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Abstract 8 

The widespread increase of electric vehicles sales forces Distribution System Operators to evaluate 9 

and improve the capability of the distribution system to host distributed charging infrastructures. This 10 

paper suggests a procedure to identify grid reinforcements to increase the capability of the system as 11 

well as to evaluate the current hosting capacity. The developed procedure is based on a micro-genetic 12 

algorithm and its solution identifies the optimal grid reinforcements to be planned on a Medium 13 

Voltage network in order to increase the number of charging stations that can be connected. The 14 

procedure requires the model of the network, the yearly load profiles of the secondary substations 15 

and the algorithm output takes into account an envisioned budget to be spent, avoiding network 16 

violations and an iniquitous distribution of the charging stations. The procedure was firstly validated 17 

considering a 70 nodes test network. Furthermore, the real case study of the distribution system of 18 

the city of Terni was assessed focusing on one of its main subnetwork with 471 nodes; the procedure 19 

was exploited to assess the current hosting capacity and to estimate that on average 0.01 M€ has to 20 

be spent on grid reinforcements in order to further increase hosting capacity.  21 
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 24 

Acronyms 25 
µGA  micro Genetic Algorithm 26 

BEV   Battery Electric Vehicle  27 

CS  Charging Station 28 

DS  Distribution System 29 

DSO  Distribution System Operator  30 

EM  Electric Mobility 31 

EV  Electric Vehicle 32 

GR  Grid Reinforcement 33 

HC  Hosting Capacity 34 

PHEV  Plug-in Hybrid Electric Vehicle 35 

PS  Primary Substation 36 

SS  Secondary Substation 37 

V2G  Vehicle to Grid 38 

 39 

 40 

Sets and indices 41 

c   index of analyzed critical timestamp, used as a subscript 42 

d  index of grid district, running from 1 to ND, used as a subscript 43 

f   index of grid feeder, running from 1 to NF, used as a subscript 44 

h   index of individual of the population, running from 1 to NH, used as a subscript 45 

i   index for SS, running from 1 to NSS, used as a subscript 46 

𝑗    index of grid branches, running from 1 to NJ, used as a subscript 47 

k   index of grid nodes, running from 1 to NK, used as a subscript 48 

t      index for timestamps, running from 1 to NT, used as a subscript 49 

w   index of main loop iteration, running from 1 to NW, used as a subscript 50 

 51 
 52 

Parameters 53 

B0  maximum budget for grid reinforcements (€) 54 

CS€/km  unitary cost of 1 km line upgrade (€/km) 55 

CS€/TR  unitary cost of transformer replacement (1/€) 56 

CSi
max  maximum number of CSs allowed in SS i 57 

CSi
trf  maximum number of CSs allowed in SS i in case of transformer replacement 58 

CSd
min  minimum number of CSs to be installed in the d-th district 59 

Dd,i  coefficient of district assignment 60 

F0   penalty factor defined in the objective function 61 

Sj  rated power of the branch j (MVA) 62 

Si
trf  rated power of the transformer of the SS i (MVA) 63 

Smax  rated power of the transformer for the SS upgrade (MVA) 64 

Sup  rated power of the line for the branch upgrade (MVA) 65 

PCS  CS rated power (MW) 66 

PLTOT,h  total power losses for individual h (MW) 67 



 68 

Variables 69 

CSTOT,h  total number of installed CSs according to an individual solution h 70 

Ctot,h  total costs assigned to an individual of the µGA 71 

Lf,h total length of the branches that belong to a feeder to be upgraded according to the 72 

solution and do not have adequate voltage insulation (km) 73 

Lb,h  total length of the branches to be upgraded according to the solution (km) 74 

CSi   number of CSs at SS i  75 

CSd
min  minimum number of CSs in the district d 76 

𝑁𝑇𝑅,ℎ  number of transformers to be upgraded according to the solution 77 

𝑁𝑡,𝑤  number of critical timestamps identified during iteration w 78 

OA,h  number of current violations for individual h 79 

OD,h  number of violations on minimum amount of CS per district for individual h 80 

OV,h  number of voltage violations for individual h 81 

Pt
ovr  total overload in the grid in timestamp t (MVA) 82 

Pi
md  active power exchanged at the substation i (MW) 83 

pb,h  binary number that evaluates budget violations in the fitness function for individual h 84 

Qi
md  reactive power exchanged at the substation i (Mvar) 85 

Sc,j  apparent power flow in critical timestamp c along branch j (MVA) 86 

ts   critical timestamps 87 

tsel   most critical timestamp of the network 88 

𝑡𝑠̅𝑒𝑙  list of the most critical timestamps 89 

tsel,i   timestamp of the peak power at SS i 90 

Vc,k  voltage of the k node in critical timestamp c (p.u.) 91 

 92 

1 Introduction 93 

In recent years, the widespread use of EVs is continuously growing as well as their market share of 94 

the annual selling [1]. In 2022, global BEVs + PHEVs sales increased by 55% in comparison with 95 

2021, whereas the global market of vehicles increased by 4.6%, moreover the market share increased 96 

from 8% in 2021 to 13% in 2022. This market trend has been also supported by monetary incentives 97 

provided by governments with the aim to reduce carbon footprint and urban pollution. Regarding EU 98 

members, 17 over 27 countries introduced monetary incentives for EV purchasing; moreover, tax 99 

benefits are also available in 26 countries [2]. 100 

In the smart grid context, e-mobility is going to play an important role, and the public EV charging 101 

stations penetration on the MV/LV distribution networks should be planned, designed and managed 102 



correctly. Considering the increasing EV penetration in the market, many research papers were 103 

devoted to plan the EV integration in the distribution networks. In [3], it can be found a survey of the 104 

most recent reviews about integration of EVCS within distribution networks, which highlights that 105 

main literature concerns are the optimal placement of the CS and the smart management of the 106 

charging session. Reference [4] reports the most recent contributions about the optimal placement of 107 

CS: according to this review, many works evaluate CS placement even considering DSO constraints 108 

and goals, nevertheless less interest is given to the evaluation of the maximum network capability to 109 

host new CS. Reference [5] presents a technical evaluation model to address the maximum ability of 110 

the system to serve EV demand as well as adjusting the impact of EV load on total system profile. 111 

Reference [6] presents a case study of the impact of EV charger load on the capacity of two 112 

transformers in the Toronto distribution network; a worst-case scenario is assumed when all houses 113 

of the neighbourhood simultaneously charge their EVs during the summer and winter peak load hour. 114 

Reference [7] assess the maximum number of EVs that could circulate in a district considering the 115 

physical limits of the MV distribution network. Reference [8] identifies the network reinforcements 116 

to be applied for hosting a higher number of CS, exploiting existing distribution planning models 117 

based on heuristic algorithms together with a geographic information system. Reference [9] reports a 118 

deterministic approach able to identify a uniform distribution of EV loads across the nodes of an 119 

existing Low Voltage distribution network considering minimum and maximum network loading 120 

conditions.  121 

Regarding the network capacity to host new CSs, main drivers to be taken into account are: overloads 122 

of transformers and feeders, voltage magnitude deviations (undervoltages with respect to the nominal 123 

voltage); indeed, these are also the constraints frequently enforced in optimal location problems, as 124 

surveyed in [4]. However, the impact of the installation of new CSs could be evaluated even 125 

considering other power quality aspects, as in [10] which uses voltage and load unbalances. Hosting 126 

capacity may also be influenced by the number of renewable sources (distributed generation 127 

connected to the network) and by the usage of energy storage systems; some related works are in 128 



reference [11] which highlights that literature is fully aligned assessing that EVs can increase the 129 

amount of renewable energy that can be connected while reducing the negative consequences for the 130 

grid. In addition, reference [12] collects the contributions about the integration of distributed 131 

generators and EV, highlighting that the main open issues are related to the operation of CS; notably 132 

in respect of V2G implementation. 133 

With regards to HC assessment, studies are conducted considering test networks [13] as well as real 134 

and existing DSs [6]. Assessment of DSs hosting capacity is mainly done either in a deterministic 135 

[13], [6], [7], or in a probabilistic way [8] – [9], some comparisons are also shown in [14] – [15]. 136 

For the work presented in this paper, a DSO point of view is taken into consideration, i.e. HC 137 

assessment is performed on a real MV distribution network and a conservative approach was chosen 138 

since the DSO aim is to reduce the probability of network constraints violation in normal operation. 139 

In such a perspective, a probabilistic evaluation of Charging Station consumption is avoided since 140 

results strictly depend on their probability distributions. These should be validated according to big 141 

historical datasets that are not available since e-mobility is currently under development and datasets 142 

are still not sufficient to get a consolidate framework as it can be already done for residential and 143 

industrial loads of a city. Amongst deterministic assessments, pre-determined network load profiles 144 

and EV charging profiles are often assumed, with the aim to reduce computational burden. For 145 

instance, in [13] two large groups, one for winter and one for summer, of network load profiles are 146 

selected and three different charging periods are possible: 21h00 – 06h00 for a slow charging at home, 147 

18h00 – 21h00 charging on return from work and 10h00 – 16h00 charging in small offices in urban 148 

areas. In [8], typical daily load profiles are selected, whereas in [6] peak winter and summer load 149 

profiles are used; both papers consider the worst-case scenario for EV charging profiles, i.e. all EVs 150 

are simultaneously charging. In this paper, a procedure that takes into account 15-minutes load 151 

profiles during an entire year is presented: differently from [14] - [15], results are obtained by 152 

considering a set of critical timestamps that can iteratively increase; moreover, the results are tested 153 



against a wide set of combinations of load in the DS along with the worst case EV charging profiles 154 

for each SS.  155 

This paper is also focused on identifying Grid Reinforcements (GRs) that optimally increase the HC 156 

(i.e., the number of CSs). In this respect, distribution network planning is not frequently coupled with 157 

the widespread of EV since the majority of research activities were devoted to place CSs on an 158 

existing distribution network. Review [3] surveyed the latest reviews about charging stations planning 159 

and, according to those, network expansion problem for charging infrastructure development is 160 

partially analysed in previous works. In this respect, reference [16] analyses expansion planning of 161 

active distribution networks with multiple distributed energy resources and EV sharing system; it 162 

considers substation and feeder reinforcements and its approach is tested against a 54-nodes 163 

distribution network. Reference [17] uses salp swarm optimization to select most suitable 164 

reconductoring for a real radial DS, minimizing costs of energy losses and investment costs of 165 

conductors constrained by bus voltage limits and branch overloads, a 43 nodes real case study was 166 

used for the assessment. Reference [18] presents a procedure to estimate which feeders and 167 

substations have to be upgraded for hosting a charging infrastructure, the procedure exploits a 168 

decomposition based multi-objective evolutionary algorithm and it was tested against a 25-node test 169 

network. Differently from the above discussed papers, we select the optimal grid reinforcements in 170 

order to maximize the number of CSs installed in the grid without violating any network constraints 171 

and also taking into account a maximum budget available to the DSO. Moreover, the developed 172 

procedure was tested against a real case study with 471 buses, still showing good performances in 173 

comparison with the simulations carried out on an IEEE test network. 174 

Although the HC assessment and reinforcement identification can be solved by exploiting different 175 

techniques, as reported in [19], this paper proposes a procedure based on micro Genetic Algorithm 176 

(µGA). Genetic algorithms have been often used in optimization problems related to distribution 177 

networks, such as network reconfiguration [20] - [21], active network expansion planning [22], siting 178 



and sizing of distributed generation [23], especially when a large number of variables is involved in 179 

the process. In particular, micro Genetic Algorithm initially presented in [24] has shown high 180 

computational efficiency for solving optimization problems in many different fields, as in [25]. Some 181 

research papers have considered the simple Genetic Algorithm for assessing optimal CSs placement: 182 

references [26] and [27] show some expansion planning procedures that exploit Genetic Algorithm 183 

on a 123-bus and a 33-bus DS, respectively; references [28] - [29] adopt the algorithm for placing the 184 

CSs, even if the DS is not considered. This paper exploits the micro Genetic Algorithm that already 185 

was used by the authors in previous works about large power systems [30] – [31], providing good 186 

results. The proposed procedure is tested against a real case study that is more complex than others 187 

already present in the literature.  188 

Therefore, this paper presents a μGA based procedure that allows DSOs evaluating the set of 189 

interventions on a MV distribution network that maximize CSs installation following a conservative 190 

approach (i.e., the DSO perspective). The methodology calculates the maximum amount of CSs that 191 

may be installed in each SS without violating network constraints and the needed set of 192 

reinforcements according to an assigned budget. Moreover, an iniquitous distribution of the charging 193 

stations is avoided by means of an additional constraint that takes into account load density in the 194 

various areas supplied by the DS, the proposed method has in input network characteristics and 195 

topology, as well as the annual load profiles of MV/LV transformers. A µGA was implemented to 196 

assess the maximum HC of the grid and to identify an optimized set of reinforcements that can 197 

effectively increase the HC of the considered distribution network. 198 

Differently from other papers, this work assesses network development for charging infrastructure 199 

considering the DSO’s point view; indeed, the developed procedure leverages datasets (i.e., power 200 

profiles and network characteristics) and inputs (standard cable for line upgrade and its cost) that are 201 

at the DSO’s disposal. Therefore, differently from other papers, this paper does not investigate the 202 

best position of a CS that could optimally satisfy a certain EV demand. In this paper, the first goal is 203 



to evaluate the maximum number of CS that may be installed considering the network as is. In this 204 

paper a SS could host more than one CS, whilst in other works, only one CS is allowed for each SS 205 

and the proposed algorithms are focused on CS optimal placement (i.e., the overall network capability 206 

is not assessed since the main driver is the EV demand). The second goal of the paper is to identify 207 

the most effective interventions that maximize the number of CS that could be installed in the 208 

network, considering both cable and transformer replacement. The whole developed procedure is 209 

finally tested against a large case study. The main contributions of this paper are as follows: 210 

• Proposal of a procedure for network planning focused on maximizing the widespread of CSs, 211 

suitable for the next decades in the European context, in which some barriers of the local 212 

flexibility markets could still limit the DSO participation, as it was recently surveyed in [32]. 213 

• Development of a µGA based procedure which carries out a multi objective optimization 214 

taking into account monetary and geographical constraints for planning the most effective 215 

distribution network reinforcements enabling CSs installation. 216 

• The procedure is tested on the IEEE 70-bus test network and on the real case study of a large 217 

and existing 471-bus DS, exploiting load profiles measured every 15 minutes in one year. 218 

The remainder of the paper is structured as follows. Section 2 illustrates the assumptions for the model 219 

formulation and the developed procedure for estimating HC and the optimized grid reinforcements. 220 

Section 3 summarizes the main features of the IEEE 70 nodes test network and the MV distribution 221 

network of Terni which is the real case study of the paper. Section 4 reports and discusses the results 222 

obtained by the procedure in terms of current HC assessment and of actions able to increase HC. 223 

Section 5 summarizes main conclusions of the paper. 224 

2 Planning Distribution System for Charging Infrastructure 225 

2.1 Main purpose and hypothesis 226 



A recent task for the DSOs is the grid planning for hosting public charging infrastructure: this can be 227 

a hard task since the related computational effort can significantly increase due to the nonlinear power 228 

flow formulation and the huge data analysis required in order to assess the widespread installation of 229 

CSs. The method proposed in this paper aims to provide DSOs a conservative evaluation able to 230 

guarantee the grid sustainability due to the EM penetration and to identify optimal grid interventions 231 

in order to increase HC.  232 

With regard to the hosting capacity evaluation and grid reinforcements identification, the authors 233 

made some important assumptions. Firstly, the focus of the study is the MV distribution grid and it 234 

was assumed as a three-phase system with a meshed structure. Moreover, the grid is radially operated, 235 

as the most common configuration in European DSs. In particular, it was assumed that each HV 236 

busbar of a PS supplies an individual subnetwork, that is therefore analyzed separately without 237 

considering any connections among subnetworks. The definition of subnets allows accelerating the 238 

convergence of the procedure, as well as parallelizing the evaluation for each subnet. The grid 239 

topology is considered fixed, i.e. network reconfigurations are not allowed. With respect to grid 240 

reinforcements, the procedure assesses three types of interventions: branch upgrading, substation 241 

upgrading, and feeder upgrading. The latter intervention is particularly interesting for MV networks 242 

operated at different voltage levels, nevertheless, this reinforcement implies that each branch is 243 

assigned to a feeder according to a standard topology of the grid, insulating voltage of the components 244 

should be also taken into account.  245 

With respect to the public charging infrastructure, CSs are directly connected at LV busbars of 246 

MV/LV transformers in secondary substations (SSs). A constant power consumption profile is 247 

assumed for every CS and it corresponds to its rated power: although this assumption is conservative 248 

(i.e. all installed CSs are simultaneously in operation at the rated power), it certainly ensures that the 249 

DS is always operated without violating any constraints regardless of actual load profiles of CSs. For 250 



this reason, the procedure requires at least hourly load profiles of each SS continuously collected over 251 

one year. 252 

Each timestamp, characterized by different load and generation scenarios, is analyzed independently. 253 

The HC and grid reinforcement are evaluated timestamp by timestamp in order to reduce the 254 

computational effort, that would be high in case of a long period analysis (e.g. one-year network load 255 

profile in a quarter-hour definition). Indeed, this paper suggests a method to lessen the computational 256 

effort of HC evaluations timestamp by timestamp. The main idea is to select an initial timestamp 𝑡𝑠𝑒𝑙 257 

(e.g., the one corresponding to the network peak load) and to identify the grid reinforcements for 258 

maximizing the number of CSs in the selected timestamp 𝑡𝑠𝑒𝑙. The solution is tested against all other 259 

timestamps by means of load flow simulations performed for the entire period of analysis. Then, 260 

timestamps with network constraints violations, hereafter named critical timestamps, are identified. 261 

Amongst critical timestamps, a set of timestamps 𝑡𝑠̅𝑒𝑙 is selected in order to represent additional 262 

meaningful combinations of stressful loads in the network; the resulting set of timestamps 𝑡𝑠̅𝑒𝑙 cannot 263 

be too numerous in order to save calculation time. Indeed, the most critical timestamps 𝑡𝑠 are the ones 264 

during which at least one element has its maximum violation. The optimization is then performed 265 

again considering all the most critical timestamps 𝑡𝑠 identified since the beginning until no critical 266 

timestamps are found, namely the proposed charging infrastructure and network upgrades do not 267 

cause any violations. Adopting this approach, the procedure can manage different sampling times 268 

without adaptation as well as it can process more than one year of data. 269 

Network violations (i.e., overvoltages, undervoltages, component overloads) are not the unique 270 

constraints to be fulfilled by the procedure. Indeed, when grid reinforcements are considered a 271 

maximum budget cannot be overcome by the sum of all interventions, adopting a similar approach as 272 

in [33]. The maximum budget is an external parameter provided by the DSO. Moreover, another 273 

constraint is modelled in order to avoid an iniquitous distribution of the CSs and GR in the 274 

geographical area under consideration. This constraint forces the procedure to deploy a minimum 275 



amount of CSs in a district, which corresponds to a group of SSs close to each other; after defining 276 

districts, a minimum amount of CSs is assigned to each one. Subsection 3.2 explains how this 277 

threshold was calculated for the real case study, nevertheless it is worth pointing out that the 278 

procedure does not aim to optimize the charging infrastructure from a geographical point of view 279 

including traffic flows and human presence density. The rationale behind this constraint is to avoid 280 

areas without a minimum amount of CSs. As it is envisioned in [3], future developments are going to 281 

include also these aspects in the optimization exploiting datasets about traffic flows and human 282 

presence density. 283 

2.2 µGA-based procedure for Grid Reinforcements for hosting charging infrastructure 284 

This subsection describes the developed µGA-based procedure in order to assess the set of grid 285 

reinforcements that maximize the number of installed CSs.  286 

The objective is the maximization of the number of CSs identifying branches, substations and feeders 287 

that have to be upgraded in order to optimally increase the HC. The solution consists of a set of 288 

variables that maximizes the total number of CSs which represent CSs installation and grid 289 

reinforcements and it fulfils a set of constraints. The procedure assesses three types of interventions, 290 

namely: 291 

• branch upgrading: a line section with inadequate ampacity can be increased installing a new 292 

line section with higher performance; therefore, a required input parameter is the ampacity Sup 293 

of the Standard Cable (SC), which is the cable type normally adopted by the DSO when it 294 

upgrades a line; 295 

• substation upgrading: a substation equipped with a transformer of inadequate size can be 296 

increased by installing a new transformer with higher size; therefore, Smax is a required input 297 

parameter since it represents the rated power of the transformer if it is upgraded by the 298 

procedure; 299 



• feeder upgrading: the operating voltage of a whole feeder may be increased; therefore, the 300 

rating power of the branches is consequently increased; this intervention implies that all the 301 

line sections of the feeder with inadequate insulation have to be replaced with new ones with 302 

proper insulation and higher ampacity. It is worth noting that the procedure could evaluate 303 

any number of voltage levels, the feeder upgrade imply that feeder branches are updated to 304 

the maximum voltage level. The maximum voltage level is an external parameter that has to 305 

be provided to the procedure. 306 

Moreover, it is worth mentioning that the optimization technique used for this nonlinear problem 307 

exploits µGA. The µGA is implemented by the authors in the open-source octave environment 308 

exploiting the original formulation available in [34]; moreover, its results are coupled with 309 

MATPOWER, that is used for power flow calculation [35]. In this paper, the algorithm initializes a 310 

random sample of individuals with different variables to be optimized using the evolution via survival 311 

of the fittest. The selection scheme used is tournament selection with a shuffling technique for 312 

choosing random pairs for mating and it is the implementation of the original selection scheme 313 

formulation [34] in the octave environment. The routine includes binary coding for individuals, jump 314 

mutation, creep mutation, and the option for single-point crossover; a restart mechanism with elitism 315 

is also implemented. The variables as well as the number of generations depend on the specific 316 

procedure, as reported in the following. The population size is fixed to NH=10 individuals and the 317 

stopping criterion is adjusted according to every specific evaluation. In this work, the algorithm ends 318 

its evaluation as soon as the maximum number of generations is reached. 319 

 320 



 321 

Fig. 1 – Flowchart of the GR evaluation procedure. 322 

The proposed procedure to evaluate the CS placement and GR is synthetized in the flowchart reported 323 

in Fig.1. At the beginning of the procedure, the grid dataset, the load profiles at each timestamp and 324 

for each node and the PSs and SSs data are loaded in MATPOWER. Firstly, at the iteration 0, µGA 325 
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solves the optimization problem at the timestamp 𝑡𝑠𝑒𝑙 corresponding to the peak load. It is worth 326 

highlighting that the procedure does not depend on the first timestamp under analysis, therefore, if 327 

distributed generation defined a new peak load the procedure result would be still applicable since it 328 

will be tested against all the timestamps. Moreover, the procedure already evaluates the effects of 329 

renewable energy resources since it considers the net flows for each SS. The µGA exploits also grid 330 

interventions and thus each individual has three concatenate sequences of genes, as in [33]: 331 

• the first sequence describes the installation of new CSs, therefore, its length corresponds to 332 

the number of substations that are going to host new CSs (NSS). Each gene value ranges from 333 

0 up to 𝑛𝑖
𝑚𝑎𝑥, which is the maximum allowable number of CSs installed in each SS assuming 334 

that the transformer is upgraded up to the maximum size (i.e., Smax). Thus, 𝐶𝑆𝑖
𝑚𝑎𝑥 is calculated 335 

with (1):  336 

𝐶𝑆𝑖
𝑚𝑎𝑥 = 𝑓𝑖𝑥 ({⌈(𝑆𝑖

𝑚𝑎𝑥)2 − (𝑄𝑖
𝑚𝑑[𝑡𝑠𝑒𝑙,𝑖])

2
⌉

0.5

− 𝑃𝑖
𝑚𝑑[𝑡𝑠𝑒𝑙,𝑖]} /𝑃𝐶𝑆)                    (1) 337 

being PCS the rated power of each CS, and 𝑡𝑠𝑒𝑙,𝑖 the peak power for the substation i. With 338 

respect to the case studies, PCS was set to 50 kW, being one of the most promising solution 339 

for public charging infrastructure [62]. Moreover, the limit of CSs that can be installed without 340 

replacing the transformer is also calculated considering the size already available. This limit 341 

is calculated with (2): 342 

𝐶𝑆𝑖
𝑡𝑟𝑓

= 𝑓𝑖𝑥 ({⌈(𝑆𝑖
𝑡𝑟𝑓

)
2

− (𝑄𝑖
𝑚𝑑[𝑡𝑠𝑒𝑙])

2
⌉

0.5

− 𝑃𝑖
𝑚𝑑[𝑡𝑠𝑒𝑙]} /𝑃𝐶𝑆)                     (2) 343 

Therefore, if the procedure proposes a number of CSs higher than 𝐶𝑆𝑖
𝑡𝑟𝑓

 a transformer upgrade 344 

is required and its effects on costs are considered, considering that 𝐶€/𝑇𝑅 is the unitary cost of 345 

a transformer included as an external parameter of the procedure. 346 

• the second sequence describes the upgrade of the network branches and its length is equal to 347 

the number of branches of the network (NJ). Genes are binary values, 0 implies no branch 348 



upgrading while 1 corresponds to branch upgrading up to a standard section; if the branch is 349 

already adequate the gene value is fixed. The branch upgraded is actually implemented in the 350 

MATPOWER file by updating branch limit as well as line parameters. The related cost is 351 

calculated by multiplying the length of the upgraded branches and the unitary cost of the 352 

standard cable (𝐶€/𝑘𝑚). 353 

• the last sequence of genes regards the feeder upgrading. It is applicable if different voltage 354 

levels are present. The sequence length is equal to the number of feeders (NF) that can be 355 

operated at a higher voltage level; for each feeder the gene is a binary value that can be 0 (i.e., 356 

operating voltage is not increased) or 1 (i.e., operating voltage of the feeder is increased, 357 

implying cable replacement for all the inadequate branches). The branch upgraded is actually 358 

implemented in the MATPOWER file by updating branch limit and line parameters; 359 

furthermore, the base voltage of the buses included in the selected feeder is also increased up 360 

to the maximum voltage level of the DS. The related cost is calculated by multiplying the 361 

length of the upgraded branches and the unitary cost of the standard cable (𝐶€/𝑘𝑚). 362 

The three sequences of genes form the chromosome structure as explained in Table 1. Each gene is 363 

coded in a four-bit string and can assume a value in the range reported in Table 1. During the first 364 

iteration, the first population is initialized with a set of individuals, of which one has the minimum 365 

values for all the genes and other individuals are randomly generated with genes within the prescribed 366 

ranges listed in Table 1; if a new iteration w is activated because of constraints violation in other 367 

timestamps, the solution of the old iteration is used as initial solution for the new iteration. 368 

Table 1 – Structure of the chromosome in µGA for GR procedure. 369 

SS Branch Feeder 

SS1 ... NSS 1 ... NJ 1 ... NF 

[0 𝐶𝑆1
𝑚𝑎𝑥] ... [0, 𝐶𝑆𝑁𝑆𝑆

𝑚𝑎𝑥] [0, 1] .... [0, 1] [0, 1] .... [0, 1] 

 370 



For each generation, the µGA provides a set of 10 individuals that modifies network characteristics 371 

as previously described. For each individual, the network is modified according to the genes, then 372 

MATPOWER is exploited for calculating power flows for all the critical timestamps 𝑡𝑠̅𝑒𝑙 under 373 

analysis. After the power flow calculation, the objective function of the individuals is calculated 374 

considering power flow results and individual genes. In this procedure, a multi-objective function is 375 

implemented; notably, the objectives to be achieved by the solution are here listed in order of 376 

decreasing importance: 377 

• avoiding voltage and current violations on the network, 378 

• avoiding violations on the budget to be spent for reinforcements, 379 

• ensuring the minimum amount of charging stations for each district, 380 

• maximizing the number of CSs in the network, 381 

• minimizing the reinforcements cost, 382 

• minimizing network losses. 383 

Given the defined ranking of importance of the different objectives, the multi-objective function is 384 

formulated so that the individual objective functions are combined into a single composite function, 385 

as in [36]. With respect to the first three objectives, previously enlisted, the objective function has to 386 

be formulated so that these constraints violation always leads to negative values of the fitness. With 387 

respect to the other objectives, weights have to be evaluated so that, in accordance to the order of 388 

importance of the objectives, the installation of one CS increases the fitness more than a cost or losses 389 

reduction. Furthermore, penalties on objective function are considered to take into account the 390 

number of constraint violations. The resulting objective function is: 391 

𝐹ℎ = 𝐶𝑆𝑇𝑂𝑇.ℎ −
𝐶𝑡𝑜𝑡,ℎ

𝐵0+10−6 −
𝑃𝐿𝑇𝑂𝑇,ℎ

∑ 𝑃𝑖
𝑚𝑑𝑁𝑆𝑆

𝑖=0 ∗𝑁𝑡,𝑤

− 𝐹0 ∗ (
𝑂𝑉,ℎ

𝑁𝐾
+

𝑂𝐴,ℎ

𝑁𝐽
+

𝑂𝐷,ℎ

𝑁𝐷
+ 𝑝𝑏,ℎ

(𝑐𝑡𝑜𝑡,ℎ−𝐵0)

𝐵0+10−6 )      (3) 392 

Parameters in (3) are: 393 



• CSTOT,h is the sum of all the CSs envisioned by the solution and is directly calculated from the 394 

genes of the individual; 395 

• Ctot,h is the total cost of the interventions, assessed by the following formula:  396 

𝐶𝑡𝑜𝑡,ℎ =  𝐶 €

𝑘𝑚

∗ (𝐿𝑓,ℎ + 𝐿𝑏,ℎ) + 𝐶 €

𝑇𝑅

∗ 𝑁ℎ        (4) 397 

• B0 is the maximum budget assigned as an external parameter;  398 

• PLTOT,h is the amount of losses for all the timestamps 𝑡𝑠̅𝑒𝑙, evaluated as the fraction of the sum 399 

of the delivered active power; 400 

• the number of voltage violations OV,h is assessed as the number of times the following 401 

inequality is verified: 402 

0.9 < 𝑉𝑐,𝑘  ⋁  𝑉𝑐,𝑘 > 1.1,    ∀ (𝑐, 𝑘) ∈ [𝑡̅𝑠𝑒𝑙]x[1, 𝑁𝐾]                                                                              (5) 403 

𝑉𝑐,𝑘 are nodal voltages calculated by the power flow. OV,h is normalized for the number of 404 

nodes in the network NK; 405 

• the number of current violations OA,h accounts how many times the following inequality is 406 

verified: 407 

𝑆𝑐,𝑗 > 𝑆𝑗 ,     ∀ (𝑐, 𝑗) ∈ [𝑡̅𝑠𝑒𝑙]x[1, 𝑁𝐽]                                                                                                  (6) 408 

It is worth highlighting that Sj would correspond to the new limit Sup if the j-th branch was 409 

upgraded according to the individual chromosome as in Table 1, Sup is an external parameter  410 

provided by the operator. OA,h is normalized for the number of branches NJ:; 411 

• OD,h is the number of violations on minimum amount of CSs per district assessed with the 412 

following formula: 413 

∑ 𝐶𝑆𝑖
𝑁𝑆𝑆
𝑖=0 ∙ 𝐷𝑑,𝑖  ≤ 𝐶𝑆𝑑

𝑚𝑖𝑛     ∀𝑑 ∈ [1, 𝑁𝐷]        (7) 414 



𝐷𝑑,𝑖 is 1 if the substation i is assigned to the district d, it is 0 when other districts are 415 

considered; 𝐶𝑆𝑑
𝑚𝑖𝑛 is the minimum amount of CSs to be installed in the district d. Inequality 416 

(7) is evaluated for all the d districts and OD,h corresponds to the number of times that (7) is 417 

verified; therefore, OD,h can range from 0 (i.e., all the districts requirements are fulfilled) up 418 

to ND (i.e., all the districts do not receive enough CSs); 419 

• violations of the budget are taken into account by pb,h, equal to 1 if the sum of all intervention 420 

costs is less than a budget cap B0, which is an external parameter provided by the operator. 421 

Indeed, the binary parameter is assessed considering the following inequality: 422 

𝐶 €

𝑘𝑚

∗ (𝐿𝑓,ℎ + 𝐿𝑏,ℎ) + 𝐶 €

𝑇𝑅

∗ 𝑁𝑇𝑅,ℎ < 𝐵0        (8) 423 

• F0 is a penalty factor applied to the constraint violations, F0 has to be higher than the maximum 424 

number of allowed CS, notably: 425 

𝐹0 > ∑ 𝐶𝑆𝑖
𝑚𝑎𝑥 ∗ 𝑁𝐷 ∗ 𝑁𝐾 ∗ 𝑁𝐽

𝑁𝑆𝑆
𝑖=0          (9) 426 

According to Fig. 1, the µGA firstly solves the optimization problem for the “iteration 0”. Inside the 427 

µGA, individuals are compared applying the sorting order previously described until the 428 

identification of the best individual which leads to the most desirable solution among those proposed 429 

along the generations. When µGA ends, the proposed solution is then checked against the remaining 430 

timestamps considering network interventions enforced by the procedure. In particular, if there are 431 

no violations of network constraints, the solution is accepted and the procedure ends. Otherwise, the 432 

set of most critical timestamps is enlarged by concatenating the violations calculated at the end of 433 

this iteration, the µGA is called again to optimize GR and CSs location against a larger set of 434 

timestamps, 𝑡𝑠̅𝑒𝑙. When no critical timestamps are identified, the main loop ends and the solution of 435 

the last iteration is the global solution of the procedure. 436 

The presented procedure was developed for evaluating grid reinforcements, nevertheless it can be 437 

also exploited for estimating HC simply by assuming that a nihil budget is assigned. Considering 438 



Table 1, the gene values associated to branches and feeders can be set equal to zero, as well as the 439 

limit of SSs genes can be calculated according to equation (2). This slight modification can certainly 440 

increase µGA efficiency nevertheless it is not mandatory since the presented procedure is able to 441 

evaluate HC for the network as is only forcing a nihil budget. 442 

3 Case Study 443 

This section presents the main features of the case studies that were adopted in order to achieve two 444 

main goals. First objective was to test the proposed procedure, the second objective was to identify 445 

some interesting results about the deployment of a public charging infrastructure in a distribution 446 

system. Two case studies were analyzed, the first case study is a 70 nodes IEEE test network whilst 447 

the second is the real case study of a 471 nodes network which is the main subnetwork of the 448 

distribution system of the city of Terni. The first case study was used to identify the main features of 449 

the procedure as well as to define a benchmark against a standard case study. In addition, a real case 450 

study was added to understand the behavior of the procedure when a more complex system is under 451 

evaluation; results will be exploited by the local Distribution System Operator for increasing 452 

awareness about the minimum charging infrastructure that the network could host, moreover the 453 

selected grid reinforcements will be a part of the DSO development plan. 454 

3.1 IEEE test network 455 

The selected case study is a 70 nodes IEEE network that emulates a distribution network [37]. 456 

Moreover, the standard IEEE yearly load profile available in [38] was chosen and assigned to the 457 

nodes in order to scale the assigned active and reactive powers of the nodes. The rated voltage of the 458 

network is 11 kV and the network has a radial configuration as it is reported in Fig. 2a. Rated currents 459 

of the branches and transformer size are not included in the test network, but since they are required 460 

by the procedure it was necessary to evaluate the following parameters: 461 

- Sj which are the branch limits for the network as is, 462 

- 𝑆𝑖
𝑡𝑟𝑓

 which is the rated power of the transformers, 463 



- Sup which is the new branch limit if it is upgraded by the procedure, 464 

- Smax which is the rated power of the transformer if it is upgraded by the procedure. 465 

With respect to the cable limits Sj, type 1 and 2, whose main characteristics are reported in Table 2, 466 

were selected. Considering the maximum current calculated by power flow simulations, type 2 was 467 

assigned to a branch if its maximum current is higher than 70 A. Moreover, using line resistance 468 

values, length was assigned to each branch, with a resulting total network length of 84.7 km, average 469 

branch length of 1.1 km, maximum branch length of 2.95 km. In this case study, all the lines were 470 

considered inadequate, therefore all of them could be replaced by the procedure with type 3 cable; 471 

therefore, Sup was set equal 6.7 MVA. 472 

 473 

Table 2 – Cable characteristics assigned to IEEE test network. 474 

Cable Type Copper Cross Section 

(mm2) 

Conductor Resistance 

(Ω/km) 

Rated current (A) Rated power 

(MVA) 

1 25 0.929 150 A 2.858 

2 50 0.495 200 A 3.810 

3 150 0.198 350 A 6.668 

 475 

With respect to secondary substations, a transformer size was assigned based on the loads assigned 476 

by the test network. In particular, applying a random coefficient between 1.1 and 2.5 to the maximum 477 

load, the nearest transformer size was selected among 50, 100, 250, 400 and 630 kVA. For this case 478 

study, the needed input for equation (1) Smax was set equal to 630 kVA. 479 

Four main districts were identified according to the network graph and each substation is assigned to 480 

a district. The main rationale behind district identification is to ensure a minimum amount of EVCS 481 

in all the zones; in particular, for the case study each district has to connect at least 20 EVCS, 482 

nevertheless this limit can change among the districts according to the needs of the EVCS manager 483 

and DSO. The SSs were assigned to the districts considering the meshed configuration (Fig. 2b); 484 

while the simulations were carried out considering only radial topology reported in Fig. 2a. The 485 

district assignment was manually defined assuming that geographical issues and network operation 486 



are decoupled problems. This could happen assuming that feeders are orthogonal to the main 487 

dimension of the districts, defined in the premises of some main streets or main points of interest. 488 

Finally, it is worth highlighting that the radial configuration of the system is preserved since the genes 489 

related to branches have only effects on the ampacity (Table 1). 490 

 491 

  492 

 493 

Fig. 2 – IEEE 70 nodes network graph and nodes distribution among the districts. a) radial 494 

configuration, b) meshed configuration. 495 

3.2 Real case study 496 

The case study of this paper regards the MV distribution system of Terni, a city in the center of Italy 497 

with about 110,000 inhabitants. Terni has three important industrial hubs, covering the business of 498 

stainless steel production, chemical industries and renewable energy sector. The DS supplies 65,000 499 

users, of which about 55,000 are residential ones; about 390 GWh are consumed every year [39]. The 500 

distribution grid is owned and managed by ASM Terni S.p.A. by means of its business unit TDE, 501 

which operates as DSO of the city. The distribution grid is connected to the Italian HV transmission 502 

network by means of three PSs: each PS supplies one radial MV subnetwork, but only the largest 503 

subnetwork of the three was considered in this paper for several reasons. Indeed, the selected 504 

subnetwork is the widest subnetwork, supplies more than 40% of the SSs and absorbs 45% of the 505 

total energy yearly withdrawn by the overall DS from the Transmission System. The selected 506 

a) b) 

• 1st District 

• 2nd District 

• 3rd District 
• 4th District 



subnetwork has 471 nodes, 470 branches and 270 SSs that could host CSs; the single line diagram is 507 

reported in Fig. 3.  508 

 509 

Fig. 3 – Single line diagram of the MV network under study. 510 

 511 

The SSs are equipped with MV/LV transformers with standardized rated powers of 40, 50, 63, 100, 512 

160, 200, 250, 315, 400, 630 kVA. Fig. 4 reports in blue bars the rated power distribution of the 270 513 

MV/LV transformers; moreover, the maximum of the daily mean load for each transformer typology, 514 

calculated during year 2019, is reported. 515 

 SS – 20 kV 

 SS – 10 kV 

 Transmission/ Distribution connection point 

 MV/MV Transformer (20 / 10 kV) 

 1 



 516 

Fig. 4 – Frequency of the transformer size in the SSs and average maximum load. 517 

 518 

It is worth reporting that the MV network is operated using two different voltage levels, namely 10 519 

kV and 20 kV, for this reason the DS comprises three MV/MV transformers. In particular, in the 520 

selected subnetwork 86% of the overall subnetwork length (i.e., 580 km) consists of feeders operated 521 

at 10 kV, but only 13% of this part has still a rated insulation equal to 10 kV.  522 

Similarly to the previous subsection, it was necessary to define the input parameters for the procedure, 523 

notably Sup and Smax. According to the DSO standards, the new cable has 355 A as rated current, 524 

whilst the standard size for transformer upgrade is 630 kVA. If a branch has already a 355 A ampacity, 525 

it is not eligible for upgrading; considering the 355 A threshold, 53% of the network length is eligible 526 

for the upgrade having still a lower ampacity. 527 

With respect to the district definition, the geographical coordinates of the SSs were exploited to define 528 

the constraints to be included in the objective function. This dataset was firstly considered to define 529 

the border of the area supplied by the subnetwork. Secondly, 19 points of interest were defined in this 530 

area according to the knowledge of the territory. Each point of interest defines a district, and SSs are 531 

assigned to that district according to the shortest path among the distances calculated between a SS 532 

and a point of interest. This geographical analysis can be found in Fig. 5. Moreover, it was defined 533 

the minimum amount of CSs that the solution has to provide for each district. These thresholds were 534 



assigned to the district in proportion to the population. It has been assumed that such thresholds are 535 

inputs of the developed procedure, that could be calculated by an external algorithm that takes into 536 

account the decisions of private owners about CSs location and frequency of usage exploiting traffic 537 

flows and human presence density. 538 

Finally, simulations were carried out using load profiles recorded every 15 minutes from 270 SSs 539 

during 2019, namely, each profile provides 35040 samples of active and reactive power.  540 

 541 

Fig. 5 – District distribution in the city supplied by the subnetwork, circle size is proportional to the 542 

number of SSs assigned to that district. 543 

4 Results 544 

This section reports the results of the procedure when it is applied on the case studies presented in the 545 

previous section; 2 scenarios are presented for each case study, notably hosting capacity assessment 546 

and evaluation of the grid reinforcements. Given that the procedure is based on a heuristic algorithm, 547 

many executions would be required in order to increase statistical significance of the results. This 548 

section presents the results gathered after 10 executions in order to assess average behaviour of the 549 

procedure. It is worth mentioning that if an operator wanted to exploit the procedure for its 550 

development plan; more executions would be needed. In particular, the following subsections include 551 



details about the solutions that provide the maximum amount of CSs. It is worth reporting that each 552 

population of the µGA has 10 individuals since this amount provided the best performances for the 553 

test network; moreover, adopting an approach similar to [39], the stopping criteria are enforced if a 554 

maximum number of generations is achieved or if the number of CS does not increase after a certain 555 

number of generations, that it is set equal to 20% of the maximum number of generations.  556 

4.1 IEEE test network 557 

This subsection presents results obtained by the procedure applied to the IEEE test network described 558 

in Section 3.1. Two main scenarios were carried out using the parameters reported in Table 3. 559 

 560 

Table 3 – Parameters used for the simulations of the IEEE test network. 561 

 
Scenario ID 

1.1 2 

Maximum number of generations 25,000 25,000 

Budget limit 0 € 1 M€ 

CSs threshold for each district 6 20 

𝐶€/𝑘𝑚 N/A 100 k€ 

𝐶€/𝑇𝑅  N/A 15 k€ 

 562 

The first scenario (i.e., Scenario 1.1) was carried out enforcing a nihil budget that can be used for the 563 

equipment upgrade. Considering the average values of the results of the 10 executions of the 564 

procedure, the test network can host 66.6 CSs. Considering the distribution of CSs among districts, 565 

17, 25.6, 19.6 and 4.3 CSs are installed, respectively. 566 

Focusing on the execution that leads to the maximum amount of the CSs (i.e., 67), detailed results 567 

are provided by Fig. 6 which reports the number of CSs for each substation of the test network. The 568 

graph includes also the limits in terms of allowed CSs calculated according to the maximum load and 569 

the transformer size, as in equation (2). Fig. 6 highlights that this solution envisions the installation 570 

of 5 CS per node at most, 0.9 CSs on average. 571 



With respect to the performance of the algorithm, the fitness trend versus the number of generations 572 

is reported in Fig. 7 (a) and (b). The high negative values are due to F0 assessed with the formulas 573 

(9); indeed, negative values represent that some violations are still present. Indeed, up to about 1,500 574 

generations, the solutions proposed by the procedure are not acceptable because of constraint 575 

violations (negative fitness values are obtained and reported in Fig. 7 (a)), nevertheless the fitness 576 

increases as soon as the number of violations is reduced as it is reported in Fig. 7 (b). Finally, 577 

considering all the simulations and the last iterations of the procedures, it is worth reporting that 578 

11,065 generations are required on average before the algorithm stops. 579 

 580 

 581 

Fig. 6 – CSs distribution in the test network in Scenario 1.1. 582 

 583 



   584 

(a)                                                                (b) 585 

Fig. 7 – Evolution of the fitness of the best individual along the generations (Scenario 1.1) (a) 586 

complete trend; (b) zoom on the positive fitness values. 587 

 588 

Scenario 1.2 concerns the identification of the grid reinforcements. Reporting the average values 589 

obtained for the results of the 10 procedure executions, 154.6 CS can be installed in the distribution 590 

network. On average, the overall cost is 0.975 M€, whereas the average cost per CS is about 0.006 591 

M€. Regarding the distribution of charging stations in the districts, the minimum threshold is 592 

successfully achieved and 37.3, 61.3, 29.3 and 26.6 CSs are assigned to each district, respectively. 593 

The best solution envisions the installation of 168 CSs, it requires the replacement of 6.97 km of lines 594 

and 17 transformers; namely, spent budget is 0.867 M€ whilst unitary cost for CS installation is 0.005 595 

M€). A detailed focus on these results are also provided by Fig. 8 which reports the number of CSs 596 

for each node of the test network. The graph includes also the limits in terms of allowed CSs 597 

calculated according to the maximum load and the transformer size. Two limits are reported, one 598 

calculated using (2), the other one (i.e., the red indent upon the bar) calculated by (1) considering the 599 

transformer upgrade suggested by the algorithm. According to Fig. 8, the transformer upgrade 600 

corresponds to the average installation of 3.2 CSs in addition to those already allowed by the initial 601 

transformer size. Considering the impact of transformer upgrades and line reconductoring on hosting 602 



capacity, a good balance can be noted: the cable replacement directly enables installing 70 CSs, (i.e., 603 

41% of the CSs installed according to the solution) without considering the transformer upgrade. 604 

Considering costs, the cable replacement has a higher share, involving 80.3 % of the spent budget. 605 

 606 

Fig. 8 – CSs distribution in the test network and transformer upgrade (Scenario 1.2). 607 

 608 

Fig. 9 shows the trend of the fitness function versus the number of generations for the procedure 609 

execution that provides the maximum number of installed CSs. The graph does not report negative 610 



values of the fitness function for the sake of clarity even if they are achieved during the first iteration 611 

of the procedure. The procedure stops on average after 10,552 generations, even before than in 612 

Scenario 1.1: this is a reasonable finding since the procedure is generalized for network 613 

reinforcements that are not allowed in Scenario 1.1. 614 

 615 

 616 

Fig. 9 – Evolution of the fitness of the best individual along the generations (Scenario 1.2).  617 

 618 

Finally, by comparing results of the 2 simulated scenarios it can be noted that Hosting Capacity is 619 

more than 2 times higher in case of network reinforcements. Considering the best solutions and noting 620 

that 67 CSs could be installed without investments, additional 101 CSs would be installed with an 621 

actual unitary cost of 0.008 M€/CS (i.e., more than 1.5 times higher than the unitary cost estimated 622 

in the Scenario 1.2). 623 

4.2 Real case study 624 



Main parameters of the simulations on the real MV network are reported in Table 4. 625 

 626 

Table 4 – Parameters used for the simulations of the real network. 627 

 Scenario ID 

Scenario 2.1 Scenario 2.2 

Maximum number of generations 50,000 50,000 

Budget limit 0 € 5 M€ 

𝐶€/𝑘𝑚 N/A 130 k€  

𝐶€/𝑇𝑅  N/A 10 k€ 

 628 

A first set of simulations was carried out in order to assess the CSs placement without GR, enforcing 629 

a nihil budget: in this case, the procedure envisions the average installation of 223 CSs in the network. 630 

Taking the solution that provided the maximum amount of CSs, 238 CSs can be installed in the 631 

network as is. Focusing on the last iteration of the procedure, the trend of the fitness function is shown 632 

in Fig. 10. It is worth noting that the evaluation stops after 50,000 generations and the constraint 633 

fulfilment requires some generations to be achieved; this part of the trend is not reported since it is 634 

negligible. Moreover, Fig. 11 shows the geographical distribution of the CSs among districts and 635 

highlights that the number of installed CSs is often equal to the thresholds. Based on these results, it 636 

can be stated that it is possible to install in the current network a number of CSs that satisfies the 637 

minimum amount required by all supplied areas. 638 

 639 



 640 

Fig. 10 – Evolution of the fitness of the best individual along the generations (Scenario 2.1). 641 

 642 

 643 

Fig. 11 – Minimum amount of CSs assigned to the districts (blue circles) and amount of CSs placed 644 

by the solution in Scenario 2.1 (red circles). 645 

 646 



Results of Scenario 2.2 show that 587 CSs can be installed on average in the distribution network and 647 

the average overall cost is 4.6 M€, with an average unitary cost for the installation of one CS of 0.007 648 

M€. However, the solution which provides the maximum number of installed CSs (i.e., 624) envisions 649 

the replacement of 84 SSs (1.26 M€), the upgrade of 5 feeders and the replacement of 10 branches, 650 

with an overall length of line sections to be upgraded equal to 25.5 km (the associated cost is 3.25 651 

M€). The distribution of SSs in respect of the amount of CSs that could be host is shown in Fig.11: it 652 

can be noted that the algorithm heavily exploits the upgraded transformers by placing more than 6 653 

CSs in 18% of the SSs, whilst only 6% of the initial SSs could host 6 CSs; moreover, 84% of new 654 

CSs are installed in the upgraded SSs.  655 

 656 

 657 

Fig. 12 – Distribution of SSs according to the number of CSs installed by the procedure (Scenario 658 

2.2). 659 

 660 

Fig. 13 shows the limit of each district as well as the number of CSs installed in the solution. It can 661 

be noted that the minimum requirement is often overcome. Results highlight that the enforced limit 662 

can be easily achieved by leveraging the envisioned budget; nevertheless, a higher limit could be also 663 



assessed in the objective function if a more detailed dataset of geographical information was 664 

available. 665 

 666 

 667 

Fig. 13 – Minimum amount of CSs assigned to the districts (blue circles) and amount of CSs placed 668 

by the solution in Scenario 2.2 (red circles). 669 

 670 

Considering the last iteration of the procedure, Fig. 14 reports the evolution of the fitness function 671 

when the simulation provided the maximum number of CSs. Differently from the previous Scenario, 672 

the algorithm easily satisfies the constraints during the initial iterations, namely, the amount of 673 

generations which provide negative values is negligible. The algorithm stops since the maximum 674 

number of generations is achieved. 675 



 676 

Fig. 14 – Evolution of the fitness of the best individual along the generations (Scenario 2.2). 677 

 678 

For the sake of completeness, Fig. 15 reports the daily load profiles in the subnetwork for the days of 679 

the critical timestamps (i.e., the red stars in Fig. 15) assessed during the last iteration of the procedure 680 

when the maximum number of CSs is achieved. It is worth noting that the identified 11 critical 681 

timestamps belong to nine different days of the year: five of them are winter days, the remaining four 682 

are summer days. Moreover, the critical timestamps could be classified according to the daytime; 2 683 

are in the early morning, 4 in the morning, 2 in the afternoon and 3 in the evening. As expected, 684 

various sets of load combinations were evaluated to identify the grid interventions that maximize the 685 

number of CSs without causing any network violations in all timestamps. This set includes 686 

heterogenous load combinations during the year even if such variety is not enforced by the procedure. 687 



 688 

Fig. 15 – Set of critical timestamps identified during the procedure iterations (red stars) and daily 689 

load profiles in the subnetwork related to these critical timestamps for Scenario 2.2. Numbers in the 690 

legend are referred to the timestamps in a year from 1st of January until 31st of December, sampled 691 

every 15 minutes 692 

 693 

In order to compare the results obtained for the 2 scenarios, Fig. 16 reports the distribution of the SSs 694 

in the 2 scenarios considering the maximum number of the installed CSs. Very different distributions 695 

are evidenced, mainly due to the installation of new transformers that significantly increases the 696 

allowed amount of CSs. Regarding the costs and noting that 238 CSs could be installed without 697 

investments, 4.5 M€ would be actually required for additional 386 CSs resulting in an unitary cost 698 

equal to 0.01 M€/CS. 699 

 700 



 701 

Fig. 16 – Distribution of the SSs with respect to the number of installed CSs in Scenario 2.1 and 702 

Scenario 2.2. 703 

 704 

5 Conclusion 705 

This paper presents a µGA-based procedure that evaluates the optimal grid interventions on a MV 706 

distribution network in order to allow the wide installation of charging stations; moreover, the 707 

procedure can evaluate the hosting capacity considering the network as is. A 70-bus test network and 708 

an existing 471-bus distribution system were used as case studies to evaluate the procedure.  709 

The developed procedure can certainly support network expansion planning since its main inputs are 710 

the model of the distribution network and the load profiles recorded at each secondary substation, 711 

namely the procedure exploits datasets that are usually at the disposal of the operator and does not 712 

require any additional measurement campaigns. Moreover, the simulations of the real case study show 713 

that the proposed procedure is able to deal with quite complex systems addressing a multi objective 714 

analysis. In this respect, the suggested iterative approach based on the set of critical timestamps allows 715 

the analysis of a large number of load profiles in a sufficiently long-time horizon, without impairing 716 

execution times.  717 



Considering the results based on the real test case, it was estimated that the installation of a new 718 

charging station requires about 0.01 M€, assuming that the current hosting capacity is entirely 719 

exploited. When grid reinforcements are considered, transformer replacement is the most effective 720 

intervention since 84% of new CSs are installed in the upgraded SSs and it requires only 27.5% of 721 

the spent budget. Moreover, the limit enforced about the minimum amount to be provided to the 722 

districts did not disrupt procedure flow since it was easily achieved in both simulated scenarios; 723 

notably, the thresholds were often overcome by the identified solutions. For this reason, further 724 

investigations will be carried out refining this input considering also the traffic flows and human 725 

presence density. These aspects are generally considered by different procedures that could be 726 

eventually coupled with that already presented; moreover, their interactions could be investigated 727 

when real case studies are considered.  728 
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