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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 ݅/Ω௜ Index/set of buses ݃/ߗ௚/	ߗ஽ீ Index/set of generators/DGs ݇/ߗ௞ Index/set of branches ߗ/ݏ௦ Index/set of yearly scenarios ߗ/ݐ௧ Index/set of planning stages ߗ/ݓ௪ Index/set of hourly snapshots ߫/ߗచ Index/set of substations 
 
B. Parameters ܴܧ௚ே, ,௚ாܴܧ  చௌௌ Emission rates of new and existing DGs, and energyܴܧ

purchased, respectively (tCO2e/MWh) ܥܫ௚,௜,	ܥܫ௞,		ܥܫ௘௦,௜ Investment cost of DG, line and energy storage, 
respectively (M€)  ܮ ௚ܶ, ܮ ௞ܶ, ܮ ௧ܶ௥, ܮ ௘ܶ௦ Lifetimes of DG, distribution line, transformer and 
energy storage system, respectively (years) ܥܯ௘௦,ܥܯ௧௥ Maintenance cost of storage/trafo per year (M€) ܥܯ௚ே,ܥܯ௚ா Maintenance costs of new and existing DGs (M€/yr) ܥܯ௞ே,ܥܯ௞ா Maintenance cost of new and existing line (M€/yr) ܱܥ௚,௜,௦,௪,௧ே , ௚,௜,௦,௪,௧ாܥܱ Operation cost of unit energy production by new and 
existing DGs (€/MWh) ߣ௦,௪,௧஼ைమ௘ Price of emissions (€/tons of CO2 equivalent) ߣ௦,௪,௧చ  Price of electricity purchased (€/MWh)  ߩ௦,  ௪ Probability of yearly scenario s and weight (in hours)ߨ
of hourly snapshot group w ߭௦,௪,௧ Penalty for unserved power (€/MW) ߟ௖௛,௘௦ Charging efficiency (%) ߤ௘௦ Scaling factor (%) 

C. Variables  ߜ௜,௦,௪,௧ Unserved power at node i (MW) ܦ௦,௪,௧௜  Active power demand at node i (MW) ௚ܲ,௜,௦,௪,௧ே , ௚ܲ,௜,௦,௪,௧ா  Power produced by new and existing DGs (MW) చܲ,௦,௪,௧ௌௌ  Active power imported from grid (MW) ݑ௚,௜,௧,	ݑ௞,௧ Utilization variables of existing DG and lines ݔ௚,௜,௧, ,௘௦,௜,௧ݔ  ௞,௧ Investment variables for DG, storage systems andݔ
distribution lines, respectively ߮௞,௦,௪,௧ Losses associated to each feeder (MW) ܧ௘௦,௜,௦,௪,௧  Reservoir level of ESS (MWh) ܫ௘௦,௜,௦,௪,௧ௗ௖௛ ௘௦,௜,௦,௪,௧௖௛ܫ ,  Discharging/charging indicator variables ௘ܲ௦,௜,௦,௪,௧ௗ௖௛ ,	 ௘ܲ௦,௜,௦,௪,௧௖௛  Discharged/charged power (MW) ݔ௧௥,௦௦,௧ Transformer investment variable 

 
D. Functions (all units are in M€) ܥܧ௧ௌௌ Expected cost of energy purchased from upstream ܥܵܰܧ௧ Expected cost of unserved power ܥ݅݉ܧ௧஽ீ Expected emission cost of DG power production  ܥ݅݉ܧ௧ே,  ௧ா Expected emission cost of power production usingܥ݅݉ܧ

new and existing DGs, respectively ܥ݅݉ܧ௧ௌௌ  Expected emission cost of purchased power ܥݒ݊ܫ௧஽ேௌ, ܥݐ݊ܯ௧஽ேௌ NPV investment/maintenance cost of DNS 
components ܥݒ݊ܫ௧஽ீ,ܥݐ݊ܯ௧஽ீ,  ௧஽ீNPV investment/maintenance/expected energyܥܧ
cost of DGs, respectively ܥݒ݊ܫ௧௅ே,ܥݐ݊ܯ௧௅ே NPV investment/maintenance cost of a line ܥݒ݊ܫ௧ாௌ, ܥݐ݊ܯ௧ாௌ NPV investment/maintenance cost of ESS 

 

II. 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: 

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

• 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 IV. 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 ߛ௝; ∀݆ ∈ {1,2,… ,5}.  

The first term in (1), ܶܥݒ݊ܫ, 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, ܶܥܯ, 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 Eqs. (10)-(12). 

The third term ܶܥܧ 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 ܶܥܵܰܧ represents the total cost of unserved power in 
the system, given as in (5). And, this is computed using Eq. (16). The 
last term ܶܥ݅݉ܧ 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).   ݁ݖ݅݉݅݊݅ܯ	ܥܶ = ଵߛ ∗ ܥݒ݊ܫܶ + ଶߛ ∗ ܥܯܶ + ଷߛ ∗ ܥܧܶ + ∗ସߛ ܥܵܰܧܶ ହߛ	+ ∗  ܥ݅݉ܧܶ	

ܥݒ݊ܫܶ(1) = ∑ (1 + ௧஽ீܥݒ݊ܫ)௧ି(ݎ + ௧஽ேௌܥݒ݊ܫ + ௖௢௦௧	௜௡௩௘௦௧௠௘௡௧	௢௙	௧ఢஐ೟ᇣᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇥே௉௏ݎ/(௧ாௌܥݒ݊ܫ ܥܯܶ(2)   = ∑ (1 + ௧௧ఢஐ೟ି(ݎ ௧஽ீܥݐ݊ܯ)	 + ௧஽ேௌܥݐ݊ܯ + ௖௢௦௧௦	௠௔௜௡௧௘௡௔௡௖௘		௢௙	௧ாௌ)ᇣᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇥே௉௏ܥݐ݊ܯ +																																		(1 + ஽்ீܥݐ݊ܯ)்ି(ݎ + ஽்ேௌܥݐ݊ܯ + ௦௧௔௚௘	௔௙௧௘௥	௜௡௖௨௥௘ௗ	௖௢௦௧௦	௠௔௜௡௧௘௡௔௡௖௘	ᇣᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇥே௉௏ݎ/(ா்ௌܥݐ݊ܯ ்     
(3)

ܥܧܶ = ∑ (1 + ௧௧ఢஐ೟ି(ݎ ௧஽ீܥܧ)	 + ௧ௌௌܥܧ + ௖௢௦௧௦	௢௣௘௥௔௧௜௢௡		௢௙	௧ாௌ)ᇣᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇥே௉௏ܥܧ +(1 + ஽்ீܥܧ)்ି(ݎ + ௌ்ௌܥܧ +   (4)	்	௦௧௔௚௘	௔௙௧௘௥	௜௡௖௨௥௘ௗ	௖௢௦௧௦	௢௣௘௥௔௧௜௢௡	ᇣᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇥே௉௏ݎ/(ா்ௌܥܧ

ܥܵܰܧܶ = ∑ (1 + ௧௧ఢஐ೟ି(ݎ ௖௢௦௧௦	௥௘௟௜௔௕௜௟௜௧௬		௢௙	௧ᇣᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇥே௉௏ܥܵܰܧ	 +(1 +   (5)	்	௦௧௔௚௘	௔௙௧௘௥	௜௡௖௨௥௘ௗ	௖௢௦௧௦	௥௘௟௜௔௕௜௟௜௧௬	ᇣᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇥே௉௏ݎ/்ܥܵܰܧ்ି(ݎ

ܥ݅݉ܧܶ = ∑ (1 + ௧௧ఢஐ೟ି(ݎ ௧஽ீܥ݅݉ܧ)	 + ௖௢௦௧௦	௘௠௜௦௦௜௢௡	௧ௌௌ)ᇣᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇥே௉௏ܥ݅݉ܧ +(1 + ஽்ீܥ݅݉ܧ)்ି(ݎ +   ்	௦௧௔௚௘	௔௙௧௘௥	௜௡௖௨௥௘ௗ	௖௢௦௧௦	௘௠௜௦௦௜௢௡	ᇣᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇥே௉௏ݎ/(ௌ்ௌܥ݅݉ܧ
(6)

௧஽ீܥݒ݊ܫ = ∑ ∑ ௥(ଵା௥)ಽ೅೒(ଵା௥)ಽ೅೒ିଵ ௚,௜,௧ݔ)௚,௜ܥܫ −௜ఢఆ೔௚ఢఆ೒ݔ௚,௜,௧ିଵ)	; ௚,௜,଴ݔ	݁ݎℎ݁ݓ = 0  
(7)

௧஽ேௌܥݒ݊ܫ = ∑ ௥(ଵା௥)ಽ೅ೖ(ଵା௥)ಽ೅ೖିଵ ௞,௧ݔ)௞ܥܫ − ௞,௧ିଵ௞ఢఆℓݔ ) +∑ ∑ ௜(ଵା௜)ಽ೅೟ೝ(ଵା௜)ಽ೅೟ೝିଵ௧௥ఢఆ೟ೝ௦௦ఢఆೞೞ ௧௥,௦௦,௧ݔ௧௥൫ܥܫ − ;	௧௥,௦௦,௧ିଵ൯ݔ ݁ݎℎ݁ݓ	 ௞,଴ݔ   ௧௥,௦௦,଴ୀ଴ݔ	݀݊ܽ	0=

(8)

௧ாௌܥݒ݊ܫ = ∑ ∑ ௥(ଵା௥)ಽ೅೐ೞೞ(ଵା௥)ಽ೅೐ೞିଵ ௘௦,௜,௧ݔ)௖ܥܫ −௜ఢఆ೔௖ఢఆ೎ݔ௘௦,௜,௧ିଵ)	; ௘௦,௜,଴ݔ	݁ݎℎ݁ݓ = 0  
(9)

௧஽ீܥݐ݊ܯ = ∑ ∑ ௚ே௜ఢఆ೔௚ఢఆ೒ܥܯ ௚,௜,௧ݔ + ∑ ∑ ௚ா௜ఢఆ೔௚ఢఆ೒ܥܯ ௧஽ேௌܥݐ݊ܯ௚,௜,௧  (10)ݑ = ∑ ௞ா௞ఢఆ೐ℓܥܯ ௞,௧ݑ +∑ ௞,௧௞ఢఆ೙ℓݔ௞ேܥܯ +∑ ௧௥ா௧௥ఢఆಶ_೟ೝܥܯ ௧௥,௦௦,௧ݑ + ∑ ௧௥,௦௦,௧௧௥ఢఆಿ_೟ೝݔ௞ேܥܯ  
௧ாௌܥݐ݊ܯ(11) = ∑ ∑ ௘௦,௜,௧௜ఢఆ೔௖ఢఆ೎ݔ௘௦ܥܯ ௧஽ீܥܧ(12)   = ∑ ௦ߩ ∑ ௪ߨ ∑ ∑ ௚,௜,௦,௪,௧ேܥܱ) ௚ܲ,௜,௦,௪,௧ே௜ఢఆ೔௚ఢఆ೒ +௪ఢఆೢ௦ఢఆೞ ௚,௜,௦,௪,௧ாܥܱ ௚ܲ,௜,௦,௪,௧ா ௧ாௌܥܧ(13)  ( = ∑ ௦ߩ ∑ ௪ߨ ∑ ௦,௪,௧௘௦ߣ ௘ܲ௦,௜,௦,௪,௧ௗ௖௛௘௦∈ఆ೐ೞ௪ఢఆೢ௦ఢఆೞ ௧ௌௌܥܧ(14)   		 = ∑ ௦ߩ ∑ ௪ߨ ∑ ௦,௪,௧చߣ చܲ,௦,௪,௧ௌௌచ∈ఆഒ௪ఢఆೢ௦ఢఆೞ ௧ܥܵܰܧ(15)   		 = ∑ ௦ߩ ∑ ∑ ௜,௦,௪,௧௜ఢఆ೔௪ఢఆೢ௦ఢఆೞߜ௪߭௦,௪,௧ߨ ௧஽ீܥ݅݉ܧ(16)   = ௧ேܥ݅݉ܧ + ௧ேܥ݅݉ܧ      (17)		௧ாܥ݅݉ܧ = ∑ ௦ߩ ∑ ௪ߨ ∑ ∑ ௚ேܴܧ௦,௪,௧஼ைమ௘ߣ ௚ܲ,௜,௦,௪,௧ே௜ఢఆ೔௚ఢఆ೒௪ఢఆೢ௦ఢఆೞ ௧ாܥ݅݉ܧ(18)   = ∑ ௦ߩ ∑ ௪ߨ ∑ ∑ ௚ாܴܧ௦,௪,௧஼ைమ௘ߣ ௚ܲ,௜,௦,௪,௧ா௜ఢఆ೔௚ఢఆ೒௪ఢఆೢ௦ఢఆೞ ௧ௌௌܥ݅݉ܧ(19)   = ∑ ௦ߩ ∑ ௪ߨ ∑ ∑ చௌௌܴܧ௦,௪,௧஼ைమ௘ߣ చܲ,௦,௪,௧ௌௌ௜ఢఆ೔చఢఆഒ௪ఢఆೢ௦ఢఆೞ   (20)

B. Constraints 

The active power balance at each node is enforced by:  ∑ ൫ ௚ܲ,௜,௦,௪,௧ா + ௚ܲ,௜,௦,௪,௧ே ൯௚ఢஐವಸ + ∑ ൫ ௘ܲ௦,௜,௦,௪,௧ௗ௖௛ − ௘ܲ௦,௜,௦,௪,௧௖௛ ൯௘௦ఢஐ೐ೞ +చܲ,௦,௪,௧ௌௌ + ∑ ௞ܲ,௦,௪,௧௜௡,௞ఢ௜ − ∑ ௞ܲ,௦,௪,௧௢௨௧,௞ఢ௜ ௜,௦,௪,௧ߜ	+ =∑ 0.5߮௞,௦,௪,௧௜௡,௞ఢ௜ + ∑ 0.5߮௞,௦,௪,௧௢௨௧,௞ఢ௜ + ௦,௪,௧௜ܦ 	; 	∀߫, ∀߫߳݅  (21) 

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). Eqs. (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 ݓ. The amount of stored energy within the ESS 
reservoir at a given operational time ݓ as a function of the energy 
stored until ݓ − 1 is given by (25). The maximum and minimum 
levels of storages in the operational time ݓ 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, ߟ௘௦ௗ௖௛	is assumed to be 1/ߟ௘௦௖௛. 0 ≤ ௘ܲ௦,௜,௦,௪,௧௖௛ ≤ ௘௦,௜,௦,௪,௧௖௛ܫ ௘௦,௜,௧ݔ ௘ܲ௦,௜௖௛,௠௔௫ (22) 0 ≤ ௘ܲ௦,௜,௦,௪,௧ௗ௖௛ ≤ ௘௦,௜,௦,௪,௧௖௛ܫ ௘௦,௜,௧ݔ ௘ܲ௦,௜௖௛,௠௔௫  (23) ܫ௘௦,௜,௦,௪,௧௖௛ + ௘௦,௜,௦,௪,௧ௗ௖௛ܫ ≤ ௘௦,௜,௦,௪,௧ܧ (24) 1 = ௘௦,௜,௦,௪ିଵ,௧ܧ + ௖௛,௘௦ߟ ௘ܲ௦,௜,௦,௪,௧௖௛ − ௗ௖௛,௘௦ߟ ௘ܲ௦,௜,௦,௪,௧ௗ௖௛ ௘௦,௜,௧ݔ௘௦,௜௠௜௡ܧ (25)  ≤ ௘௦,௜,௦,௪,௧ܧ ≤ ௘௦,௜,௦,௪బ,்ଵܧ ௘௦,௜௠௔௫ (26)ܧ௘௦,௜,௧ݔ = ௘௦,௜,௦,௪భ,௧ାଵܧ ௘௦,௜௠௔௫ (27)ܧ௘௦,௜,்ଵݔ௘௦ߤ =  ௘௦,௜,௦,ௐ,௧ (28)ܧ

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 ݖ௘௦,௜,௦,௪,௧௖௛ , and ݖ௘௦,௜,௦,௪,௧ௗ௖௛ , which replaces the bilinear products in each constraint, is 
introduced such that the set of linear constraints in (29) and (30) hold. 
For instance, the product ܫ௘௦,௜,௦,௪,௧ௗ௖௛  ௘௦,௜,௧ is replaced by the positiveݔ
variable ݖ௘௦,௜,௦,௪,௧ௗ௖௛ . Then, the bilinear product is decoupled by 
introducing the set of constraints in (29) [20]. ݖ௘௦,௜,௦,௪,௧ௗ௖௛ ≤ ௘௦,௜,௦,௪,௧ௗ௖௛ܫ௘௦௠௔௫ݔ ; ௘௦,௜,௦,௪,௧ௗ௖௛ݖ ≤ ;	௘௦,௜,௧ݔ ≤௘௦,௜,௦,௪,௧ௗ௖௛ݖ ௘௦,௜,௧ݔ − ൫1 − ௘௦,௜,௦,௪,௧ௗ௖௛ܫ ൯ݔ௘௦௠௔௫ (29)

Similarly, the product ܫ௘௦,௜,௦,௪,௧௖௛  ௘௦,௜,௧is decoupled by including theݔ
following set of constraints: ݖ௘௦,௜,௦,௪,௧௖௛ ≤ ௘௦,௜,௦,௪,௧௖௛ܫ௘௦௠௔௫ݔ ; ௘௦,௜,௦,௪,௧௖௛ݖ ≤ ;	௘௦,௜,௧ݔ ≤௘௦,௜,௦,௪,௧௖௛ݖ ௘௦,௜,௧ݔ − ൫1 − ௘௦,௜,௦,௪,௧௖௛ܫ ൯ݔ௘௦௠௔௫ (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. 

௚ܲ,௜,௦,௪,௧ா,௠௜௡ ௚,௜,௧ݑ ≤ ௚ܲ,௜,௦,௪,௧ா ≤ ௚ܲ,௜,௦,௪,௧ா,௠௔௫ ௚,௜,௧ (31) ௚ܲ,௜,௦,௪,௧ே,௠௜௡ݑ ௚,௜,௧ݔ ≤ ௚ܲ,௜,௦,௪,௧ே ≤ ௚ܲ,௜,௦,௪,௧ே,௠௔௫  ௚,௜,௧ (32)ݔ

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 ௚ܲ,௜,௦,௪,௧௠௔௫  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 ௚ܲ,௜,௦,௪,௧௠௔௫ 	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. ݔ௞,௧ ≥ ௚,௜,௧ݔ		;௞,௧ିଵݔ ≥ ;௚,௜,௧ିଵݔ ௘௦,௜,௧ݔ	 ≥ ௘௦,௜,௧ିଵ (33)ݔ

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 1 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.  

 
 

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

TABLE I. RESULTS OF RELEVANT VARIABLES FOR DIFFERENT CASES 

Cases* 
Total cost 
(TC) (k€) 

Energy supplied 
by RES and ESS 

(%) 
Total cost of 
losses (k€) 

Total cost of 
unserved 

power (k€) 

Total installed size 
(p.u.) 

Wind Solar ESS
1 45447.91 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 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 
at nodes 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 I. 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. 

  
 

Fig.  2 Optimal placement and size of DGs under different cases. 
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Fig.  3 Average voltage profiles in the system under different cases. 

 
Fig.  4 Optimal locations of DGs and ESSs under Case 6 (Opened switches 28-

29, 8-21, 9-15, 18-33, 12-22). 

 
Fig.  5 Total system losses profile. 

 

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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