

st. AeER,, ¢ €RETLT3 qp c REFLFS,
Tnt c R+, Yot € RG+L+3, Vn c [N], (E017)
q:ynt_JtSTntv TAHS"‘ht(X)SWYnn RS [NL

A P<\ q <\ T<We¢, —T <Wrp.

Plugging into the detailed formulation of q;, T, and W, it is easy to see that the constraint set
{p e RETLE3 4 e REFLTS gl p <\, q/ 1 <\, T<W¢,—T < Wah} is equivalent to A > CP. Since
we are minimizing A in problem (EC.17), the optimal solution is achieved at A = CP. We then
obtain the following equivalent problem for (EC.12):
inf CtB €+ l Z Tt
Tt Ynt N
st. T €RL, yn €RETLT - wn e [N,

QZYnt—UtSTm’ TAHTSL+ht(x)SWynt7 V?’LE [N]

Hence, problem (EC.11) is equivalent to

. 1 1
min Ut—l-; CtBe—i—N Z Tt

Ot,Tnt,Ynt €[N]
n

s.t. o€ R,
Tnt € IR+7 Ynt S RG+L+37 VTL € [N]7

q;rynt — Oy S Tnts TAHTSL + ht(X) S Wyntv VTL S [N]a

which finishes the proof by plugging into the detailed formulation of q;, T, h;(x), and W. O

EC.5. Expressions of the Matrices

The decision variable is y, = [Hy, HZ, HP,r$, 3] cc10e): Moreover, we define the fol-
lowing scalars and vectors for ease of exposition: H = —f°AP/(2RoCoF) + H®; RR, =
2V Afnadlr/(fOAP) R AP 77qu55 [O O CB C;,CD] ZG[L] Dt - [Dlt)D2t7 e ,DLt]T;
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ecll

T, = [P121; — Pio, Po%oy — Pty - - ., PaTar — pai T; RR = [RR;,RRy, ...,RR¢] . The detailed formula-

tions of matrices T, h;(x), and W are provided below:

~1 —HS — HF ~1 1 1 O 01
1 HP + HY 1 =1 -1 One Ou
0 > geic) ITo Py 0 1 0 Oig O
0 _ZgE[G] ITgnggt 0 -1 0 Oix¢  Oixr
0 0 0 0 1 Oi1x¢  O1x1
T— Ocx1 hy (%) OGjl W — Ocx1 Ogx1 Ogx1 eaxa  Ogxr 7
O0cx1 —T 0cx1 Ogx1 Ogx1 —€axc Ocxr
0rx1 Orx1 Orx1 Opx1 Ozx1 Orxe  €rxr
Orx1 -D, Orx1 Orx1 Ozx1 Orxg —€rxr
0 H 1 0 0 Oixe Oixz
0Gx1 H°RR RR 0¢x1 Ogx1 —€axc Oixa
0 R 0 0 0 lixe Llixw

where we use 0 to denote a matrix with all elements as 0, 1 to denote a matrix with all elements

as 1, and e to denote the identity matrix.

EC.6. Proof of Proposition EC.2

Based on the definition of the Wasserstein metric, problem (EC.12) can be reformulated as

max /@(Xja“Aﬁf)p(dAﬁ[f)
R
s.t. PEP@(R), QGPO(RaR)7

/ MBS — €|QUART, d) <.
RxR

(EC.18)

where Py(R) and Py(R,R) denote, respectively, the sets of all probability distributions supported on
R and joint probability distributions supported on R x R. The law of total probability indicates that
Q(AH? &) = >, ¢y Pny where P, denotes the marginal probability distribution of Q conditional
on £ = AHS. Therefore, problem (EC.18) can be reformulated as

1 - -

max > /]R ®(x,00, AHY)P, (dAHP)
n€e[N]

s.t. Pn S Po(R),

1 _ _
v > AyAHE—AH§|Pn(dAH§)§e.
n€e[N]

(EC.19)

Introducing the dual variable A for the inequality constraint in (EC.19), its dual problem is exactly
(EC.13). Moreover, the strong duality between (EC.19) and (EC.13) holds due to the linearity,
which finishes the proof. O
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EC.7. Proof of Theorem 1
The proof follows directly by plugging Problem (10) under the realization of AP into Problem
(ROGMS). O

EC.8. Proof of Proposition 2
By the strong duality of linear programs, the optimality cuts can be derived from the dual problem
of (SSP), given by

Fnt (jgtaﬁgtv Hnt) = max ’}/ntE - E >\ngt (pgjgt - pgt) - E H'ngtRRg (ﬁnt E /-LnftDét
"/nt’)\ngt
Kngt;Hnet 9€[G] g€[G] Le[L]

s.t. ’YntE]R+7 )‘ngteRJra KngtER+7 :unétGRJrv VQE[GL EE[ ]a
Ynt — Angt - /ingt S Cﬁa v.g € [G]7

Ynt — Mnet S C}:t)? VE S [L]

Given the optimal value of dual variables v,, \» and p,,, we have

ngt)’ ngt7
Fnt(xgtvpgh ryntR Z )\ngt nggt _pgt) - Z K::LgtRRg(Hnt - FIG) - Z MjLZtDZt‘
9€[G] g€[G] L€[L]

Next, based on the subgradient inequality and the convexity of the linear program, we have

Fnt(xghpgt?Hnt) Z Fnt(j}ghpgh nf Z /\ngt xgt igt) - (pgt _pgt)) - Z ﬁ:;gtR-Rg(Hnt - I:Im‘)

g€(G] g€lG]
=YLl — Z /\ngt Py —pgt) — Z “:zgtRRg(Hnt —H%)— Z Poer Dot
9€[G] 9€[G] e€[L]
which is used to generate the optimality cut. O

EC.9. Procedure to obtain the optimal value of marginal cost of
different frequency regulation reserves

We first sort the unit costs of frequency regulation reserve ng for all generators g € [G] and CP
for all electric loads ¢ € [L] in the ascending order. Without loss of generality, we assume that the
unit costs of frequency regulation reserve providers differ from each other. Specifically, v}, is the
marginal cost of the frequency regulation reserve. It reflects how much the frequency regulation
reserve cost increases with a one-unit increment in the minimum quantity R of the frequency
regulation reserve. Marginal cost v, can be subsequently determined, as visualized in Figure EC.2a.
The marginal frequency regulation reserve provider is the one whose bid overlaps with the dashed
line, and marginal cost v}, is therefore equal to its cost. However, multiple dual optimal values may
exist in some special cases, and 7., can have different values. For example, both the second and
third reserve providers are marginal providers in Figure EC.2b, and thus lead to different cutting
planes. Herein, we take both cutting planes. Frequency regulation reserve providers with unit costs
greater than ~, will not be dispatched. In contrast, those with costs lower than ~, will be fully

dispatched. Once marginal cost v}, is determined, optimal values A}, for all g € [G] and p,,

ngt?’ ngt
for all £ € [L] can then be explicitly determined by Proposition 3.
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oy Oy
ast ast
R b7
o O
o o
= CR “~ Ry = = ch “~ Ry —
P Rz — = — Rz —
Ci{ < Ro ¥ Cf{ < Ro ¥
K— R1 — K— R1 —
0 0
0 0
Quantity Quantity

(a) A general case (b) A special case

Figure EC.2 The schematic to determine marginal cost ~v,;; by sorting the unit cost of frequency regulation
reserve providers, whose quantity and unit cost are respectively described by the width and height

of a block. Here, each CF,CE, ... is one of Cg(i or CP, and each Ry, Rs, ... is one of rffgt and r2,,.

EC.10. Proof of Proposition 3

Let ry% and rp;, for all g € [G] and ¢ € [L] be the optimal solution of (SSP), the

Karush-Kuhn-Tucker (KKT) condition includes:

e Primal feasible constraints:

0<r, VgelGl, (@g0)
0<ru;, Vee[L], (Brer)
R< Z Trgt Z Tratts (Vne)
9€[G]
Trigt < Pogr = Dgrs Vg € [G], (Angr)
Tty < Dy VEE[L], (Hree)
Ty <BRg(Ho — HY), VgelGl, (k)

e Dual feasible constraints:

a;gtER-i-v BZ@tGR-H 7;t€R+a )‘;gteR+v MZHGR-H KtheR-H Vge [G]v te [L]7
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e Complete slackness constraints:

- TS;tangt 07 v.g € [G]’
— i Brer =0, vee [L],
Z Tngt Z rnft PYnt 7
Le[L]
( nqt P xgt +pgt) )\ 0 vg € [G]?

( ngt (Hnt HG)) ngt 07 v.g € [G]a

( n@t Det)unft 0 vl e [LL

e Optimality conditions:
C’ﬁ - a:Lgt ’Ynt + )\ngt + Hngt 0 vg € [G]

Ce[z = Bret = Vot + Moo =0, Ve e [L].
Based on the KKT condition, we investigate the following cases.
First, for generator g € [G]:
o if v¥, < Cth, then it will not be dispatched because it is too expensive; i.e., T'Sg*t = 0. Hence, the

complete slackness constraints and the optimality constraints indicate that

G *
)\:Lgt = 07 Hj:y 0 anqt = Cgt — Ynt)
o if ', = th, then it is the marginal reserve provider; i.e., 0 < rS ot < P,ig — Py and 0 < rnqt <

Rg(I:Im — HS). Hence, the complete slackness constraints indicate that
ngt_O >\ _07 %:{zgt:O;

o if vy, >CS

;1> then it is cheaper than the marginal reserve provider and will be fully dispatched.

— Suppose Pg;igt — Pgt < RRg(I:Im — HE ), then rngt =P ¢Tgt — Pgt- The complete slackness

constraints and the optimality constraints indicate that

— * * G.
« gt — 07 K‘ngt - 07 Angt - rYnt C

gt?

—if RRy(H,; — HC) < P,y — Pgr, then 8% = RR,(H,,, — HS). The complete slackness con-

ngt

straints and the optimality constraints indicate that

_ * * o x G
ngt O A Oa ’V”'ngt = Tnt — Cgt‘

ngt —

Next, for electric load ¢ € [L]:
o if ¥, < CP, then it will not be dispatched because it is too expensive; i.e., 2 = 0. The

complete slackness constraints and the optimality constraints indicate that

Hoer =0, By = Clt Vot
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e if v7, =CJ), it is the marginal reserve provider; i.e., 0 < rD < D,. The complete slackness

constraints indicate that
Hoer =0, Bree =0;

e if v, > C}, then it is cheaper than the marginal reserve provider and will be fully dispatched;

i.e., rp = Dy The complete slackness constraints and the optimality constraints indicate that
B =0, finee = e — Cai-

The proof finishes by summarizing the above conditions. U
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Online Appendices 11-21

In addition to this electronic companion, we provide a technical supplement that includes imple-
mentation details of the methods in this study and some supplementary numerical results. The
technical supplement is available on the authors’ website: https://drive.google.com/file/d/

10nLRUQTAOjdjROJ-K3TT2f7cg7FMKvAw/view?usp=sharing
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