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Abstract—This paper presents an extensive analysis in relation
to transforming electric distribution networks in order to
accommodate large quantities of variable renewable energy sources
(VRES:). For this purpose, a multi-stage and stochastic mixed integer
linear programming (S-MILP) model is employed. The algebraic
model developed optimally allocates energy storage systems (ESSs)
along with an optimal dynamic distribution network switching.
For the analysis, a standard IEEE 119-bus distribution network
system was used as a case study. Test results reveal that the joint
optimization of ESSs and network reconfiguration markedly increase
flexibility in existing systems, leading to an increase in the levels of
renewables integration and utilization. Moreover, the analysis of the
results shows the prospect of such systems in going fully “carbon-
free”, i.e. with VRES power entirely meeting system demand.
Generally, the current work demonstrates that a more effective
integration and utilization of large-scale VRESs is possible when
existing systems are equipped with enabling technologies that are
already commercially available.

Keywords—Distributed generation, energy storage systems,
network switching, renewable energy sources, stochastic mixed
integer linear programming.

I.  NOMENCLATURE
A. Sets/Indices

g/n9/0Ps Index/set of DGs

i,j/0t Index/set of nodes

k/0* Index/set of branches

s/0S Index/set of scenarios

t/0t Index/set of planning years

w/QY Index/set of operational snapshots

¢/0¢ Index/set of substations

B. Parameters

b,g Susceptance, conductance of branch ()

ER Emission rates (tCO,e/MWh)

IC Investment cost (M€)

LT Lifetime (years)

MC,s, MC,, Cost of maintenance of ESS/transformer
(M€/annum)
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EmicY, EmiCE
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Cost of maintenance of new and existing
DGs (M€/ annum)

Cost of maintenance of new and existing
line (M€/annum)

Disjunctive parameters

Unit cost of energy production (€/MWh)
Power factor

Resistance and reactance of a line (2)
Carbon price (€/tCO; equivalent)

Import electricity price (€/MWh)

Scenario probability and snapshot weight
Penalties for load shed (E/MW, €/MV Ar)
Storage efficiency (%)

Scaling factor (%)

Load shed at node i (MW, MV Ar)

Voltage deviation (kV)

Active/reactive load at node i (MW, MV Ar)
Active/reactive power supplied by existing
DGs (MW, MV Ar)

Active and reactive power supplied by new
DGs (MW, MVAr)

Imported power (MW, MV Ar)

Feeder power losses (MW, MVAr)
Reservoir level of ESS (MWh)
Discharging/charging indicator variable
Discharged/charged power (MW)
Utilization variable

Investment variable

Expected cost of imported energy (M€)
Expected cost of load shed (M€)

Expected cost of emissions by DGs (M€)
Expected cost of emissions by new and
existing DGs, respectively (M€)

Expected cost of emissions as a result of
imported power (M€)



Investment/maintenance cost of DNS
components (M€)

InvCPC, MntCPC, ECPS Investment/maintenance/expected

cost of DGs, respectively (M€)

Investment/maintenance cost of lines (M€)

Investment/maintenance cost of ESS (M€)

InvCPNS, MntcPNS
energy

InvCEY, MntCHY
InvCES, MntCES

II. INTRODUCTION

It is well-known fact that renewable energy sources (RESSs)
have immense potential to address multifaceted challenges of
current world. These problems are largely related to the energy
generation from clean sources, access to electricity at affordable
prices to all, with high degree of reliability in order to respond to
the growing trend of demand, the need to increase energy security,
spur economic growth, among others. Moreover, the reduction of
polluting gas emissions from current energy generation sources, in
agreement with the political and governmental guidelines [1], [2],
is of a paramount importance.

Recently, in many countries, especially in Europe, favorable
policies and ambitious targets have been set forth to scale up the
integration of RESs, and gradually phase out conventional energy
production regimes. As a result, the scale of RES development
(both distributed and centralized) has been showing steady growth
in many power systems. The integration of renewable energy
sources into different areas of activity is expected to accelerate due
to the Paris climate agreement by states to reduce greenhouse gas
emissions and mitigate the adverse consequences of climate
change [3]. Given the wide-range abundance of RESs, their share
in the final energy consumption is expected to dramatically
increase in the medium- to long-run [4], [5]. Despite their wide-
range benefits, the integration of RESs comes with several
challenges [7]. The greatest challenge of all comes from the nature
of renewables, i.e. the variability and unpredictability (uncertainty)
of power produced by such resources. If integrated massively in
power systems (particularly, at distribution levels), these energy
resources can complicate operation, planning and control of such
systems. In addition to the challenges, there are also others, mainly
technical challenges such as violation of technical limits of lines,
increased losses, and congestion among others.

These challenges are particularly problematic at the
distribution level because the room for maneuver in terms of
reliability, stability and system quality is very small. Because of all
these issues, system regulators and operators generally limit the
amount of RES that can be integrated into the system (in a range
of 20-25%), which is a major problem in the much needed
development of RES. One may then ponder over the question of
whether commercially available technologies address the technical
challenges of integrating intermittent power sources, make it
possible to increase their penetration level to 100%, and hence
accelerate the transition to carbon-free distribution network
systems. Therefore, the integration of RES in the distribution
system has a set of negative consequences that can be mitigated or
even overcome, by integrating a set of existing concepts and
technologies that can be used together with renewable energy
sources. One of the technologies is energy storage systems (ESSs),
which are presented as a way to increase renewable integration in
the network, thus minimizing the side effects of renewable
integration [8], [9], [10].

Storage systems even out the imbalances between the
intermittent power generations and demand that may frequently
arise in systems accommodating large-scale RESs. This is
accomplished by storing energy in periods of low electricity
demand or high RES power production, and releasing the stored
energy in periods of higher electricity demand. The use of this
technology brings several benefits for the network, both from
technical and economic perspectives, in terms of cost reduction
and improvement in terms of power quality, stability and system
reliability. Also, the use of distribution system reconfiguration
[11], [12] raises the network flexibility as a whole, increasing the
capability to accommodate a larger quantity of renewables.

Given the problem presented above, this work focuses on an
extensive analysis of integrating large quantities of renewable
sources in the distribution system (solar and wind in particular).
For this purpose, a dynamic stochastic optimization model is
presented, which is of a mixed integer linear programming
(MILP) nature. The model presented takes into account the
optimal integration of renewables, simultaneously with energy
storage systems and dynamic reconfiguration of the network. The
stochastic MILP model is based on a linearized AC network
model that precisely represents the physical characteristics of the
AC system under consideration. The objective of the resulting
optimization model is to maximize the deployment of RESs while
respecting the technical limits of the distribution system. Along
with the RES allocation, the model also jointly finds the optimal
allocation of ESSs and reconfiguration of the network, aiming to
efficiently exploit available resources, mainly RESs.

III. FORMULATION

As previously mentioned, in this work, a multi-stage and
stochastic MILP optimization model is presented. The objective of
the model is to minimize the total system costs (1). The
optimization model is based on the assumption of a perpetual
planning horizon [13] with the intention of balancing the several
costs inside and outside the planning horizon. Further information
can be found in [14].

A. Objective Function

The objective function is presented in (1). Five different types
of cost are considered in this work. One of the cost type is the
investment (TInv(C) that reproduces the total investment price
considering a continuous planning horizon (2). The types of
investment considered are investment in DGs (InvCP¢),
distribution network components (DNS), Invc™, such as lines
and transformers, and ESSs, mvCcES. Another cost type is
maintenance denoted as TMC (total maintenance cost) that
quantifies the maintenance costs of new and existing components
(MntcPS, MntcPNS, MntCES) in each level and after the planning
horizon in (3). The cost of the energy generated in the system,
TEC, is presented in (4) and consists of the costs of generation
from the DGs, ESSs and the energy that come from the upstream
network (ECP¢, ECES,ECSS) in and outside the planning horizon.
The last two in (1) are the costs of the energy not supplied TENSC
and emissions TEmiC in the system.

Minimize TC = TInvC + TMC + TEC + TENSC + TEmiC (1)

TInwC = Z(l + 1)t (InvCPe + InvCPNS + InvCES) /v @)
teQt

NPV of investment cost



T™MC
= z (1 +7)"t (MntCPC + MntCPNS + MntCES)
tent 3)

NPV of maintenance costs

+ (1 +7)T(MntCRC + MntCENS + MntCES) /r

NPV maintenance costs incured after stage T
Z (1 +7)t (ECPC + ECSS + ECES)
teQt
- ; “4)

NPV of operation costs

+ (1 + 1) T(ECPS + ECS + ECES)/r

NPV operation costs incured after stage T

Z (1+71)t ENSC,

TEC =

TENSC =

teQt 5
A —
NPV of unserved power costs ( )

+ (1+7)TENSCy/r
- 7 - 7
NPV unserved power costs incured after stage T
Z 1+ 7))t (EmiCPC + EmiC’S)
teQt

TEmiC =

NPV emission costs (6)
+ (1 +7)T(EmiCPC + EmiC{®)/r
NPV emission costs incured after stageT
Equations (7)—(9) represent the investment costs of DGs
feeders ICy, , transformers IC,, and energy storage system

g is
I C.s, respectively. All investments take into account the capital
recovery factor (1(1)71 And, through (7) - (10), it is ensured

that the investment in a given component is only considered
once in the optimization process.

r(1+ 7))t
) Z @i =1 oo )

gend ient

InvCPé =

— xg,i,t—l) ;wherexg ;o =0

r(1+ )Ll

DNS _
InvCo™ = A+ —1
0t

1 (Xpet — Xie-1)

i(1+ D)LTer

+ A+ DT —1 ICtr(xtr,ss,t

$S€05S treQt”
- xtr,ss,t—l) ; where Xtr,ss,0 — 0

®)

7(1 4 7r)-Tess
InvCEs = )i =1 Ces (Xesie ©)

esefes jent
- xes,i,t—l) ;where Xes,i,0 = 0

Maintenance costs are calculated using the expressions in
(10) - (12). Likewise, (12) is related to the maintenance costs of
energy storage at each stage.

MntCtDG:ZZMC Xglt"rzzMg Ug,it (10)

gend ient genI ienl

MntCPNS = MC§ wy, + Z MC¢xye
keqet kea™ (1 1)
+ Z MC}i Utrsst T MCl’cvxtr,ss,t
trenk-tr treQNtr
MRECES = " MCootess (12)
ceNC il

The costs associated with supplied energy (from DG, ESS and
imports) are given by (13)—(15), respectively.

ECtDG:z Z ZZ(O 9,0,5,W,t gstwt

seNS  weW gend ienl

+ OCgEl S,W,t PE:i,s,w,t)

(13)

BCE =) s D M ) Ah0ePlme (14)
SensS  wenWw eseNes
ZPS Z nwzlswz SWt (15)
seNs  weaw cens

The cost of energy not supplied is expressed as in (16).
Notice that different penalty factors are used for involuntary active
and reactive power curtailments.

ENSC, = z Ps z Ty Z(U£W.56i?w,s,t + Ug.w.tgi‘,zw,s,t)

SeNS  wenw ieqt

(16)

Equations (17)—(19) include the expected costs of emissions
as a result of power generation by new and existing DGs.
Emission cost is given by (20).

EmiCP¢ = EmiCY + EmiCF (17)
N _ COze N pN

EmiC; —Zps z zzlswt ERG Pgisw.e (18)

seNS  wenW gend ient
co

EmiCE =) py ) My . ) ACEEREPE e (19)
seNS  wenW gend ient

EmiCH =Y py ) m Y Zlffff REPSwe (20)
SeNS  weaV Cens ienl

B. Constraints

At each node in the system, Kirchhoff’s current law should
be respected. These power balances are:

Z PgDLGswt+ z (Pgsclhswt eszswt)+ cswt+ z Pk,s,w,t

geQbG eseqes inkei

- Z Pk,s,w,t + wa,s,t

out,kei (213)

= Z 0.5PLy gt z 0.5PLy gt
inkei out,kei

+PDl,;; Vs, Vel

z Qg i,s,wt + 5§W'S't + Qgg,w,t + z Qk,s,w,t - z Qk,s,w,t
geQbG in,kei out,kei
= Z O-SQLk,s,w,t + Z O-SQLk,s,w,t (21b)
inkel out,kei
+ QDSi,W,t ; V¢, Veel
WherePgstt Pglsw PngWtanngLSWt Qgtswt"'leswt

It should be noted that power losses in a branch are regarded as
"virtual loads", distributed equally to the nodes belonging to the
same branch:

PLiswe = Ri (Péswr + Qkswr) / Viom (22)

QLiswe = Xie (Pswe + Qkswr) / Vidm (23)

In addition to the previous Kirchhoff's current law, the
Kirchhoff's voltage law should also be respected. This is ensured
by including the following constraints, which are some
linearized forms of the familiar AC power flow equations:

|Pesve = (Vrom (AVisae = BV 5w ) Gk = ViiombiBisw,e)| (24)
< MP (1 — uyy)
|Qk,s,w,t - (_ Vnom (AVi,s,w t AV ,S,W, t)bk nomgkek S,W, t)l (25)
S MQu(1 —ugy)
Aymin < AVi,S,W,t < AV ek,s,w,t = ei,s,w,t - Hj,s,w,t- (26)



Equation (26) refers to the boundary conditions of voltage
deviation at each node, and the voltage angle difference in a
feeder. Furthermore, the power flowing through each line
cannot exceed the thermal capacity which is given by:

Péswe + Qiswe < Wiee(SP™)? @7

Notice that (22), (23) and (27) include the utilization
variable of the branch u,, (which is 1 if connected and 0
otherwise). Line losses are linearized using the first order of
approximation, as shown in equations (21) and (23) [15]. Five
linear segments are considered in this paper, according to [15].

The power flow and capacity limit constrains presented above
are valid for existing lines. But it is straightforward to formulate
the power flow equations for new lines. The only change
needed to the above constraints is to replace the utilization
variable ;. by the investment variable x; .

In this work, a generic ESS is whose model is given by the
expressions in (28) - (34). Equations (28) and (29) ensure the
amount of power charged or discharged does not surpass the
technical limits of the ESS, respectively. Inequality (30) prevents
the ESS from simultaneously charging and discharging at a given
operational time w. The storage balance (state of charge) is given
by (31). In (32), the maximum and minimum levels of energy
stored at a given time w and the ESSs initial level (33) are
given as a function of the maximum capacity. Throughout the
planning horizon, the ESS’s energy level at the end of the
planning horizon must be equal to the initial level (34). The
efficiency parameters n&" and n¢t are assumed to be equal for
the sake of simplicity.

0< P:gi,s,w,t < Iggi,s,w,txes,i,tpe(z,l{max (28)

0 < Pelsme < IsismeXesiePooi ™™ (29)

Iec.?,i,s,w,t + Igstfgs,w,t <1 (30)

Ees,i,s,w,t = Ees,i,s,w—l,t + UCh.esPeCs},Li,s,w,t - Pgs(fif,ls,w,t/ndch,es (3 1)
E;rsl,iinxes,i,t < Ees,i,s,w,t < xes,i,tEgsl,%x (32)
Ees,i,s,wo,Tl = llesxes,i,TlEgsl,%x (33)

Ees,i,s,wl,t+1 = Ees,i,s,W,t 5 Ees,i,s,W,T = EES,i,S,WO,Tl (34)

Hence, the nonlinear terms are transformed into a set of linear
constraints. Further information regarding such a linearization
approach can be found in [16]. Inequalities (35a) and (36a)
represent active power generation limits (existing and new). The
corresponding reactive power capability constraints are shown in
(35b) and (35b).

Fyswitione < Poiswe < Pyisuitioe (352)

Pglj]i'.rsrfx.ltxg.i.t <P ;.]i.s.w.t = Pgltli',rsn.\:l/ixg,i,t (36a)

—tan (COS_l(pfg)) ng.i,s,w,tug,i,t < Qg,i,s,w,t (351’))
< tan (cos‘l(pfg)) Pl owillgit

—tan (COS_l(pfg)) ng.i,s,w,txg,i,t < Q;;v,i,s,w,t (36b)

< tan (cos‘l(p}f,])) P swiXgit

In (37), several logical constraints are presented that are
designed to ensure that a given investment cannot be undone once
decided.

Radiality constraints, similar to the ones used in [14], [17],
[18], are included here to ensure a radial operation of the
considered system regardless of operational changes.

(37

Xt = Xpe—15 Xgit 2 Xgit-15 Xesit = Xesit—1

IV. CASE STUDY

A. Data and Assumptions

The IEEE 119-bus standard system is used to test the model
presented earlier, and the system data can be found in [19].
According to [20], active power losses amount to 1298.09 kW,
and bus 116 is the node with the lowest voltage in the system,
which is 0.8783 per unit.

Other assumptions made are as follows. The planning horizon
spans over 3 years, which is divided into yearly stages. The useful
life of DGs and branches is assumed to be 25 years and that of
ESSs is 15 years. An ESS with a nominal power of | MW and a
storage capacity of 5 MWh is considered in the study. Interest rate
is 7%. Investments in wind and/or solar PV power technologies
are possible. For investments in wind and solar, two technology
types with 0.5 and 1.0 MVA are considered. The installation costs
and other associated data can be found in [21]. The maintenance
costs considered for the lines are 450 € / km / year and that of DGs
is assumed to be 2% of the investment costs. Investing in any
feeder is assumed to cost 38700 €/km. All feeders are eligible for
switching, if deemed necessary and economical.

A 5% voltage deviation is the maximum tolerable magnitude
at any bus in the system. The reference bus is the first bus (i.e.
node 1), and has its voltage magnitude and angle set to 1.0 per unit
and 0 radians. Demand is assumed to expand by 5% annually. The
prices considered for the emissions in the first, second and third
stages are 25, 45 and 60 € / tCO2e respectively. A 04
tCO2e/MWh emission rate is arbitrarily assumed for the energy
imported from the upstream. The penalty for unserved power
(active and reactive alike) is 2000 €/ MW or MVAr.

B. Discussion of Test Results

In order to carry out the required analysis, several cases are
considered, here denoted as Case A, Case B and Case C.

Case A represents the base case, where no investment is made.
The other cases contemplate the optimal investment planning in
DGs, ESSs and reconfiguration of the network in a coordinated
way. The difference between Cases B and C is that, in Case B, the
system is allowed to import power from the grid (if necessary);
whereas, in Case C, the system is deliberately forced to operate in
an island mode (i.e. with no imported power) throughout the
planning horizon. It should be emphasized that the only supply
sources in Case C are the intermittent power sources (specifically,
wind and solar).

Table I compares the three cases in terms of the values
corresponding to the most relevant system variables computed
over the three-year planning horizon. One of the first conclusions
that can be drawn from this table is the great variation of the
values between the different cases, namely, the cost terms in the
system, investment costs, maintenance, generation, energy not
provided, emissions and losses. The results of Case B and C are
also compared with that of Case A (the base case), where no
investments are made and the network topology is fixed.



TABLE L. RESULTS OF RELEVANT VARIABLES FOR
VARIOUS CASES
Cases
Optimization variables A B C
Investment 0 99368 143817
Cost Maintenance 189 56513 81707
terms Energy + Emission | 424715 48973 10706
(k€) PNS 94441 0 629
Losses 12515 1098 643
Total cost (k€) 531860 205952 237503
Energy | Wind - 90 100
share Solar - 0 0
(%) Imported 100 10 0
Installed | Wind - 40 58
size Solar - 0 0
(p.u.) ESS - 17 24
TABLE IL OPTIMAL AGGREGATED SIZES OF DGS AND ESSS FOR
DIFFERENT CASES AND IN EACH PLANNING STAGE
Case B Case C
Year Wind Solar ESS Wind Solar ESS
1 36 0 15 54 0 23
2 1 0 2 1 0 1
3 3 0 0 3 0 0
Total 40 0 17 58 0 24

Comparing Case B with Case A, one can observe net
reductions of costs and losses in more than 90% and 89.66%,
respectively. It should be noted that only 10% of the energy
demand comes from the substation, which shows the system
immensely benefits from the coordinated investments in DGs and
ESSs. Generally, the contribution of ESSs in terms of increasing
system flexibility is dramatic as it is evident to see from the
numerical results. Obviously, the added flexibility enables the
system to support large-scale RES energy. In this particular study,
RESs and ESSs in Case B jointly cover about 90% of the total
energy consumption in the system. Normally, a network switching
should also enhance the flexibility of the considered system, the
end-result being a higher level of RES penetration and utilization.
The use of distribution network reconfiguration does not seem to
have a significant effect on the system, perhaps because of the
optimal placement of the DGs in the system. Table I also shows
some numerical results corresponding to Case C, which seem to
reinforce the possibility of having a standalone system, featuring
only RESs in tandem with strategically placed ESSs. In this case,
all of the energy required to meet the demand comes from the
renewable type DGs placed in the distribution system. The ESSs
play a key role in countering the imbalances between generation
and demand, and maintaining grid stability.

In Figure 1, the location and size of DGs and ESSs in the
system corresponding to Case B are clearly shown. Over the
planning horizon, the allocation outcomes of DGs and ESSs for
Case B and Case C in the three stages can be seen in Table II. In
this table, one can overserve that majority of investments take
place in the first stage. This can happen due to two factors. One
can be due to the absence of restrictions related to investment and
logistics. The other and most plausible factor is that the NPV in
the first stage is higher than in any other subsequent stage. It
should be noted that the higher the factor is, the more relevant are
the costs in the objective function, which justifies more
investments in DGs and ESSs.

Installed amount (pu)
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Figure 1. Optimal placement and size of DGs and ESSs.
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Figure 2. Average voltage profiles in the system for different cases.
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Figure 2 shows the average voltage profiles for the considered
cases. Alternatively, these are represented in the form of
cumulative distributions Figure 3.

The positive contribution of DGs and ESSs optimal placement
combined in the voltage profile can be easily seen in Figures 3 and
5. (i.e. Cases B and C) which leads to more or less flat voltage
profiles in the system. Such a coordination also results in a
considerable reduction of network losses (> 89% on average),
which can be inferred from Figure 4.

The stability of the considered system has also been analyzed.
The profile of the voltage angle differences of the branches in the
system can be taken as a good proxy for stability. In this case,
0.035 radians is the maximum absolute value recorded,
max{|0k_syw_t|}, which translates into approximately 2°. This
value is well below the maximum stability limit, which is often
in the order of 25°. Figure 5 clearly illustrates the average angle
difference profile as well as the maximum and the minimum
values recorded depending on the operational situations. It is
interesting to observe in Figure 5 that all these values are
significantly low, ensuring a stable operation of the entire
system. This means, despite the high penetration of RESs, there
is an increased stability margin in the considered system.

V. CONCLUSIONS

This paper has developed an optimization model that aims to
jointly allocate variable type renewables and ESSs in electrical
distribution network systems, along with dynamic network
reconfiguration. The resulting model is of a mixed integer linear
programming nature. The ultimate goal of this exercise is to
maximize the integration and efficient usage of variable RESs,
mainly wind and solar, while respecting a number of constraints in
the system. This work also assessed the possibility of a standalone
system, which has variable RESs as its main supply sources. The
analysis is carried out on a standard test system. The analysis of
the results has showed the immense benefits of jointly allocating
ESSs and variable renewable DGs, particularly in terms of the
increased level and the optimal exploitation of such energy
sources. In addition, the voltage profile throughout the system is
substantially improved, and the overall system stability is ensured
despite the high penetration of variable energy resources. In
general, increased flexibility of distribution network systems
through reconfiguration and optimal deployment of ESSs make it
possible for such systems to support a significant amount (even
100%) of such energy sources. In particular, strategically deployed
ESSs have proved to be viable options for more efficient
utilization of clean energy sources, and their contribution in terms
of emission reduction is dramatic.
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