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Abstract—Nowadays, there is a global consensus that integrating
renewable energy sources (RES) is highly needed to meet an
increasing demand for electricity and reduce the overall carbon
footprint of power production. Framed in this context, the
coordination of RES integration with distributed energy storage
systems (DESS), along with the network’s switching capability and/or
network reinforcement, is expected to significantly improve system
flexibility, thereby increasing chances of accommodating large-scale
RES power. This paper presents an innovative method to quantify the
impacts of network switching and/or reinforcement as well as
installing DESSs on the level of renewable power integrated in the
system. To carry out this analysis, a dynamic and multi-objective
stochastic mixed integer linear programming (S-MILP) model is
developed, which jointly takes into account the optimal RES-based
DGs and DESS integration in coordination with distribution network
reinforcement and/or switching. A standard distribution network
system is used as a case study. Numerical results show the capability of
DESSs integration in dramatically increasing the level of renewable
DGs integrated in the system. Although case-dependent, the impact of
network switching on RES power integration is not significant.

Index Terms—Distributed energy storage systems, distributed
generation, network reinforcement, network switching, RESs.

I. NOMENCLATURE
A.  Sets/Indices

i/Qf Index/set of buses

g/09 /nP¢ Index/set of generators/DGs
k/Q¥ Index/set of branches

5/0° Index/set of yearly scenarios
t/0t Index/set of planning stages
w/QY Index/set of hourly snapshots
¢/0¢ Index/set of substations

B.  Parameters

ER},ERE,ERS®  Emission rates of new and existing DGs, and energy
purchased, respectively (tCO2e/MWh)

Investment cost of DG, line and energy storage,
respectively (M€)

LTy, LTy, LT, LT, Lifetimes of DG, distribution line, transformer and

energy storage system, respectively (years)

1Cy i, ICy, 1Ces;

MC,g, MCy, Maintenance cost of storage/trafo per year (M€)
mcy,mck Maintenance costs of new and existing DGs (M€/yr)
mcl, mcE Maintenance cost of new and existing line (Mé€/yr)

0CY: swi 0Cy 1 s w Operation cost of unit energy production by new and
existing DGs (€/MWh)

Afﬁfﬁ Price of emissions (€/tons of COz equivalent)

Byt Price of electricity purchased (€/MWh)

Ps) Ty Probability of yearly scenario s and weight (in hours)
of hourly snapshot group w

Vgt Penalty for unserved power (€/MW)

Neches Charging efficiency (%)

Ues Scaling factor (%)

C. Variables

Siswe Unserved power at node i (MW)

Die Active power demand at node i (MW)

Py swirPhiswe Power produced by new and existing DGs (MW)
P33 e Active power imported from grid (MW)

Ug ity Upt Utilization variables of existing DG and lines

Investment variables for DG, storage systems and
distribution lines, respectively

xg,i,tv xes,i,t: xk,t

Prswt Losses associated to each feeder (MW)
Eesiswe Reservoir level of ESS (MWh)
180 o 168 5. Discharging/charging indicator variables

Pedsf{_‘s’wjt, Pecs}fi,s,w,t Discharged/charged power (MW)

Xtrsst Transformer investment variable

D.  Functions (all units are in M€)

ECSS Expected cost of energy purchased from upstream
ENSC, Expected cost of unserved power
EmicP¢ Expected emission cost of DG power production

EmiCY,EmiCE  Expected emission cost of power production using

new and existing DGs, respectively

EmiCSS Expected emission cost of purchased power

InvCPNS, MntCPNSNPV investment/maintenance cost of DNS
components

InvCPC, MntCPC, ECPNPV investment/maintenance/expected energy

cost of DGs, respectively

NPV investment/maintenance cost of a line

NPV investment/maintenance cost of ESS

InvCEY, MntCEY
InvCES, MntCES

IL. INTRODUCTION

A.  Motivation and Aims

The issue of integrating renewable distributed generations
(DGs) in power distributions systems is becoming very critical
because of technical, economic and environmental reasons.
Nowadays, there is a global consensus that integrating renewable
energy sources—RESs, is highly needed to meet an increasing
demand for electricity and reduce the overall carbon footprint of
energy production. However, large-scale integration of RES-based
DGs often poses a number of technical challenges in the system
from the stability, reliability and power quality perspective. This is
because integrating RESs introduces significant operational
variability and uncertainty to the distribution system, making
operation, planning and control rather complicated. Hence, such a
high level integration effort is likely to be supported by certain
smart-grid technologies and concepts that have the capability to
enhance the flexibility of the entire distribution systems. Framed in
this context, the integration of distributed energy storage systems
(DESSs) jointly with DGs, along with the network’s switching
capability and/or network reinforcement, significantly improves the
flexibility of the system, thereby increasing chances of
accommodating large-scale RES power.



This paper presents a method to quantify the influences of
simultaneous consideration of investments in DESSs as well as
network switching and/or reinforcement on the level of renewable
power integrated in the system. To carry out this analysis, a
stochastic mixed integer linear programming (S-MILP) model is
developed which takes account of distribution network
reinforcement and/or switching in coordination with investments in
RES-based DGs and DESS technologies.

B. Literature Review

RESs make a crucial part of the solution for environmental
sustainability; hence, they will play an important role in power
systems [1]. The integration of RESs should, in principle, reduce
the risk of fuel price volatility and geopolitical pressures and ensure
that these do not pose a significant impact on the overall public
welfare [2], [3]. However, large-scale penetration of RESs will
necessarily involve a process of adapting and changing the existing
infrastructure because of their intrinsic characteristics, such as
intermittency and variability. The growing need for intermittent
RESs, in conjunction with the electrical mix changes in the long-
term, will probably affect the distribution and transmission systems.
In this context, a change in power generation options, resulting
from a high contribution of RESs, may require network grid
updates. Regulatory agencies are heavily committed to increase
RES integration, not only due to environmental but also technical
and economic reasons [4].

The main challenge with most of RESs is their inherent
variability and uncertainty, making operation, control and planning
very complicated. DG penetration increases the variation of voltage
and current in the network. Hence, increasing DG penetration may
have a negative or positive impact depending on various factors
such as the size of the system and the loads type, requiring
modeling and simulations to assess its impact [5]. If not properly
planned, this may lead to an uncertain increase in the feeders’
power flows, resulting in network congestion and increased losses
in the network. However, the integration of DESS with RESs have
become one of the most viable solutions to facilitate the increased
penetration of DG resources [4], [6]. Energy storage systems level
the mismatch between renewable power generation and demand [6].
This is because these devices store energy during periods of low
electricity demand (price) or high RES power production, and the
release it during periods of peak demand and low RES production
[7]. Therefore, in addition to their technical support to the system,
ESSs bring substantial benefits for end-users and DG owners
through reliability and power quality improvement as well as cost
reduction [8]. Besides, ESSs are being developed and applied in
power grids to cope with a number of issues such as smoothing the
energy output from RESs, improving the stability of the electrical
system, etc. [9]. ESSs also increase savings during peak hours and
minimize the impact of intermittent generation sources, leading to a
more efficient management of the integrated system.

Electrical distribution systems are interconnected by switches
but predominantly operated radially. These switches are often used
for emergency purposes such as to evade load curtailment during
fault cases. However, the system can be reconfigured to find the
best topology that minimizes power losses in the system and
improve operational performance, in general [10], [11]. Ref. [12]
discusses distribution network reconfiguration for minimizing
losses in the presence of variable energy sources. Authors in [13]
have investigated the impact of load variability on network
reconfiguration outcome. In [14], [15], authors have studied
distribution system reconfiguration with the aim of reducing energy
losses under normal conditions. As the network topology can be
adjusted by the change of switches state in the lines (normally

opened/closed), the optimal management of the entire system has to
find the optimal network configuration, allowing greater network
flexibility [16], which may in turn allow large-scale RES
integration. The work in [17] considers dynamic reconfiguration
with a possibility of remotely controlling switches in an active and
centralized management framework, with the aim of removing
network congestion in real time.

The present work presents a qualitative and quantitative analysis
regarding the impact of joint integration ESSs, network switching
(reconfiguration) and reinforcement on the level of DG integration
(particularly, focusing on RESs). For carrying out this analysis, a
multi-objective S-MILP model is developed considering the
operational variability and uncertainty of variable power resources.

C. Contributions and Paper Organization
The main contributions of this work are twofold:

e A multi-stage and stochastic optimization model, which
considers simultaneous integration of DESSs and
variable generation sources as well as network
switching/investments;

e A thorough analysis related to the influence of network
flexibility (switching capability, investments) and/or DESS
installations made in coordination with investments in
variable generation sources on the RES integration level,
system cost and losses.

The rest is organized as follows. Section III presents a brief
description of the developed mathematical model. Numerical results
are discussed in Section I'V. The final section concludes this paper.

III. MODEL FORMULATION

The dynamic and multi-objective S-MILP optimization model
developed here is described as follows.

A. Objective Function

The problem is formulated as a multi-objective stochastic MILP
with an objective of overall cost minimization as in (1). The objective
function in (1) is composed of Net Present Value (NPV) of five cost
terms each weighted by a certain relevance factor y;; vj € {1,2, ...,5}.

The first term in (1), TInvC, represents the total investment costs
under the assumption of perpetual planning horizon [18]. In other
words, “the investment cost is amortized in annual installments
throughout the lifetime of the installed component”, as is done in [19].

Here, the total investment cost is the sum of investment costs of
DGs, distribution network system (DNS) components (feeders and
transformers) and ESSs, as in (2). And, this cost is computed as in (7)-
(9). The second term, TMC, in (1) denotes the total maintenance costs,
which is given by the sum of maintenance costs of new and existing
DGs as well as that of DNS components and ESSs at each stage and
the corresponding costs incurred after the last planning stage, as in (3).
Note that the latter depend on the maintenance costs of the last
planning stage according a perpetual planning horizon. These
maintenance costs are computed according to Egs. (10)-(12).

The third term TEC in (1) refers to the total cost of energy in the
system, which is the sum of the cost of power produced by new and
existing DGs, supplied by ESSs and purchased from upstream at each
stage as in (4). Eq. (4) also includes the total energy costs incurred
after the last planning stage under the assumption of perpetual
planning horizon. These depend on the energy costs of the last
planning stage. The detailed mathematical expressions for computing
the cost of DG power produced and ESS power supplied as well as
that of purchased power are given in (13), (14) and (15), respectively.



The fourth term TENSC represents the total cost of unserved power in
the system, given as in (5). And, this is computed using Eq. (16). The
last term TEmiC gathers the total emission costs in the system, given
by the sum of emission costs for the existing and new DGs (17)-(19)
as well that of purchased power (20).

Minimize TC =y, * TInvC +y, * TMC +y3 * TEC + vy, )
* TENSC + ys * TEmiC
TInwC = Y peqie(1 + 1)t (InwCPC + InvCPNS + InvCES) /r
NPV of investment cost
TMC = Yeqe(1+1)7t (MntCPC + MntCPNS + MntCES) +
NPV of maintenance costs (3)
(1 + 7)) T(MntCRE + MntCRNS + MntCES) /r
NPV maintenance costs incured after stage T
TEC = Yieqie(1 +1)7t (ECPC + ECSS + ECES) +
NPV of operation costs (4)
(1 +7r)T(ECRS + ECFS + ECES)/r
NPV operation costs incured after stage T
TENSC = Y1eqit(1+ 1)t ENSC, +
NPV of reliability costs (5)
(1+7r)TENSCr/T

NPV reliability costs incured after stage T

TEMIC = Yeqe(1+1)78 (EmiCPS + EmiCSS) +

@

NPV emission costs (6)
(1 + ) T(EmiCR% + EmiCs5)/r

NPV emission costs incured after stage T

r(1+r)Te
ITLUCtDG = deng Zimimwg,i(xgi_t - (7)

Xgit-1) ;Wherexg;o =0

InvCPM = Zken[%lck (Xt = Xpee-1) +
Ysseass Ztrenfrm—)::_rllctr(xtr,ss,t - xtr,ss,t—l) ; where x30 = ®
0 and Xy s5,0=0
InvCES = Zcenczimi%l(,}(xe&m - ©)
Xesit—1) s Where Xos;0 =0
MntCP® =Y gena Yieni MCY Xg i + Y geas Dicai MCE ug ;. (10)
MntCPNS =3, pee MCE uy, +
Dkeant Mclivxk,tJthrenE-tT MCtET Uprss,t + DtreaNtr Mclivxtr,ss,t (h
MntCES = Feeqe Tiet MCosXesie (12

ECPC = Yscqs Ps Lweaw Ty Ygens Zisﬂi(ocgi,s,w,tP;,]i,s,w,t + (13)

O0Cgiswe Poiswe)

ECES = Tsens Ps Bweaw Tw Lescaes A5, cPésis we (14)
ECSS = Ysens Ps Zweaw Tw qum lﬁ,w,tPgs,ﬁ,w,t (1s)
ENSC; = Tseqs Ps Zweaw Lien! TwVsw, Ot swe (16)
EmiCP¢ = EmiCY + EmiCE 17)
EmiCl = ¥ses Ps Lwenw Tw Lgead Licai Ag,azszRngI\{i,s,w,t (18)
EMiCE = Yseas ps Zwenw Tw Lgens Lient Aurt ERG Pisw s (19)
EmiC,_:qS = Ysens Ps Zweaw Ty qum Zisgi AE,L\E?EREQSPES.E,WJ (20)
B. Constraints

The active power balance at each node is enforced by:

Ygears(Piswe + Poiswe) T Zeseaes(Poctswe — Petiswe) +
P33t + Dingei Pswe — Zout ket Peswie + Siswe = (2))]

Zin,kei 0-5§0k,s.w,t + Zout,kei O-Sgok,s,w,t + Dé,w,t ; Vc' chi

Eq. (21) denotes that the sum of all incoming flows should be equal
to the sum of all outgoing flows at each node. Note that losses in
every feeder are considered as “virtual loads” which are equally
distributed between the nodes connecting the feeder. Note that
losses are a quadratic function of flows (not shown here). Hence,
they are linearized using first order approximation, as in [19].

For the sake of simplicity, a generic ESS is employed here.
And, this is modeled by the set of constraints in (22)-(28). Egs. (22)
and (23) represent the bounds of power capacity of the ESS while
being charged and discharged, respectively. Inequality (24) prevents
simultaneous charging and discharging operation of ESS at the same
operational time w. The amount of stored energy within the ESS
reservoir at a given operational time w as a function of the energy
stored until w — 1 is given by (25). The maximum and minimum
levels of storages in the operational time w are also considered through
inequality (26). Eq. (27) shows the initial level of stored energy in the
ESS as a function of its maximum reservoir capacity. In a multi-stage
planning approach, Eq. (28) ensures that the initial level of energy in
the ESS at a given year is equal to the final level of energy in the ESS
in the preceding year. Here, ndc" is assumed to be 1/nSk.

ch ch ch,max

0< Pes,i,s,w,r: =< Ies,i,s,w,txes,i,tpes,i (22)
dch ch chmax
0< Pes,i,s,w,t =< Ies,i,s,w,txes,i,tpes,i (23)
ch dch
Ies.i,s,w,t + Ies,i,s,w,t <1 (24)
E. .. =FE. .. + PCh- _ Pdch (25)
es,i,s,w,t es,i,s,w—1,t nch,es es,i,s,w,t 77d€h,es es,i,s,w,t

min max

Ees,i Xes,it < Ees,i,s,w,t < Xes,it es,i (26)
— max

Ees i swor1 = MesXes,it1Ees 27
Ees,i,s,wl,t+1 = Ees,i,s,W,t (28)

Notice that inequalities (22) and (23) involve products of
charging/discharging indicator variables and investment variable. In
order to linearize this, new continuous positive variables zZ%; ¢ ., and

den which replaces the bilinear products in each constraint, is

Zes,i,s,w,ts

introduced such that the set of linear constraints in (29) and (30) hold.
For instance, the product I& ., .x.s;. is replaced by the positive

variable zZ" .. Then, the bilinear product is decoupled by

introducing the set of constraints in (29) [20].
dch max ydch . dch . ,dch
es,L,sw,t < Xes Ies,i.s,w.t » Zesjiswt < Xes,it » Zesi,s,w,t
dch max
= xes,i,t - (1 - Ies,i,s,w,t)xes

Z
29

Similarly, the product IS?; ¢, .xes: .8 decoupled by including the
following set of constraints:

ch max jch . ,Ch . ,Ch
Zes,i,s,w,t < Xes Ies,i,s,w,t ’ Zes,i,s,w,t < xes.i,t ’ Zes,i,s,w,t

2 Xes)it — (1 - Iecgi,s,w,t)x£r;ax (30)

The active power limits of existing generators are given by (31). In
the case of new generators, the corresponding constraints are (32).
Note that the binary variables multiply both bounds to make sure that
the power generation variable is zero when the generator remains
either unutilized or unselected for investment.

E,min E E,max

Friswitgit < Poiswe < Fyiswilgit @31
N,min N Nmax

FyiswiXgit < Pgiswe = FyiswiXgit (32

It should be noted that these constraints are applicable only for
conventional DGs. In the case of variable generation sources (such as
wind and solar PV), the upper bound P}, . should be set equal to the
minimum of the actual production level at a given hour, which is
dependent on the level of primary energy source (wind speed and solar
radiation), and the rated (installed) capacity of the generating unit.

And, the lower bound P}, . in this case is simply set to zero.

The set of logical constraints in (33) ensure that an investment
decision cannot be reversed. In addition to the constraints described



above, the direct current (DC) based network model and radiality
related constraints presented in [19] are used here.
Xt = X1 Xgit 2 Xgit-15 Xesit = Xesit—1 (33)

IV. RESULTS AND DISCUSSIONS

A standard IEEE 33-bus radial distribution network, shown in Fig.
1, is used here for carrying out the required analysis mentioned earlier.
The system has a rated voltage of 12.66 kV, and a total demand of
3.715 MW and 2.3 MVAr. Network data and other related information
about this test system can be found in [21]. Other data and
assumptions made throughout this paper are as follows. The planning
horizon is 3 years long, which is divided into yearly planning stages,
and a fixed interest rate of 7% is used. The expected lifetime of ESS is
assumed to be 15 years while that of DGs and feeders is 25 years. Two
investment options with installed capacities of 0.5 and 1.0 MVA are
considered for each wind and solar PV type DG units. The installation
cost and emission related data of these DG units, provided in [22], are
used here. For the sake of simplicity, all maintenance costs of DGs are
assumed to be 2% of the corresponding investment costs while that of
feeders is 450 €/km/year. The investment cost of each feeder is 38700
€/km. The current limits of all feeders is assumed to be 200 A except
for those between nodes 1 and 9 which is 400 A. It is assumed that all
feeders can be switched on/off, if deemed necessary.

In addition, it is assumed that wind and solar power sources are
uniformly available at every node. The operational variability and
uncertainty introduced by wind and solar PV type DGs, demand and
electricity price are accounted for via the clustering method proposed
in [23]. The maximum allowable bus voltage deviation in the system
is set to 5%, and node 1 is considered as a reference with a voltage
magnitude of 1.0. Annual demand growths of 0%, 5% and 10% are
also considered in all simulations. Emission prices in the first, second
and third stages are set to 25, 45 and 60 €/tCO2e, respectively, and the
emission rate of power purchased from upstream is arbitrarily set to
0.4 tCO2e/MWh. The cost of unserved energy is 2000 €MWh. A
power factor of 0.9 is considered in the system, and is assumed to be
the same throughout. The base power is set to | MVA.

The computed values of relevant variables are analyzed for
different cases (as depicted in Table I) over the three years planning
horizon. Case 1 represents the base case topology where no
investments are made while Case 2 considers an optimal
reconfiguration but with no investments. Cases 3 and 4 both consider
investments in DGs only but differ in that the former does not change
the network topology and the latter uses optimal switching. The last
two cases correspond to scenarios where investments in DGs are
coordinated with that of ESSs. Case 5 uses the topology in the base-
case while Case 6 uses network reconfiguration. The results in Table I
reveal the significant differences in overall NPV cost in the system,
share of energy supplied by RES and ESS combined, cost of total
network losses and unserved power among the aforementioned cases.
The results are also compared with the base case system where no
investments are made and the network topology is held the same.
Network reconfiguration alone, as in Case 2, results in about 8.4% in
the cost of losses, and a 3.1% reduction in the NPV overall system cost
compared with that of Case 1.

—si=

Fig. 1 Single line diagram of the test system in base case.

TABLE I. RESULTS OF RELEVANT VARIABLES FOR DIFFERENT CASES

Energy supplied Total cost of | Total installed size
Total cost | by RES and ESS | Total cost of | unserved (p-u.)

Cases* (TC) (k€) (%) losses (k€) power (k€) | Wind | Solar | ESS
1 4544791 0.0] 1089.80) 1505.70 0.0 0.0 | 0.0

2 44044.58| 0.0] 997.85 0.00[ 0.0 0.0 | 0.0

3 33281.50 58.1 433.58] 161.79] 6.0 3.0 1 0.0

4 33106.07 58.2] 404.59) 0.00] 6.0 3.0 | 0.0

5 26522.10) 88.8 218.33 0.00[ 8.0 1.0 | 3.0

6 26516.52] 88.8 212.73 0.00[ 8.0 1.0 | 3.0

*Case 1: Base case; Case 2: Optimal switching with no investment; Case 3: DG investment on
base case topology; Case 4: DG investment under optimal switching; Case 5: DG and ESS
investment on base case topology; Case 6: DG and ESS investment under optimal switching.
In addition, network reconfiguration avoids a total of 396.3 kVA
load curtailment (or 256.9 kVA in Case 3) that would otherwise occur
atnodes 17, 18, 32 and 33 due to voltage limit constraints in Case 1.

Another more interesting observation from Table I is that Cases 3
and 4 result in (approximately) 60% reductions in the overall cost of
the system and the amount of imported energy. Wind and solar power
sources are complementary by nature. This important phenomenon
seems to be exploited when DG investments are not accompanied by
investments in ESSs (i.e Cases 3 and 4). This is because, according to
the DG investment solution in Table I, the operational variability in
the system seems to be handled by investing an appreciable amount in
both complementary power sources (wind and solar). This can also be
seen from the level of demand covered by RESs, which is about 58%.

The results corresponding to Cases 5 and 6 show that the total cost
and cost of losses are dramatically reduced by more than 41.6% and
80% respectively. This reveals the substatial benefits of coordinating
investments DG with ESSs. Generally, ESSs significantly improve
system flexibility, enabling large-scale accommodation RES energy.
Interestingly, the total amount of installed DGs (9 MW) is the same for
Cases 3—©6 i.e. with/without ESSs. Even if this is the case, in the
absence of ESSs (Cases 3 and 4), there may be spillage of RES power
when the demand is lower than the total generated power. However,
the installation of ESSs leads to an efficient utilization of RES power.
This is evident from the amount of energy consumption covered by the
combined energy supplied by RESs and ESSs in Cases 5 and 6 is
about 89%. Normally, network switching capability also improves
system flexibility, leading to a high level RES penetration. In this
particular study, the effect of network switching on the level of RES
power absorbed by the system is not significant as one can observe in
Table 1. This may however be case-dependent. A more frequent
switching capability could, for instance, have significant impact.

The optimal location and size of installed DGs corresponding to
Cases 3 through 6 is shown in Fig. 2. The average voltage profiles at
each node and for each case are depicted in Fig. 3. It is interesting to
see in this figure the substantial contributions of DGs and ESS
installations to voltage profile improvement. As shown in Fig. 3, the
coordinated integration of DGs and ESSs (i.e. Case 6), especially leads
to the best voltage profile. Fig. 4 demonstrates the optimal network
topology, DG and ESS locations corresponding to this case. The
benefit of joint DG and ESS investments along with network
reconfiguration in terms of losses reduction (over 84% on average) can
be seen from Fig. 5. The spikes observed in Case 6 are because of the
variability in RES power injected into the system.
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Fig. 2 Optimal placement and size of DGs under different cases.
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V.  CONCLUSIONS

This paper has investigated the impacts of installing DESSs as
well as network switching and/or reinforcement on the level of
renewable power integrated in the system. A mixed integer linear
programming (MILP) model was developed for this purpose, which
involves joint optimization of placement and sizing of RES-based DGs
and ESSs in coordination with optimal network switching. Numerical
results showed the capability of ESSs integration in dramatically
increasing the level and optimal exploitation of renewable DGs.
According to the simulation results, the simultaneous integration of
DGs and ESSs resulted in an overall cost and average losses reduction
of 41% and 84%, respectively. The optimal network reconfiguration,
DG and ESS installations (jointly or separately) substantially
contributed to voltage stability. In the particular case study, the impact
of network switching on RES power integration was not significant.
However, it should be noted that this can be case-dependent.
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