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Abstract– Photovoltaic (PV) hosting capacity studies usually 

consider uniform probability distribution to install PV by consumers. 

The history of PV installation in urban areas of several cities shows 

that the adhesion of PV in low-voltage (LV) networks has a spatial 

influence, i.e., the inhabitants' decision to install a PV system is 

influenced by their neighbors. This paper presents an alternative 

methodology to estimate PV hosting capacity (HC) by distribution 

transformers considering the spatial dependence on the adhesion of 

consumers. In the proposed method, the first law of geography is 

used to obtain the probabilities of installing PV by consumers 

considering their spatial influence. These probabilities provide the 

generation of diverse PV integration scenarios. The evaluation is 

performed using an LV feeder of a distribution company from São 

Paulo city in Brazil. A comparison with a uniform probability 

approach is also presented. Results indicate that the HC occurs at 

lower levels of PV penetration when spatial dependence is considered. 

Therefore, the proposed method can aid distribution companies in 

better characterizing PV penetration scenarios in HC studies. 

Keywords-- hosting capacity, photovoltaic integration, 

residential photovoltaic systems, spatial analysis 

I. INTRODUCTION 

A. Background and Problem Statement 

Several studies have been conducted to estimate the 

maximum PV penetration that could be installed in an LV 

feeder before any operational limit is violated. These studies are 

known as hosting capacity (HC) studies. HC calculations are 

pivotal for distribution utilities, as it is a point from which 

network reinforcements will be necessary to accommodate 

more PV systems and guarantee energy quality. 

The HC calculations employing a deterministic approach 

consider PV systems' locations and sizes are pre-established 

[1]. Moreover, the variability of load and PV generation is 

disregarded by only considering the worst scenario with low 

demand and high PV generation. Therefore, the deterministic 

approach does not consider the stochastic nature of the PV 

adhesion of consumers. 

On the other hand, HC calculations that consider a 

stochastic approach takes into account the uncertainties of the 

future adoption of PV [2], [3]. In this approach, probability 

distributions allow the determination of PV systems' locations 

or sizes. Thus, the stochastic analysis generates several PV 

integration scenarios. However, it was noticed that the spatial 

dependence of PV adoption had been neglected, as it is 

presented below. 

B. Literature Review 

HC calculations based on the stochastic approach 

commonly employ the Monte Carlo (MC) simulation, which 

uses probability distributions to include uncertainties. For 

instance, in [2] and [3], PV system nodes are selected randomly 

from a given list of candidate nodes using a uniform probability 

distribution. Additionally, in [2], PV systems' sizes are 

determined using a probability distribution obtained from the 

dataset of installed PV systems, whereas in [3], the sizes are 

pre-established. Finally, this process is repeated to obtain PV 

integration scenarios at higher values of PV penetration. 

Besides the PV systems' location uncertainties, in [4], the 

phase connection, PV generation, and demand uncertainties are 

included in HC calculation. Similar to [2] and [3], the uniform 

probability distribution is assumed for PV locations and phase 

connections. Moreover, rectangular, or uniform probability 

distributions model the uncertainties such as PV generation and 

demand. 

Other authors, such as in [5], considered consumers' 

socioeconomic characteristics in HC calculations. This 

information and economic indicators give the probability of PV 

installation, which helps determine the location and sizes of PV 

generators. However, factors such as the usable space on 

houses' roofs are not considered, which can result in unrealistic 

PV integration scenarios. 

C. Contribution 

This paper presents an alternative methodology that 

considers the spatial dependence on consumers' adherence 

during calculating HC by distribution transformer. The spatial 

dependence is included through the first law of geography. 

Thus, the consumers' probabilities for installing a PV system 

depend on their distance from consumers with installed PV 

systems. These probabilities also consider the space on houses' 

roofs a favorable condition for PV adhesion by consumers. 

These probabilities allow the selection of a node from the LV 

feeder to install a PV system. Additionally, the PV system size 

is determined using statistical data from installed PV systems. 

Finally, the above process is repeated to generate PV 

integration scenarios in an LV feeder. It is expected to obtain 

scenarios with PV systems concentrated in some parts of the 

feeder by including spatial dependence. Therefore, the 

proposed method can better characterize the PV system 

adhesion by consumers compared to stochastic methods with 
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II. PROPOSED METHODOLOGY 

The proposed methodology can estimate the HC by 

distribution transformer, generating PV system integration 

scenarios in LV feeders. 

 

A. Input Data 

Input data are solar irradiance (W/m2), the usable area on 

rooftops for PV panel installation (m2), the number of 

consumers connected to an LV feeder, and the distance matrix 

among consumers. 

Solar irradiance information is obtained from satellite 

images or weather stations. In addition, solar resource data can 

be found on several websites, such as [6] and [7]. For instance, 

in [7], solar data is available for the United States and several 

international regions and countries. Solar information is also 

available in commercial and open-source software, such as the 

PVsyst [8] and System Advisor Model software [9]. 

For residential PV systems, PV panels are usually placed 

on rooftops. The rooftop area is estimated in the specialized 

literature using statistical data and reduction factors [10], aerial 

images [11], or LiDAR [19]. This roof area can also be 

estimated from a land parcel and the characteristics of the 

roofed area. The method presented in [13] is considered when 

calculating usable space for PV panel installation. 

The network's topology is available information for most 

utilities. From this information, the number of consumers and 

their locations in an LV feeder can be retrieved. Furthermore, 

the consumers' distance matrix can be obtained from 

consumers' locations. This matrix contains the distance between 

whichever two consumers. 

B. PV Installation Probabilities by the Spatial Dependence 

on Adhesion of Consumers 

The consumers' decision to install a PV system depends on 

several factors, including the availability of space on their roof 

and their energy consumption [14]. Roofed area and energy 

consumption are information available for utilities. A consumer 

with a usable roof area and relatively high energy consumption 

has favorable conditions for installing a PV system. As higher 

the usable area and the energy consumption, the higher the 

applicable requirements for installing a PV system. 

Another factor influencing consumers' decision to install a 

PV system is the social interaction among near consumers. In 

[14] and [15], it is reported that peer effects influence the PV 

adhesion of consumers. This peer effect represents the influence 

consumers with a PV system have over consumers without a 

PV system. According to [15], consumers living nearby tend to 

present similar behavior, including their tendency to acquire 

new technologies, such as a PV system [16]. 

For the determination of the first PV adopter, it is 

considered that neighbors do not influence his decision once no 

one has already installed a PV system. In this case, his decision 

is mainly influenced by his favorable conditions for installing a 

PV system. Thus, during the determination of the first PV 

adopter, the PV installation probability at node 𝑖 is calculated 

using (1) 

𝑝𝑖 =
∑ 𝜔𝑘𝑓𝑘,𝑖𝑘 ∈ 𝐀

𝑅
, ∀𝑖 ∈ 𝛀 .  

 

(1) 

where 𝑨 = {1, 2, … , 𝑛𝐴}  is the set of favorable conditions 

considered in the analysis. The set 𝛀 contains the candidate 

nodes of the network where it is possible to install a PV system. 

The value of the favorable condition 𝑘  is given by 𝑓𝑘,𝑖 . The 

weights 𝜔𝑘 measure the importance of the favorable condition 

𝑘  in the consumer's decision to install a PV system. The 𝑅 

factor is a normalization value for probabilities; therefore, the 

R-value is not necessarily a fixed value. 

The first law of geography is used to consider the peer 

effects. Events occurring in nearby locations are more similar 

to those occurring in faraway places [17]. Therefore, the 

proposed methodology considers these peer effects by 

including the distance among consumers. For the determination 

of the next PV adopters (from the second one to the last one), 

the PV installation probability at node 𝑖 is computed using (2). 

𝑝𝑖 =
1

𝑅

∑ 𝜔𝑘𝑓𝑘,𝑖𝑘 ∈ 𝐀

∑ 𝑑𝑖,𝑗
2

𝑗 ∈ 𝐁

 , ∀𝑖 ∈ 𝛀.  

 

(2) 

where 𝑑𝑖,𝑗 is the distance between a node with a PV system and 

another without a PV system, 𝑩 is the set of nodes with installed 
PV system, while the other terms are the same as given in (1). 
Note that 𝛀 and 𝐁 must be updated each time a new consumer 
to install a PV system is selected. 

C. PV System Integration in LV Feeders 

Once the PV installation probabilities are obtained, it 

cannot be affirmed that the consumer with the highest 

probability calculated using (1) will be the first to install a PV 

system. The same applies to the next consumers (from the 

second one to the last one), for which consumers' PV 

installation probabilities are computed using (2). Such 

installation probabilities just mean higher fitness for PV 

adhesion. This way, a stochastic selection algorithm is used to 

determine consumers to install a PV system. Consumers' fitness 

is equal to their PV installation probabilities. The integration of 

a PV system in an LV feeder is performed in two steps. 

Step 1: A roulette wheel selection is employed to determine 

consumers that will install a PV system. The probabilities 

described in Section II-B are used as consumers' fitness for PV 

installation. This fitness is given by (1) for determining the first 

PV adopter and (2) for the next. 

Step 2: The size of the consumer's PV system selected in 

Step 1 is also chosen using a roulette wheel selection. However, 

in this case, the probability distribution is obtained using 

statistics from installed PV systems capacities in a broader 

geographical area (such as a city) that contain the LV feeder 

under study. This probability is used as PV system sizes' fitness. 

The above steps are repeated to include more PV systems 

in the LV feeder. How consumers with installed PV systems 
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populate the nodes of an LV feeder is called a PV system 

integration scenario. 

D. PV Hosting Capacity by Transformer 

HC is the highest PV penetration that does not result in any 

operational limit violation. Several definitions of PV 

penetration have been used in the specialized literature. The 

total installed power is considered as the PV penetration in [5], 

while in [18], the PV penetration is the ratio of PV peak power 

to maximum network load [19]. The authors in [20] and [21] 

define PV penetration as the ratio of the total installed PV 

capacity of the network and the feeding transformer's capacity. 

Other authors, such as in [22], consider PV penetration as the 

ratio of consumers with PV systems and the total number of 

consumers. Thus, for an LV feeder with PV systems, the level 

of PV penetration, 𝛼, is computed using (3). 

𝛼 =
𝑁𝑃𝑉

𝑁
 . (3) 

where 𝑁𝑃𝑉 is the number of consumers with a PV system and 

𝑁 is the total number of consumers. 

In HC studies, the operational limits, such as voltage, 

transformer loading, transformer power factor, etc., must be 

first specified [23]. The voltage upper limit is usually 

considered because previous works found that overvoltage is 

the most critical technical problem in LV networks with high 

PV penetration [20]. 

Another characteristic that must be specified in HC 

calculation is the simulation time step. This time step depends 

mainly on data availability. For example, solar data is 

commonly available for one hour or 30 minutes. Another factor 

influencing the decision for a particular simulation resolution is 

the operational limit under study. For instance, if only the 

overvoltage is of interest, one can consider one-hour power 

flow simulations. 

The flowchart in Fig. 1 shows the steps for calculating the 

HC of a PV system integration scenario. 

 

 
Fig. 1 Flowchart for estimating HC in LV networks. 

 

Step 1: A consumer is selected to install a PV system as 

Section II-C. 

Step 2: power flow simulations are performed to obtain an 

operational parameter (such as voltage) of the network along a 

specified period. 

The results obtained in step 2 are checked at each 

simulation time step to identify any operational limit violation. 

If at the end of the specified period, there is no violation, steps 

1 and 2 are repeated. Otherwise, go to Step 3. 

Step 3: The PV penetration is calculated using (3) once any 

operational limit violation is observed. The HC is equal to the 

corresponding last PV penetration without any operational limit 

violation. 

The sensitivity analysis performed in [20] indicates that 

using 50 scenarios is sufficient for convergence criteria. Here, 

the criterion for determining the total number of scenarios is to 

obtain changes in the average HC results of PV integration 

scenarios lower than or equal to 5% compared to those obtained 

considering more scenarios. 

III. RESULTS AND DISCUSSIONS 

In Brazil, after the normative resolutions 482 [24] and 687 

[25], the constant growth of residential PV system have been 

observed [26]. Because of this growth, utilities are interested in 

determining the HC by distribution transformers. Therefore, the 

proposed methodology is applied to the LV feeder of a 

distribution transformer in Sao Paulo, Brazil. Fig. 2 shows the 

topology of the LV feeder. 

 

 
Fig. 2 The LV network under study 

 

The four types of demand profiles shown in Fig. 3 were 

identified. These profiles were obtained using data from 

consumers' energy meters and the methodology presented in 

[27]. 

PV generation is obtained using the mathematical model 

for PV systems presented in [28] and information on solar 

irradiance and ambient temperature. The PV system's capacity 

used in simulations is taken from the most common installed 

capacity in the city. Fig. 4 shows the PV systems' generation 

curve for these capacities. Statistics of installed PV systems in 

Brazilian cities can be found in [29]. 
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Time (h) 

Fig. 3 The consumers' demand profile 

 

 
Time (h) 

Fig. 4 The PV generation curve 

 

The HC of the distribution transformer was determined 

using the above information, considering the overvoltage in the 

LV feeder as the operational limit (1.05 p.u. [30]). To this end, 

hourly power flow simulations were conducted, considering 

that all PV systems are subjected to the same solar irradiance. 

A.  Results 

Fig. 5 shows the average of HC as a function of the number 

of scenarios. Each curve in this figure represents the average 

result for 200 PV integration scenarios generated by the 

proposed methodology. 

 

 
Number if scenarios 

Fig. 5 Average of hosting capacity as a function of the number of 

scenarios 

 

Results indicate that considering 100 or more scenarios is 

sufficient to obtain a variation lower than 5% of the average of 

HC. Therefore, in the following results, only 100 scenarios 

were considered for any set of PV integration scenarios. 

Fig. 6 shows the frequency of HC for a set of PV 

integration scenarios. 

 

 
Hosting capacity (%) 

Fig. 6 The frequency distribution of HC obtained considering the spatial 
dependence of PV integration. 

 

Obtained values of HC range from 13.33% to 63.33%. 

Also, it is observed that in most PV integration scenarios, the 

HC is about 30%. Similar results to those presented in Fig. 6 

were obtained for other sets of PV integration scenarios. 

B.  Discussion 

A typical methodology used in the specialized literature for 

generating PV integration scenarios is considered for discussion 

purposes. This methodology is also a Monte Carlo simulation, 

in which all consumers have the same probability of installing 

a PV system [31]. Fig. 7 shows the frequency of HC of a set of 

PV integration scenarios considering this methodology. 

 

 
Hosting capacity (%) 

Fig. 7 The frequency distribution of HC obtained using MC simulation 
with a uniform probability distribution. 
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Fig 7 shows HC ranges from 16.67% to 63.33%. Most PV 

integration scenarios result in an HC of about 40%. Since 

probabilities are also considered in the typical methodology, 

similar HC results are obtained for other sets of PV integration 

scenarios. Results shown in Fig. 6 and 7 indicate that the 

inclusion of the spatial dependence of PV adoption reduces the 

HC by 10%. 

The voltage rise is caused by higher PV generation 

whenever consumers with PV systems are grouped and located 

far from a distribution transformer. The tendency to a high 

frequency of low HC values obtained by the proposed method 

is due to our approach generating more PV integration scenarios 

with the concentration of PV systems in some parts of the LV 

feeder. Moreover, the lower HC values correspond to scenarios 

where consumers with PV systems are located near the 

distribution transformer. These findings are useful for 

distribution companies as the HC value indicates the level of 

PV penetration from which actions must be taken. 

IV. CONCLUSION 

An alternative methodology for HC estimations by 

distribution transformer was presented. This paper's significant 

contribution is considering favorable conditions for installing 

PV systems and the spatial dependence of PV integration in LV 

feeders. 

The proposed methodology results in lower values of HC 

than those obtained using a methodology that considers uniform 

probabilities during the generation of PV integration scenarios. 

These results suggest that utilities should begin implementing 

mitigation techniques at lower values of PV penetration. 
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