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objective is the minimization of the aggregated (average) system's
cost, which corresponds to a Utilitarian social choice function.
However, this may not always be the most appropriate social
choice function for several reasons. First, the location of a
resource (e.g. rooftop solar, flexible residential devices, etc),
plays a significant role in how often it will be curtailed, and
also towards the curtailment magnitude. Moreover, in distribution
systems, the majority of these resources may belong to end
users. These considerations motivate using a Rawlsian social
choice function instead of the more common Utilitarian one [2]
towards making curtailment decisions. The Rawlsian social choice
function considers the payoff of the system's worst-off member as
its optimization criterion rather than the average payoff among all
members. For the considered setting, this translates to minimizing
the maximum proportional resource curtailment among different
nodes of the distribution network. Such a choice prevents the
dispatch from unevenly curtailing the consumption of a particular
node. In contrast, if a utilitarian objective is adopted, such an
unfair treatment of a node can frequently occur, because of a
node's special position in the physical electricity grid. In other
words, the proposed approach is generally regarded as a notion
of fairness, sometimes referred to as min-max fairness. In [3],
the different dispatch results obtained by the two objectives are
discussed and compared, showing how the utilitarian approach
can sacrifice a particular resource, to the benefit of the rest.
B. Relevant Literature

Fig. I. Abstract representation of a VPL connecting the supply and demand sides.

Most photovoltaic (PV) generation installations occur at the
distribution level leading to network congestion problems, e.g.,
nodal overvoltages, reverse power flows, or overloading of dis
tribution transformers. Instead of reinforcing the existing or
extensively building new physical distribution lines, using virtual
power lines (VPLs) in congested areas can improve the network's
efficiency and increase the power injected from renewable energy
sources (RES) [1]. The main idea behind VPLs is to reduce the
curtailment from RES by storing excess generation at the supply
side when network congestion occurs. When the network capacity
allows it, the Energy storage systems (ESS) at the demand side
charges and uses the stored energy when needed. For instance,
some pilot projects are being developed in Germany (1.3 GW),
USA (65 MW), France (40 MW), and India (400 MW) [1]. A
general representation is depicted in Fig. 1, where the supply and
demand sides are connected to the network by a physical distribu
tion line and by the ESS at both sides, conforming a VPL. Using
VPLs might contribute towards constricting load curtailments and
RES spillage while respecting the grid's operational limits.

In this paper, we consider the problem of deciding the dispatch As explained in [4] and [5], high levels of PV penetration bring
of the flexible resources connected to a distribution network, several technical operational challenges, including overvoltage is
as well as the network configuration actions. These dispatch sues, increase in the number of tap changes, and violation of lines'
decisions aim to optimize a social choice function, which judges thermal limits [6]. These technical challenges have been addressed
how desirable is a particular dispatch for the system. Different in the literature as constraint handling or congestion management.
social choice functions are relevant for this purpose. The standard Considerable effort has been made towards the safe insertion of
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Abstract-Virtual power lines (VPLs) use utility-scale energy stor
age systems (ESS), acting as an alternative to reinforcing or building
new infrastructure in congested transmission or distribution systems.
This paper proposes a mathematical programming model for the
congestion management of distribution systems by VPLs' optimal
operation considering voltage and current magnitude operational
limits. The model considers ESS and the optimal operation of
lines' switches to minimize the energy curtailment among system
nodes. The proposed formulation considers demand response and
curtailment in photovoltaic (PV) generation, while facilitating the
nodes' collective participation by adopting a Rawlsian social choice
function. The model is cast as a mixed-integer second-order cone
programming problem and is tested on a radial 34-node test system.
Results showed a reduction of the curtailed energy from loads of
more than 40% and from PVs of more than 75% using VPLs, while
the fairness of the decisions was evaluated using Jain's index.

Index Terms-Virtual power lines, congestion management, en
ergy storage system, electrical distribution systems, Rawlsian social
choice function.

I. INTRODUCTION

A. Motivation and Background
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\I i E Ob, t E OT (3)

\I i E Opv, t E OT (4)

respectively, where the the squared branch current between nodes
i and j is represented by I:'J.~, while Rij and Xij are the branch
resistance and reactance, respectively. Also, it is assumed that
Pi~t = Q7,t = 0 for all buses but the substation. Demand response
and curtaihnent of PV generation are modeled by

(2)

(1)

L Qki,t - L (Qij,t + XijI:j;~) +Q7,t
kiEOj ijEOj

_ QD """ QPv- ~i,t i,t - L...J Pi,t i,t'
vEOpv:v=i

B. Mathematical Model

1) Optimal power flow formulation: The power flow formula
tion adopted in this paper is based on the convex branch flow
model of [19]. Since voltage and current magnitudes appear
as squared, non-negative, continuous variables in the steady
state operation of AC electrical distribution systems, then, it
is convenient to perform the change in variables V sqr := V 2

sqr. 2 . . 1"t 1"t
and Iij,t .= Iij,t. The actIve and reactIve power balance are
represented by

LPki,t - L (pij,t + RijI:j;~) + Pi~t + LP:,~
kiEOj ijEOj eEOes:e=i

= "'i,tPP't - L Pv,tP;''y \I i E Ob, t E OT
vEOpv:v=i

II. PROBLEM DEFINITION AND MATHEMATICAL MODEL

A. Problem Definition

Consider a radial distribution system constituted by a set Ob
of nodes and a set OJ of branches, where OJ C Ob X Ob. The
load at each node i E Ob is assumed to be a known parameter,
and is represented by its active and reactive power demand profile
{Pp't, QP't}l;ItEOT' where 0T represents the planning horizon by
discrete timeslots of duration ,0.t. On the other hand, the nodes
with PV generation are contained in the set Opv COb, and their
power injection is represented by {P;,,y, Q;',Y} 1;1 tEOT' such that
v E Opv.

One of the responsibilities of distribution system operators
(DSOs) is to procure the secure operation of the network, i.e., it
must be guaranteed that voltage and current magnitudes remain
within safe limits. It is assumed that the DSO has with three
control alteruatives available towards dealing with congestion
management. First, there is an effective demand response mech
anism available; i.e., the DSO can control the power demand
at node i and timeslot t by a certain factor, represented by
the continuous variable "'i,t. Second, the DSO can control the
injection at a node with PV generation v and timeslot t by
a certain factor, represented by the continuous variable Pv,t.
The third option includes the optimal operation of available,
already installed, VPLs, i.e., discharge/charge of the ESS at node
e E Oes, where Oes COb, and the status of the branch switch
connecting nodes ij, where j is a node with an ESS, that is,
ij E Osw : j E Oes and Osw C OJ. The optimal operation of VPLs
consists of the active power injected/absorbed by ESS, P:~, and
the operation status of tie line switches, represented by the binary
variable /ij,t.

RES into distribution systems. In [7], the authors proposed a
scalable and detailed impact assessment framework to accurately
assess the insertion PVs on distribution networks by using a
full-year time-series analysis. Nevertheless, since residential PV
installations are usually single-phase systems, overvoltage in one
phase and high voltage unbalance among all the phases are
considered the most critical problems, limiting the integration
of new PV installations [8]. As stated in [9], there are several
technical approaches towards solving the congestion management
problem in distribution networks, such as network reinforcement
electronic voltage regulators, transformers' tap control, or inverte;
injection control [10]. Although upgrading the network infrastruc
ture is an effective solution, it might not be justified due to the
low benefit-cost ratio [11]. On the other hand, ESS are another
suitable technical solution for distribution networks with high
penetration of PV generation, as shown in [12]. Using ESS has
several technical benefits like the support of higher penetration
of RES, reduction of technical power losses, and the possibility
of offering demand flexibility [13].

Considering fairness as an objective has been the topic of a
certain portion of studies in the power systems literature. Different
notions of fairness have been adopted for different use cases. In
[14] the nucleus and the Shapley value are tested, as methods to
share profits resulting from flexibility among the users and the
retailer. Closer to this paper, in [15] a fairuess index is proposed
for power curtaihnents, which is based on the relative proportional
curtaihnent of each resource. A similar scheme is adopted in [16],
where the authors perform a game-theoretic analysis of a fairness
based compensation scheme. The Rawlsian social choice function
was considered in [17] and [18] for various but related use
cases where fairuess is considered important. The work in [18],
in particular, configures the fairness objective with an incentive
compatible mechanism so that each resource truthfully reports its
flexibility capabilities to the DSO, and also eagerly follows the
DSO's dispatch instruction.

C. Contributions and Organization

This paper proposes a mixed-integer second-order cone pro
gramming (MISOCP) model to solve the congestion management
problem of electrical distribution networks using VPLs. The
proposed formulation deals with the optimal operation of ESS
while performing a topological reconfiguration of the network in
the connection branches of the ESS. The model considers demand
side flexibility minimizing the total curtailed energy from PV
units and loads, while respecting voltage and current magnitude
limits. Moreover, a min-max fairness formulation is proposed
to account for the DSO's responsibility to provide fair energy
curtaihnent schemes.

The main contributions are threefold:
• Formulating a MISOCP model for the congestion manage

ment of radial distribution systems using VPLs that can be
solved using commercial solvers.

• Considering the congestion management problem using a
min-max optimization problem to provide optimal/fair cur
taihnent schemes.

The remainder of the paper is as follows: Section II provides
the problem definition and presents the mathematical model.
Section III introduces the test system and obtained results. Finally,
Section IV presents the conclusions and future work.



with EP and Efv representing the maximum curtaihnent allowed
at each node (e.g., defined by bilateral contracts), considering that
{Pi,t, K:i,d E [0, 1] C lit The voltage magnitude drop between
nodes i and j is obtained by

~:ir -2(RijPij,t+XijQij,t) - (RTj + XTj) I:'J.~ = "JT,
\I ij E OJ, t E OT (5)

un ESS + Load

o PV ----""_Switch nSS36
36

SW236

SW136

34

33

32

31

and power flows can be relaxed by the following rotated second
order cone constraint: Fig. 2. 37-node test system with 3 VPLs.

v sqrrqr p2 Q2j,t ij,t?: ij,t + ij,t'

Finally, the optimal power flow is constrained by nodal voltage
and branch current magnitude operational limits:

3) Energy curtailment fairness: The total energy curtaihnent
at node i, both from demand response and PV curtailment, is
defined as

2) Virtual power lines: The optimal operation of VPLs consists
of two main components: the operation status of tie line switches
and the operation of ESS. Tie line switches have been imple
mented following the formulation in [20], and can be rewritten
as (B) A min-max formulation to promote fairness as in (21):

Zi=6.tLPP't (1-K:i,t)+6.tLP;X (I-Pv,t) , \Ii E Ob (19)
tEOT vEOpv:v=i

(20)
s.t. (1)-(19){

Two approaches can be derived from (19):
(A) Minimizing the total energy curtailment as in (20)

\I i E Ob, t E OT (7)

\I ij E OJ, t E OT (8)

V 2 < Vsqr < V
2

- - 1"t - ,

sqr -2
o ::; Iij,t ::; I ij ,

"J:ir- ~:ir ::; (1 -iij,t) (v2
- V

2
) ::; ~:ir - "JT,
\I ij E Osw, t E OT (9) {

min Z
s.t. Z ?: Zi,

(1)-(19)
(21)

- VIij iij,t ::; Pij,t ::; VIij iij,t,
- VI"Vt < Q"t <VI"Vt1,J /1,J, - 1,J, - 1,J /1,J, ,

10ji -IOswl + L iij,t = lObi - 1,
ijEOsw

L iij,t = 1,
ijEOswlj=e

iij,t E {O, I}

\I ij E Osw, t E OT (10)

\I ij E Osw, t E OT (11)

\It E OT (12)

\I e E Oes, t E OT (13)

\I ij E 0sw, t E 0T (14)

Note that (20) minimizes the total energy curtaihnent, even
if that means an extreme case such as allocating the whole
curtailment to a single node. On the other hand, (21) minimizes
the maximum energy curtailment among all nodes, facilitating
the collective participation of all parties while no particular
participant is compromised to unilaterally facilitate the DSO in
achieving its objectives. Since the conic relaxation in (6) might
not be guaranteed, a recursive procedure has been implemented
obtaining convex hulls as in [22].

where (16) limits the depth of charge, (17) ensures that the
final state of charge is equal to the initializing value SOCi,o
(which is assumed as known), and (18) limits the maximum power
injection.

where (9)-(11) represent the operational constraints of the tie line
depending on its operational status, while (12) and (13) combined
with (1) and (2), make sure that the topology remains radial [20].
Finally, (14) represents the binary nature of variable iij,t.

The operation of ESS is modeled as in (15)-(18), assuming
unitary power factor, as in [21]. The state of charge SOCi,t at
bus i and period t, is a function of the previous charging state,
the power injected/absorbed, and the energy storage capacity EC i

as follows:

SOCi t = SOCi t-l - 6.t p,est/ECi ,
, , <-J

SOC i ::; SOCi,t ::; SOC i

SOCi,o ::; SOCi,loTI

- Ei ::; Pi~~ ::; Pi

\I i E 0es, t E 0T (15)
\I i E 0es, t E 0T (16)

\I i E Oes (17)

\I i E Oes, t E OT (18)

III. TEST SYSTEM AND RESULTS

The system used for the tests consists of 37 nodes with nominal
voltage 11 kV, 28 load nodes, 19 PV nodes, and three ESS,
as shown in Fig. 2. Also, 30 branches and six branch switches
connecting the ESS with nominal energy capacity of 5.0 MWh,
maximum power of 800 kW, a minimum state of charge (SOC) of
20%, and 30% initial SOc. All PVs are assumed to be operating
at unitary power factor, rated at 600 kWp, and their injection
changes depending on the time period. The proposed model
was implemented in the mathematical programming language
AMPL [23] and solved using the commercial solver CPLEX [24].

Four test cases were considered:
• TO - Base case: neglecting operational limits and not con

sidering PV/load curtailment or VPLs.
• Tl - Control case: operational limits are considered, as well

as PV/load curtailment; however, no VPLs were included.
• T2 - Proposed model of (20): this test case also considers

operational limits, it considers PV!load curtailment, and
includes VPLs.
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where x = {x 1, X2, ... , x n } I xi > 0 represents the variable
of interest (PV/load curtailment) different than zero. Notice that
the Jain's index is maximum when all users receive the same
allocation.

The average Jain's index considering all system nodes over the
time periods is displayed for loads in Fig. 7a and for PV in Fig. 7b.

( ~ nln~ J<n~~~r1~~~f9nn~ln .11111. ~~nn 1
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

Time period [hI

values represent the nodal total energy curtailment compared to
the base case (TO). Notice that in the case of load curtailment
(K;), the highest curtailment occurs for TI (51.7%), followed by
T2 (37.8%), and finally T3 (34.6%). A similar case is evidenced
for PV curtailment (p), where the highest curtailment occurs for
TI (52.9%), while T2 and T3 present the same maximum value
(3.97%). As expected, using the Rawlsian social choice function
in T3, results in the lowest individual values, the trade-off being
that the total curtailed energy is higher than in T2.

A fairness indicator has been included to compare the proposed
models. In this case, the Jain's index has been used, defined as
in [25]:

Fig. 6. Status of VPL switches and active power injected/absorbed by ESS.
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Fig. 4. Voltage magnitudes per time period a) Maximum magnitude. b)
Minimum magnitude.

• T3 - Proposed model of (21): the same as T2 but with the
min-max formulation.

The maximum branch loading for TO, TI, and T2 is shown
in Fig. 3. T3 has been omitted in this section since voltage and
current magnitudes are almost identical to T2. It can be seen
that the base case is overloaded at most periods, with almost
twice the maximum rating at peak hours, e.g., around midday
and 20 h. Similarly, the system's maximum and minimum voltage
magnitudes for the proposed cases are displayed in Fig. 4. It can
be seen that the base case presents voltage violations at midday
(overvoltage), as well as at other periods during the early morning
and night (undervoltage). Notice that the results obtained with TI
and T2 maintain the state variables within operational limits at
all periods in both cases. However, TI achieves this objective by
curtailing 23.58MWh of load and 4.87MWh of PV generation,
whilst T2 by curtailing 10.34MWh of load and 1.12MWh of
PV, representing a reduction of 56% and 77% on the respective
energy curtailments.

The SOC of the system's ESS at each time period is de
picted in Fig. 5 for T2. The SOC, together with the active
power shown in Fig. 6 allows identifying their operational state
(charging/discharging). Switches status are also depicted in Fig. 6,
determining the operating branch at each time period. It can
be seen that the ESS at bus 35 presents a slightly different
behavior at the first time periods and at 19h, i.e., while the
ESS at 35 is charging, the other two are discharging; displaying
one application of VPLs by redistributing stored energy between
feeders. All ESS charge during PV generation periods (8h-15h),
and discharge mostly during high demand periods (20h-23h).

The percentage of curtailed energy from loads and PV is
displayed in Table I for TI, T2, and T3. The corresponding

Fig. 3. Maximum loading of system branches in each time period.



TABLE I
PERCENTAGE OF LOAD AND PV CURTAILMENT COMPARED TO TO.

TABLE II
TOTAL ENERGY CURTAILMENT AND FAIRNESS INDEX FOR TESTED CASES.

5000

5100

... K;- T3
P - T3

'.' f\, - 1'2-o-p-T2
-& Losses T3
,80, Losses T2

5700

0.8865 ± 0.0601 0.9798 ± 0.0287
0.9577 ± 0.0308 0.9846 ± 0.0082
0.9585 ± 0.0329 0.9999 ± 0.0013

:..::..:::..::..::..:::.a:"='-=-:;";'-_-i5600

0.00
4.87
0.12
3.98

5500

5400 ~
."i

5300 -:
C.l

5200 ~
---- .... ...1 ....l

p[MWh]

0.00
23.58
14.88
15.58

K, [MWh]

...

o

2.5 X1Q4

TO 10.21
T1 4.87
T2 5.66
T3 5.41

Test Loss [MWh]

is the energy curtailment, as can be inferred from columns four
and five in Table II. The fairness in Tl is also the lowest, since
load curtaihnent must be localized to satisfy operational limits and
no fairness is considered. Notice that T2 and T3 present similar
energy losses; however, losses in T3 are lower due to the higher
load curtailment. On the other hand, T3 performs slightly better
on the Jain's fairness index (0.9585±0.0329 vs 0.9577±0.0308)
and (0.9999 ± 0.0013 vs 0.9846 ± 0.0082), indicating a fairer
distribution of the energy curtaihnent.

A sensitivity analysis of the obtained solution and the ESS
energy capacity is provided for T2 and T3. The total curtailed
energy from loads and PV units, as well as the total energy losses,
are displayed in Fig. 8 for different values of energy capacity. The
energy capacity refers to parameter EC i , assuming the same value
for all ESS. It can be seen that the energy curtailed for load buses
(K:) is similar for T2 and T3; however, it is slightly higher in T3.
Similar behaviour is evidenced for PV units (p) and the energy
capacity, although the differences between T2 and T3 are more
evident in the PV curtailed energy. Notice that the amount of total
curtailed energy diminishes rapidly with an increase of the energy
capacity up to around 40 MWh. From that point on, the slope
decreases, indicating that other congestion management solutions
might be needed. Moreover, energy losses increase proportionally
to the supplied energy up to a capacity of around 10 MWh. Then,
power losses decrease up to around 25 MWh, coinciding with the
minimum curtailed energy from PV units. From that point, energy
losses increase again.

Similarly, the Jain's fair index has been calculated for the
obtained solutions, as depicted in Fig. 9. Notice that, as expected,
the fairness index increases in T2 and T3 with the energy capacity.
However, the fairness index is always higher in T3, which is also
related to the amount of curtailed energy. Hence, the difference
can be interpreted as the cost offairness.

IV. CONCLUSIONS

A mixed integer second-order cone model has been proposed
in this paper to solve the congestion management problem of

Fig. 8. Curtailed energy and energy losses for different values of ESS energy
capacity.

T3
PV - P [%]

T2

5 10 15 20 24
Time period [hI

T1

0.1 0.0 0.6
0.2 0.0 0.8
18.4 3.9 2.0
52.9 0.0 1.2
0.0 0.0 0.0
0.0 0.0 0.0
0.0 0.0 0.0
0.0 0.0 0.0
0.0 0.0 0.0
0.0 0.0 0.0
0.0 0.0 0.0
0.0 0.0 0.0
0.0 0.0 0.0
0.0 0.0 0.0
1.3 0.0 0.0

0.1 0.0 0.0
0.2 0.0 0.0

21.0 3.97 3.97
51.2 0.0 0.0

17.3 3.9 4.0

b)

0.9 '----_-'---~_~_--'-"-_-.U

o

5 0 .98

~
.S 0.96

'8
~ 0.94

'"',"
-. 0.92

10 15 20 24
Time period [hI

Load - "'" [%]
Bus T1 T2 T3

1 0.0 0.0 0.0
2 0.0 0.0 0.0
3 0.0 0.0 0.0
4 0.0 0.0 0.0
5 0.0 0.0 0.0
6 0.0 0.0 0.0
7 0.0 0.0 0.0
8 3.3 0.0 0.0
9 20.5 0.0 0.0
10 0.0 0.0 0.3
11 35.3 2.9 2.7
12 0.0 0.0 0.0
13 0.0 0.0 0.0
14 0.0 0.0 0.0
15 0.0 0.0 0.0
16 0.0 0.0 0.0
17 0.0 0.0 0.0
18 0.0 0.0 2.1
19 0.0 0.0 2.1
20 7.2 0.0 8.6
21 18.2 0.0 8.6
22 27.9 13.5 11.1
23 39.2 29.3 23.2
24 44.4 37.6 31.1
25 48.1 37.8 34.6
26 51.7 21.8 21.8
27 0.0 0.0 0.0
28 0.0 0.0 0.0
29 0.0 0.0 0.0
30 0.0 0.0 0.0
31 0.0 0.0 0.2
32 0.0 0.0 0.0
33 0.0 0.0 0.0
34 0.0 0.0 0.0

Total 22.3 9.8 12.9

a)

0.75o

50.95

~
.",
.S 0.9

'8
~ 0.85

'"',"
-. 0.8

Fig. 7. Jain's fairness index per time period - a) Load curtailment. b) PV
curtailment.

It can be seen that the min-max formulation in T3 presented the
highest values, while TI presented the lowest since no VPLs were
considered. Notice that the difference is considerably small when
comparing T2 and T3 in most periods; however, T3 is slightly
higher since its aim is to spread the curtaihnent among the nodes.

A summary of the test cases can be seen in Table II, where the
total energy losses and curtailed energy from load and PV can
be found. Moreover, the mean (fhJ) and standard deviation (0-J)
of the Jain's index has been included for comparison. It can be
seen that TO presents the highest losses since there is no limit
control, power injection from ESS, or energy curtailment. The
lowest losses are found with TI, since the only control available



D. A. Sarmiento, P. P. Vergara, L. C. P. da Silva, and M. C. de Almeida,
"Increasing the PV hosting capacity with OLTC technology and PV VAr
absorption in a MVILV rural Brazilian distribution system," in 2016 17th
International Conference on Harmonics and Quality of Power (ICHQP),
2016, pp. 395-399.
H. Sadeghian and Z. Wang, "Photovoltaic generation in distribution net
works: Optimal vs. random installation," in 2018 IEEE Power Energy Society
Innovative Smart Grid Technologies Conference (ISGT), Washington, DC,
USA, 2018.
D. Cheng, B. A. Mather, R. Seguin, J. Hambrick, and R. P. Broadwater,
"Photovoltaic (PV) Impact Assessment for Very High Penetration Levels,"
IEEE Journal of Photovoltaics, vol. 6, no.!, pp. 295-300, Jan. 2016.
S. Shivashankar, , S. Mekhilef, H. Mokhlis, and M. Karimi, "Mitigating
methods of power fluctuation of photovoltaic (PV) sources - A review,"
Renewable and Sustainable Energy Reviews, vol. 59, no.!, pp. 1170-1184,
Jun. 2016.
P. P. Vergara, M. Salazar, T. T. Mai, P. H. Nguyen, and H. Slootweg, "A
comprehensive assessment of PV inverters operating with droop control for
overvoltage mitigation in LV distribution networks," Renewable Energy, vol.
159, pp. 172 - 183, Oct. 2020.

[11] G. Barzegkar-Ntovom, N. Chatzigeorgiou, A. Nousdilis, S. Vomva, G. Kry
onidis, E. Kontis, G. Georghiou, G. Christoforidis, and G. Papagiannis,
"Assessing the viability of battery energy storage systems coupled with
photovoltaics under a pure self-consumption scheme," Renewable Energy,
vol. 152, pp. 1302-1309, Jun. 2020.

[12] R. Fonteijn, P. H. Nguyen, J. Morren, and J. Slootweg, "Demonstrating a
generic four-step approach for applying flexibility for congestion manage
ment in daily operation," Sustainable Energy, Grids and Networks, vol. 23,
p. 100378, Sep. 2020.

[13] B. P. Koirala, E. van Oost, and H. van der Windt, "Community energy
storage: A responsible innovation towards a sustainable energy system?"
Applied energy, vol. 231, pp. 570-585, Sep. 2018.

[14] L. Han, J. Kazempour, and P. Pinson, "Monetizing Customer Load Data
for an Energy Retailer: A Cooperative Game Approach," arXiv preprint
arXiv:2012.05519, 2020, preprint.

[15] G. Tsaousoglou, N. Efthymiopoulos, P. Makris, and E. V. Arigos, "Person
alized real time pricing for efficient and fair demand response in energy
cooperatives and highly competitive flexibility markets," Journal of Modern
Power Systems and Clean Energy, vol. 7, no.!, pp. 151-162, Jan. 2019.

[16] G. Tsaousoglou, K. Steriotis, N. Efthymiopoulos, K. Smpoukis, and E. Var
varigos, "Near-optimal demand side management for retail electricity mar
kets with strategic users and coupling constraints," Sustainable Energy, Grids
and Networks, vol. 19, p. 100236, Sep. 2019.

[17] D. Gebbran, S. Mhanna, Y. Ma, A. C. Chapman, and G. Verbic, "Fair
coordination of distributed energy resources with Volt-Var control and PV
curtailment," Applied Energy, vol. 286, p. 116546, Mar. 2021.

[18] G. Tsaousoglou, J. S. Giraldo, P. Pinson, and N. G. Paterakis, "Mechanism
Design for Fair and Efficient DSO Flexibility Markets," IEEE Transactions
on Smart Grid, vol. 12, no. 3, pp. 2249-2260, May 2021.

[19] M. Farivar and S. H. Low, "Branch Flow Model: Relaxations and Convex
ification-Part I," IEEE Transactions on Power Systems, vol. 28, no. 3, pp.
2554-2564, 2013.

[20] J. F. Franco, M. J. Rider, M. Lavorato, and R. Romero, "A mixed-integer
LP model for the reconfiguration of radial electric distribution systems con
sidering distributed generation," Electric Power Systems Research, vol. 97,
pp. 51-60, Apr. 2013.

[21] J. S. Giraldo, J. A. Castrillon, and C. A. Castro, "Energy management of
isolated microgrids using mixed-integer second-order cone programming,"
in 2017 IEEE PES General Meeting, Chicago, IL, 16-20 July, 2017.

[22] S. R. Shukla, S. Paudyal, and S. Kamalasadan, "Tight Conic Formulation
of Unit Commitment Problem and Comparison with MINLPIMILP Formu
lations," in 2018 IEEE Power Energy Society General Meeting (PESGM),
5-10 Aug., Portland, OR, USA, 2018.

[23] R. Fourer, D. Gay, and B. Kernighan, AMPL: A Modeling Language for
Mathematical Programming, 2nd ed. North Scituate, MA, USA: Duxbury
press, 2003.

[24] 1. 1. CPLEX, "VI2.1: User's manual for CPLEX," International Business
Machines Corporation, vol. 46, no. 53, p. 157, 2009.

[25] F. Moret and P. Pinson, "Energy Collectives: A Community and Fairness
Based Approach to Future Electricity Markets," IEEE Transactions on Power
Systems, vol. 34, no. 5, pp. 3994-4004, Sep. 2019.

REFERENCES

[1] IRENA, "Virtual power lines," 2020, International Renewable Energy
Agency, Abu Dhabi. [Online]. Available: https:/lbit.ly/30QgDOH

[2] A. Sen, Collective choice and social welfare. Harvard University Press,
2018.

[3] G. Tsaousoglou, P. Pinson, and N. G. Paterakis, "Max-min Fairness for
Demand Side Management Under High RES Penetration: Dealing With Un
defined Consumer Valuation Functions," in 2020 International Conference
on Smart Energy Systems and Technologies (SEST), 2020, pp. 1-6.

[4] H. Sadeghian and Z. Wang, "A novel impact-assessment framework for
distributed PV installations in low-voltage secondary networks," Renewable
Energy, vol. 147, pp. 2179-2194, Mar. 2020.

[5] G. Tevar, , A. Gomez-Exposito, A. Arcos-Vargas, and M. Rodriguez
Montafies, "Influence of rooftop PV generation on net demand, losses and
network congestions: A case study," International Journal of Electrical
Power Energy Systems, vol. 106, pp. 68-86, 2019.

electrical distribution networks using virtual power lines. The
proposed formulation allows obtaining the optimal operation
of energy storage while performing a topological reconfigura
tion of the network and performing an optimal/fair demand
side management. The proposed model minimizes the system's
PV/load energy curtaihnent while respecting voltage and current
magnitude limits. Moreover, the model presented in this paper
allows DSOs to manage demand and PV curtaihnent fairly to
control operational limits. A comparison of the obtained results
showed that the optimal operation of virtual power lines reduced
the curtailed energy from loads by more than 40% and from
PVs by more than 75%. Furthermore, the Rawlsian social choice
function's adoption allowed a fairer allocation of curtailment in
the system, as was confirmed with the Jain's index.

From a practical perspective, there are three main barriers with
the current methodology: (i) Technical requirements, the system
must have ESS already installed with enough capacity to meet
the network's requirements, an energy management system to
control the utilization of the ESS and the network infrastructure,
and communication standards. (ii) Regulatory requirements, the
objectives of the ESS must be aligned with those of the DSO and
compensation structures reflecting the costs of the VPL. (iii) Clear
roles and responsibilities, there must be an effective flexibility
pricing mechanism so the DSO can rely upon the demandIPV
profiles from aggregators. Future work will consider uncertainty
of RES and loads, as well as the effect of considering a market
structure where storage facilities are private assets not owned by
the DSO.
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Fig. 9. Average Jain's fair index for different values of ESS energy capacity. [10]


