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Abstract-The flexibility of distributed energy resources (DERs)
accommodated in active distribution networks (ADNs) can be
aggregated and then used to provide ancillary services to the
transmission system. In this context, this paper presents a
linear optimization method for the transmission system
operator (TSO) to allocate its required active power reserve
from aggregated resources installed in active distribution
systems (ARADSs) as well as dispatchable bulk power plants
(DBPPs). It consists in a linear optimization problem that
minimizes the sum of the expected cost of active power reserve
allocated from all possible providers (including ARADSs and
DBPPs) and the expected cost of load not served over a desired
time horizon. The value of lost load (VOLL) index is used as a
criterion to realize an economical balance between the expected
cost of allocated reserve and expected cost of load not served.
The method leverages scenarios of power system contingencies
and forecast errors of loads and renewable generation to
represent typical operational uncertainties. A simulation proof-
of-concept using real-data from the transmission system
operator of Switzerland, Swissgrid, is provided to illustrate the
performance of the method.

Index Terms--Active distribution network (ADN), active power
reserve, aggregated resources of active distribution system
(ARADS), energy storage system (ESS), distributed energy
resource (DER).

NOMENCLATURE
Abbreviations
ADN Active Distribution Network.
ARADS Aggregated Resources of Active Distribution
System.
DER Distributed Energy Resource.
DG Distributed Generator.
DBPP Dispatchable Bulk Power Plant.
ESS Energy Storage System.
FL Flexible Load.
SPP Stochastic Power Plant.
TSO Transmission System Operator.
VOLL Value of lost load.

Indices and Sets
l Index for loads.
h  Index for ARADS:s.
Index for buses of the transmission system.
k Index for power plants including both DBPPs and
SPPs.
s Index for scenario.
Index for time intervals in hour.
Set of buses of the transmission system.
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Set of adjacent buses connected through transmission

B lines to bus i.

A Setof ARADSs connected to the transmission system.

A; Setof ARADSs connected to bus i.

DG Set of DBPPs connected to the transmission system.

DG; Set of DBPPs connected to bus i.

IL; Setof loads connected to bus i.

SG; Set of SPPs connected to bus i.

S  Set of scenarios.

T  Set of time intervals of the scheduling time horizon.

Variables

EPE+ Upward/downward booked energy capacity from
ke’ P&E-constrained active power reserve of ARADS h to

Ep the transmission system [p.u.].

PSL,  Shed load of ARADS h/load ! during time interval ¢

Pk for scenario s [p.u.].

G+ Upward/downward active power reserve deployed
Tkts)  from DBPP k during time interval t for scenario s
Tees  [pu].

p+  Upward/downward P-constrained active power
ri;)tf' reserve deployed from ARADS h to the transmission
Thts  system during time interval ¢t for scenario s [p.u.].

pe+ Upward/downward P&E-constrained active power
r’gg_’ reserve deployed from ARADS h to the transmission
Thts  system during time interval t for scenario s [p.u.].
R,f*, Upward/downward booked active power reserve
RG- capacity from DBPP k [p.u.].

RP+ Upward/downward booked power capacity from P-

h > constrained active power reserve of ARADS h to the
Ry, transmission system [p.u.].

RPE+ Upward/downward booked power capacity from P&E-

’lgE_' constrained active power reserve of ARADS h to the
Ry, transmission system [p.u.].

Voltage angle of bus i during time interval t for
Sits scenario s [rad].
Parameters
G Binary 0,1 parameter denoting the on-off state of
Akts DBPP k during time interval t for scenario s.
Binary 0,1 parameter denoting the availability-
Aljrs unavailability of the transmission line between bus
i and bus j during time interval t for scenario s.
Longitudinal susceptance of the transmission line
ij between bus i and bus j [p.u.].
CE*, Price of the upward/downward energy capacity of
CE- P&E-constrained active power reserve of ARADS



h [CHF/p.u.].

(ofa Price of the upward/downward active power
cG- reserve capacity for DBPP k [CHF/p.u.].

k

- Price of the upward/downward power capacity of P-
Ch™ constrained active power reserve of ARADS h
C,~  [CHF/p.u.l.

pe+  Price of the upward/downward power capacity of
C . .

he P&E-constrained active power reserve of ARADS
Ch h [CHF/p.u.].

Maximum power flow limit of the transmission line

FII™  between buses i and j [p.u.].
Pys, Active power schedule of ARADS h/power plant k
P, P, /load ! during time interval ¢ [p.u.].
APy, Deviation from scheduled active power for ARADS
APy, h /SPP k/load | during time interval t and scenario
AP, S [p.u.].
pgmax, Maximum and minimum output power of power
pgmin plant k [p.u.].
Rated power of the substation connecting ARADS
Tw, Te  h /power plant k to the transmission system [p.u.].
Value of lost load for load not served at bus i
VOLL; [CHF/p.u.].
n$t, Price of the upward/downward active power

G- reserve provided by DBPP k [CHF/p.u.].

P+ Price of the upward/downward P-constrained active
P power reserve provided by ARADS h [CHF/p.u.].

Price of the upward/downward P&E-constrained
active power reserve provided by ARADS h
Th [CHF/p.u.].

Ps Probability of occurrence of scenario s.

I. INTRODUCTION

Environmental concerns and recent developments in
renewable energy technologies are leading towards
replacing conventional generation in favor of production
from renewables. For instance, in Switzerland, governmental
goals have set to phase out nuclear generation by 2050, thus
opening the way to production from distributed energy
resources (DERs) [1]. The main challenge of this transition
is the increasing demand for controllable resources that need
to be deployed to compensate for the intermittent
characteristic of renewable generation and guarantee the
frequency/voltage regulation, power quality, and congestion
management [2]-[4].

The number of DERs like dispatchable distributed
generators (DGs, e.g., gas turbines, micro turbines,
combined heat and power units) and energy storage systems
(ESSs, e.g., batteries, fuel-cells), in existing distribution
networks is expected to increase steeply in the near future
[4]. Moreover, the increasing deployment of monitoring and
communication infrastructures in distribution systems [5] is
envisaged to facilitate the adoption of new automated control
strategies for active distribution networks (ADNs), thereby
allowing DERs together with the demand side management
of flexible loads (e.g., thermostatically controlled loads) to
be aggregated for providing ancillary services to both
distribution and transmission grids. In this emerging
architecture, the main question that arises is how much are
the active power reserves that a transmission system operator

(TSO) should book from all reserve providers to minimize

its total cost consisting on the expected cost of the load not

served and allocated reserve over a desired time horizon

(e.g., 1 day or 1 week)?

Traditional practices for allocating reserve consist in
scheduling the active power reserve required by the TSO
while considering only dispatchable bulk power plants
(DBPPs, e.g., gas, hydro, thermal power plants) and not
considering generally the potential of ADNSs, see for instance
[6]-[14]. Traditional methods can be categorized into
deterministic and probabilistic. A deterministic approach
sets the required amount of active power reserve larger than
or equal to the capacity of the largest online unit [7]. As far
as the probabilistic approach is concerned, two mainstream
methodologies can be traced in the existing literature:
statistic-based and optimization-based methods. The former
relies on a statistical assessment to characterize the
contingencies and uncertainties that lead to unbalances (e.g.,
power plants/transmission lines outages, forecast errors of
demand and renewable generation), whereby they determine
the reserve so that a target risk level is satisfied (e.g., [8]-
[10]). The latter incorporates the risk index into an
optimization problem, and then the optimum amount of
required active power reserve is achieved by solving that
problem (e.g., [11]-[14]). Methods proposed in [13] and [14]
minimize the total cost of TSO by making a balance between
the cost of reserve allocation and cost of load not served,
whereas methods in [11] and [12] aim at either minimizing
only the cost of reserve allocation or satisfying only a risk
index like LOLP (loss of load probability) and ELNS
(expected load not served).

All the above-mentioned methods may lead to excessive
or deficient amount of reserve so they are suboptimal since:
e they do not account for the capability of ADNs for

provision of active power reserve;

e all of them, except for [13] and [14], don’t make a balance
between the cost of reserve allocation and cost of load not
served.

in other words, the amount of booked reserve through these

methods are not economically/technically justifiable. The

above-mentioned limitations found in [6]-[14] paved the
way to the method developed in this paper. In [15], the
authors of the present paper introduced the concept of the
aggregated resources of active distribution systems
(ARADSs) with the aim of reserve provision to the
transmission system. They first defined an ARADS as the
aggregated flexibilities model of DERs located in an ADN,
then, established a framework for modeling ARADS:s as seen
from TSO perspective. This present paper considers the
capability of ARADSs for provision of active power reserve
to the TSO. It leverages the ARADS modeling framework

proposed in [15] and a cost-benefit approach to develop a

method for allocating the required active power reserved of

TSO from both DBPPs and ARADSs while considering

line/generation outages as well as forecast errors of the loads

and stochastic generation (scenarios). This method
minimizes the total cost of TSO throughout the scheduling
horizon using a multi-period (multi-scenario) optimization
method. Thus, it can trade the expected load not served of the
network among time intervals, i.e. it may book less reserve
and accept a higher load not serve at some time intervals in
such a way that the total cost of TSO over the total scheduling
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time horizon is minimized. Although the proposed
formulation is generic and can accommodate any scheduling
horizon, it is considered here to perform day-ahead
scheduling to comply with conventional scheduling/
operational paradigm of current power systems. To the best
knowledge of the authors, this problem and its treatment have
not been reported in the literature.

The rest of the paper is organized as follows: Section II
models the power system as seen from TSO perspective.
Section III presents the problem formulation. To illustrate the
effectiveness of the proposed approach, Section IV gives the
numerical results considering the Swissgrid network case.
Finally, conclusions are presented in Section V.

II. POWER SYSTEM MODELING
This section models the power system as seen from a
TSO’s perspective with reliance on the following modelling
assumptions:

e only active power and active power reserve are taken
into consideration;

o the transmission system is loss-less and modeled by DC
power flow equations;

o the scheduling time horizon and dispatching time
intervals are 24 hours and 1 hour, respectively.
However, it can vary without losing the generality of the
problem;

e the hourly active power schedule of the power
plants/ARADSs and loads are known (Py;, Py, Pt);

e the uncertainties of loads, ARADSs and stochastic
power plants (SPPs) are modeled as stochastic power
sources or loads connected to the transmission system
(Aplts' Aphts' Apkts)~

The general structure of a bus of the transmission system
is illustrated in Fig. 1. It shows ARADS h, power plant k,
and load [ connected to the transmission system through 3
substations. In the rest of this section, the models of
ARADS:s and power plants are introduced.

A. ARADS Modeling
The flexibility of DERs can be exploited for provision of
active power reserve to the transmission system. However,
there are several obstacles in the way to achieve this
goal as:
e DERs usually have small capacities;
e DERs typically belong to different owners;
o neither TSO nor distribution system operator generally
has access to the DERs’ data and resources.
To resolve these obstacles, the authors in [15] introduced
a novel entity called ARADS under the management of a
third market player called aggregator. From TSO
perspective, each ARADS can be modeled as an equivalent
load along with a P-constrained (i.e. power constrained) and
a P&E-constrained (i.e. power and energy constrained)
resources of active power reserve, as shown in Fig. 2. The

ARADS # from ARADS # from
ADN perspective TSO perspective
SL
~~~~~~~~~~~~~~~~~~ : P, + AP, - B
Pt oo P— -
Tns &g T, |
i
ESS 15/ ] i
| Transmission
PE+ PE— | System
rhts & rhts T
reE- W
FL= » constrained

Fig. 2. The general structure of ARADS h connected to bus i. The notation
refers to time interval t and scenario s [15].

Dispatchable Bulk Power Plant (DBPP) &
s

P
Pkt @ T |
M | Transmission
1 1 System
G+ 5— Lo
rkts & r/gs
Stochastic Power Plant (SPP) & S
A T |
|
P C ) |
ket } Transmission
! System
Aszs® :

Fig. 3. The model of power plant k connected to bus i, from TSO point of
view. The notation refers to time interval t and scenario s.

equivalent load represents the net active power schedule for
the ARADS. P-constrained resources are restricted only by
the active power capacity as in the case of dispatchable DGs.
The P&E-constrained resources are restricted by both active
power and energy capacity as in the case of ESSs and FLs.
For more details, please refer to [15].

B. Power Plant Modeling

The power plants are categorized into dispatchable and
stochastic (i.e., non-dispatchable). During the real time
operation, DBPPs follow their pre-defined (typically day-
ahead) scheduled plan and also provide reserve to the TSO,
while SPPs, like solar and wind power plants, may not
follow their forecasted schedules due to predictions errors
and they are sources of uncertainties. In line with the
classification of the active power reserve resources presented
in ILLA , the power plants can be modeled as illustrated in
Fig. 3.

III. SCENARIO-BASED STOCHASTIC OPTIMIZATION
PROBLEM FORMULATION

Based on the models for ARADSs and power plants
described in the previous section and exploiting the DC
power flow model [7] along with a cost-benefit approach, the
optimal allocation of active power reserve for a TSO from
DBPPs and ARADSs is formulated as the following linear
programming problem:

mqi’n CInterruptlon (LP) + CReserve (‘-P), (1)
subject to:

0 <7nat <A§RE* vk € DG,Vt € T,Vs €S, (2)
0 <7nd; <A% R vk € DG,Vt €T, Vs €S, (3)
0 <Rt <pfm™_p. vkeDGVteT, 4)
0<R$™ <P, —Pf™"  vkeDGVteT, 5)
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0<ms <Rj
PE+ PE+

0<mys <Ry

PE- PE-
0 < Thes tSRh

VheAVteT,VseES, (6)
VheAVteT,VseS, (7)
VheAVLtET,VsES, (8)
Vhe A vteT,vVseS, (9)

PE- PE+ PE— PE+
—E,; < Z(rhrs ~ Thrs ) < Ey
=1

Vhe A VteT,Vs €S, (10)
0 < RE* < RpHMaX vh € A, (11)
0 < Rf™ < Rp—Max vh € A, (12)
0 < RFE* < RPHMX vh € A, (13)
0 < RFE~ < RpFMax Vh € A, (14)
0 < EFE+ < gpEHmax vh € A, (15)
0 < EFE- < EpPom vh € A, (16)

T, < _(Pht + APy — Pffth) + Tne = Ties + Tiga '
—7E” <T, VheAVteT,VseS, (17)

—Tye < Afirs(Pee + 1t — 1its) < T

vk € DG,Vt € T,Vs € S, (18)
—F® < ATy Byj(8ies — 6jes) < FI™,

vi,jeB,vte T ,vs€eS, (19)
Z [=(Pye + APyes — Pf?th) + rif;; - Tfft; + riftl?— - rfft]i_] +
heA;
D Ao 152 = 8T+ D (AP + APe)]

kEDG; kESG;
+Z[_(Plt + Aplts - Plstg)] = Z A’Lrjts Bij((sits - (Sjts)
l€eL; J€B;
vieB,vte T ,vses, (20)
810 =0 vte T ,vsesS. (21)

The optimization variables of the problem are defined as:
U = {1t Tices» Theos Thess Thts > Thee » RET RET RET,RE™,
RRE* RRET Bt ERE™, 8ies, Pigs, Pits ) (22)
this set of variables comprises the deployed reserve and
booked reserve (reserve capacity) from all DBPPs and
ARADSS, as well as the state of the transmission system.

The objective function (1) aims at minimizing:
o Cnterruption (). the expected cost of load not served with
respect to the realization of the set of credible scenarios
which can be expressed as:

crmeerreptioncyy = 33" g voLL [Z PR+ ) PRk | 23)

i€B teT seS l€L; heA;
It measures the benefit of reserve in terms of the reduction
in the expected cost of load not served, i.e. it characterizes
the benefit.

o CReserve @y the expected cost of active power reserve
allocation (comprising cost of booked reserve capacity as
well as cost of deployed reserve) from all providers
including ARADSs and DBPPs over the scheduling time
horizon (24 hours) over the set of credible scenarios. It
characterize the cost of reserve. It can be expressed as:

CReserve(qj) — z ZZ ps(ﬂngrIg:: + T[g_r]g;) +

keDG teT seS

P+ P+ , _P— P— , _PE+ PE+ , . PE— PE-
Ps (T Thgs + T Tigs + T g™ + 100 Tigs )

heA teT seS

+ Z(c£+R,‘;+ +Cp R~ + CRE*REEY + CREREE +
heA

CEPEF™* +CEEEP) + ) (CEREY + CERED), (24)

keDG

where the first term is the expected (with respect to the
realization of the set of scenarios) cost of the
upward/downward deployed reserve from all DBPPs. The
second term is the expected cost of the upward/downward
deployed reserve from all ARADSs. This term includes
two parts, the first part is related to the expected cost of the
upward/downward deployed reserve from P-constrained
resources of ARADSs, and the second part is related to the
expected cost of the upward/downward deployed reserve
from P&E-constrained resources of ARADSs. The third
term consists in two parts, the first part represents the cost
of upward/downward booked reserve capacity from P-
constrained resources of ARADSs, while the second part
represents the cost of upward/downward booked reserve
capacity from P&E-constrained resources of ARADS:s.
The fourth term represents the cost of upward/downward
booked reserve capacity from all DBPPs.

The set of constraints (2)-(21) binds the objective function
(1). Constraints (2) and (3) respectively model the power
limits of the upward and downward P-constrained reserve
provided by DBPPs. The set of constraints (4) and (5)
enforces the upward and downward booked active power
reserve capacities of DBPPs to respect the maximum and
minimum active power limits of DBPPs. Constraints (6) and
(7) respectively model the power limits of the upward and
downward P-constrained reserve provided by ARADS:s.
Constraints (8) and (9) respectively model the power limits
of the upward and downward P&E-constrained reserve
provided by ARADSs. The constraint (10) models the
energy limits of the upward and downward P&E-constrained
reserve provided by the ARADSs. The set of constraints
(11)-(16) enforces the upward/ downward booked P-
constrained and P&E-constrained reserve capacities of
ARADS:S to respect the maximum reserve capacities offered

by ARADSs to TSO, namely
R];L+,max’ R]P’L—,max’ R];E+,max’ R}];E—,max’ EEE+,max and

E;E7™* The set of constraints (17) and (18) models the
power limits of the substations connecting the ARADSs and
DBPPs to the transmission system, respectively.

As the transmission system is assumed loss-less and
modeled with the DC power flow model, the power flow in
a transmission line is proportional to the difference of the
voltage angle of the terminal buses of that line; so constraint
(19) represents the power flow limits of the transmission
lines. The constraint (20) enforces the power balance for all
buses of the transmission system. The constraint (21)
considers bus number 1 as the reference for the angle of the
voltages.

The above-mentioned objective function along with the
defined constraints build a scenario-based stochastic linear
optimization formulation for the problem of optimal
allocation of active power reserve from ARADSs and
DBPPs. The outcome of this optimization problem
determines the required optimal capacity of active power
reserve from ARADSs and DBPPs such that the total cost of
TSO is minimized.



oo e Table 1. Impact of VOLL on the cost and ELNS of the grid for case 1.
VOLL (CHF/MWh) 200 400 600
Total expected cost of TSO s s s
- . S — (CHF/day) 264°450 | 388’800 | 461700
. e ELNS (MWh/day) 828 479 237
— R
B T TN Yrepc RET (MW/day) 144 475 801
s -
e S DBEp bus Yreng RE~ (MW/day) 85 82 76
5| L Neighboring bus Y hea RET (MW/day) 232 365 365
- ARADS bus —
o + SPP bus Yhea RE~ (MW/day) 145 140 136
SPPtload bus Y nea REEY (MW/day) 9 11 21
212
Yhea REE™ (MW/day) 152 159 169
*198
) o Shea EFE (MWh/day) 49 56 142
Fig. 4. Swissgrid network topology.
& ¢ pology Ynca EPE (MWh/day) 103 138 143
IV. RESULTS Total expected deployed reserve s s s
(MWhiday) 2173 2522 2°766

A. Case Study

The high-voltage transmission network of Switzerland is
considered as the case study. The grid is operated by
Swissgrid and is an important electricity pathway due to its
location in central Europe. It includes 212 buses at 380 kV
and 220 kV connected through 284 transmission lines and 25
high-voltage transformers. It is connected to France,
Germany, Italy and Austria through 37 buses. In this work,
the interconnections to the neighboring countries are modeled
as a constant positive or negative injection at the connecting
nodes during each time interval. Fig. 4 shows the network
configuration. Its buses can be categorized into 6 types:

o DBPP buses, which interface DBPPs;

o Load buses, which interface aggregated consumers;

o Neighboring buses, which connect the network to
neighboring TSOs;

o ARADS buses, which interface ARADSs;

o SPP buses, which interface SPPs;

e SPP + load buses: where both
connected.

The topology, technical parameters and profile of the
nodal generation/consumption of this case study are directly
provided by Swissgrid. The prices of booked reserve
capacity and deployed reserve of ARADSs and DBPPs are
extracted from the Swissgrid reserve market clearing prices
[16]. To address the correlation between the price and
demand of reserve, all of these prices are modeled as staircase
(piece-wise constant) functions of the amount of
booked/deployed reserve.

SPPs and loads are

B. Contingencies and Uncertainties Modeling

The share of stochastic generation is assumed 30% of total
generation. Forced outage rates and mean time to repairs of
all components including power plants and transmission
lines/transformers are chosen based on statistics available in
[17], [18]. During 24-hour time period of study, the state
(availability/unavailability) of these components are modeled
as independent two-states 0, 1 Markov chains. Then,
sequential Monte Carlo simulation is used to provide
scenarios that represent outages of generators, transmission
lines and transformers. Moreover, the day-ahead forecast
errors of loads and stochastic generation are modeled as
independent Gaussian distributions. The forecast error of
each load(/SPP) is sampled from a normal distribution with 0
mean and such that the standard deviation of the total
load(/stochastic generation) forecast error is 3% (/8%) of the
whole grid forecasted load(/stochastic generation) [19].
These forecast errors model deviation of the net power

Table II. Impact of VOLL on the cost and ELNS of the grid for case 2.

VOLL (CHF/MWh) 200 400 600
Total expected cost of TSO s s >

(CHF/day) 336’530 | 508°210 | 638’350

ELNS (MWh/day) 917 763 527

Sreng RET (MW/day) 243 478 824

Yrenc RE~ (MW/day) 382 382 382

Total expected deployed reserve s s s
(MWh/day) 2°083 2°237 2°473

Table I1I. Reduction in the cost and ELNS of the grid due to ARADSs.

VOLL (CHF/MWh) 200 400 600
Reduction in total expected cost , s s

of TSO (CHF/day) 727080 119°410 176°650
Reduction in ELNS (MWh/day) 89 284 290

injection at each bus of the transmission system from its day-
ahead scheduled value. This approach is utilized to model the
contingencies and uncertainties by generating 20’000
scenarios. Finally, the k-medoids clustering method is
applied to reduce the number of scenarios to 200
representative scenarios.

C. Impact of Value of Lost Load (VOLL) on the Amount of

Allocated Reserve

The problem is modelled using YALMIP-MATLAB [20]
and solved with GUROBI [21] on a PC with Windows
equipped with a 2.8 GHz Xeon CPU and 32 GB of RAM.
Then, the optimal reserve allocation problem (1)-(21) is
solved for 2 different cases. In case 1, both DBPPs and
ARADSSs provide active power reserve, while in case 2, only
DBPPs provide active power reserve. Table I and Table II
indicate the impact of the chosen VOLL on the total cost and
amount of the allocated reserves for cases 1 and 2,
respectively. The total energy consumption of the Swissgrid
network during the 24 hour of study is 144.2 GWh. The
results show that, by increasing VOLL, the total
booked/deployed reserve of TSO and its total cost increase
while its ELNS decreases. The execution time of the
proposed optimal allocation problem is less than 600 seconds
for both cases. Due to the lack of space, detailed results are
only shown for case 1 with VOLL equal to 400 CHF/MWh
in Fig. 5 and Fig. 6, which respectively show the required
power and energy reserve capacities from all providers.

D. Technical and Economical benfits of the ARADS

In order to achieve a clear perception about the economical
and technical benefits of ARADSs, a comparison between
cases 1 and 2 is reported in Table III. It denotes that the



provision of active power reserve by ARADSs not only
decreases the total expected cost of TSO, but it also improves
the ELNS of TSO.

V. CONCLUSIONS

This paper proposes a method to allocate the required
active power reserve of TSO for a desired scheduling time
horizon while considering the capability of an emerging
power system entity termed ARADS for provision of reserve.
With reliance on the DC power flow model and a cost-benefit
approach, it developed a linear scenario-based optimization
formulation with the aim of minimizing the total cost of the
TSO including the expected cost of load not served and the
expected cost of reserve allocation.

The high-voltage transmission system of Switzerland,
operated by Swissgrid, was used as a case study to show the
performance and the effectiveness of the proposed method. A
24-hour scheduling time horizon with 24 1-hour dispatching
time intervals was chosen to allocate the required active
power reserve of Swissgrid network for the next day. The
results showed that the method was able to compute the
required active power reserve for the whole scheduling
horizon in less than 600 seconds. The proposed method is
designed to support TSOs to identify their needs for active
power reserve from all DBPPs and ARADS:s. In this respect,
a method of this kind can facilitate a tighter and reliable
cooperation between TSOs and lower-grid level operators
and enable the transition from the current top-down
mechanism for ancillary services procurement to a bi-
directional approach. It was proved that this transition
improves the electric power system security of supply against
contingencies and reduces the cost of ancillary services by
diversifying the ancillary services providers and increasing
competition between them.
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