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I. Executive Summary 

Wildkat Engineering (WKE), in collaboration with Cambio PR (Cambio), has performed a 

comparative analysis of the impacts of various penetrations of electric vehicle (EV) charging on 

ǘƘŜ άŀǎ-ƛǎέ tǳŜǊǘƻ wƛŎŀƴ ŘƛǎǘǊƛōǳǘƛƻƴ ǎȅǎǘŜƳ ǾŜǊǎǳǎ ŀ ŦƻǊǿŀǊŘ ȅŜŀǊ ǾŜǊǎƛƻƴ ƻŦ ǘƘŜ ŘƛǎǘǊƛōǳǘƛƻƴ 

system that incorporates a high level of solar & storage penetration. 

The analysis was based on previous work performed on behalf of Cambio, where the majority 

of the Puerto Rican distribution grid was studied.  The analysis was extended and refined to 

include the addition EV charging stations at of as much as 40% of the existing load locations .  

The analysis modeled a select group of feeders that are representative of the various 

stratifications of demand, length and operating voltage across the island.  The selected feeders 

were purposely distributed across the entirety of the main island and two coastal islands. 

The results are encouraging in that there is a significant improvement in the operational 

performance of the distribution network when EV penetration is offset with a high penetration 

of solar and storage.  Highlights of the results include: 

¶ Reductions in system losses of approximately 1.5% at high EV penetration when solar 

and storage is included versus the base case (no solar or storage) scenario; 

¶ Reductions in annual voltage violation hours of between 2 and 4% depending on how 

the feeders are stratified; 

¶ Reductions in thermal violation miles of between 0.1 and 0.2 miles per feeder 

depending on how the feeders are stratified; 

¶ Significant reductions in the requisite infrastructure improvement costs necessary to 

support high levels of EV penetration. 

These tangible improvements are likely accompanied by more intangible improvements, such 

as: 

¶ Greater overall reliability of the system under most reasonable operating conditions; 

¶ Decreases in greenhouse gas emissions associated with serving the islands; and 

¶ The ability to forestall investments in T&D and generation infrastructure. 

While these intangible improvements are not quantified herein, they reflect the results of the 

earlier system analyses. 

II. Introduction 
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This report describes the basis of the data used in the analysis, the processes employed and 

the results and attendant metrics associated with the analysis.  This analysis is heavily reliant 

on previous analysis performed collaboratively by a consortium of Cambio, Telos Energy, the 

Energy Futures Group and EE Plus.  This analysis established the differential impacts of various 

levels of solar/storage penetration on distribution and transmission systems, along with the 

dispatch and security of the Puerto Rican generation fleet. A selected number of the circuits 

analyzed as part of the previous effort were analyzed for this effort, and based on operating 

and demographic characteristics, were used to extrapolate results.   

The analysis was based on the most aggressive level of PV and storage deployment previously 

considered, 75% PV/storage penetration.  Multiple modifications were made to better 

understand the impacts of EV in the absence of DER deployment.  These modifications include: 

1. Direct use of USGS Puerto Rico solar irradiance data with 30-minute granularity 

2. Modelling of EV charging based on synthesized, real-world, historical data for both 

residential and commercial charging, with 10-minute granularity.  

3. Regional variation of residential load profiles for both commercial and residential 

loads. 

4. Use of direct PV and BESS storage models within OpenDss, rather than load shape 

driven generation and loads for better granularity and control of devices. 

The following sections describe the assumptions, procedures and processes used to perform 

the analyses.   

III. Assumptions 

There are several groups of basic assumptions that are incorporated into the subject analysis.  

Broadly these are: 

¶ Source model data 

¶ PV and storage model assumptions 

¶ EV model assumptions 

¶ Charging model assumptions 

¶ Performance Criteria 

The specifics of these assumptions are defined in the subsequent sections.  For the most part 

these are replicated from the earlier analysis or improved based on greater model granularity. 
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A. Source Model Data 

As noted above, WKE used previously developed models as the basis for the analysis.  

However, because the analysis is considerably more complicated, WKE will used a 

smaller subset of feeders, capturing each voltage level in each major region.  The 

circuits used are: 

¶ 8202-03, Adjuntas Feeder 03, 8.2 kV in the Arecibo region 

¶ 8405-02, Manati Urbano Feeder 02, 13.2 kV in the Arecibo region 

¶ 7701-01, Hatillo Feeder 01, 4.16 kV in the Arecibo region 

¶ 1704-01, Sierra Linda Feeder 01, 4.16 kV in the Bayamon region 

¶ 1806-01, Levittown Feeder 01, 13.2 kV in the Bayamon region 

¶ 9103-04, Santa Ana Feeder 04, 8.32 kV in the Bayamon region 

¶ 2501-02, Vieques Feeder 02, 4.16 kV on Vieques 

¶ 2602-03, Humacao Feeder 03, 8.32 kV in the Caguas region 

¶ 3007-03, Gautier Benitez Feeder 03, 8.32 kV in the Caguas region 

¶ 3014-04, Rio Caña Feeder 04, 4.16 kV in the Caguas region 

¶ 3201-04, Juncos Feeder 04, 4.16 kV in the Caguas region 

¶ 3205-09, Juncos 2 Feeder 09, 13.2 kV in the Caguas region 

¶ 3801-02, Culebra Feeder 02, 4.16 kV on Culebra 

¶ 2402-02, Loiza Valley Feeder 02, 13.2 kV in the Carolina region 

¶ 1203-02, Saint Just Feeder 03, 4.16 kV in the Carolina region 

¶ 2201-04, Luquillo Feeder 04, 8.32 kV in the Carolina region 

¶ 6002-04, McKinley Feeder 04, 4.16 kV in the Mayaguez region 

¶ 6702-04, Boqueron Feeder 04, 7.2 kV in the Mayaguez region 

¶ 7011-02, T Bone Feeder 02, 13.2 kV in the Mayaguez region 

¶ 4301-03, Muanabo Feeder 03, 4.16 kV in the Ponce ES region 

¶ 3501-03, Aibonito Feeder 03, 8.32 kV in the Ponce ES region 

¶ 4003-03, Jobos Feeder 03, 13.2 kV in the Ponce ES region 
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¶ 5005-05, Pampanos Feeder 05, 4.16 kV in the Ponce OE region 

¶ 5016-03, Villa Del Carmen Feeder 03, 13.2 kV in the Ponce OE region 

¶ 1525-01, Las Lomas Feeder 01, 4.16 kV in the San Juan region 

¶ 1529-11, San Patricio Feeder 11, 4.16 kV in the San Juan region 

¶ 1403-01, Chardon Feeder 01, 13.2 kV in the San Juan region 

The relative location of the feeders listed above are shown in  below.  The operating 

voltage is as noted in the legend. 

 

Figure III-1: Analyzed Circuits 

B. PV / Storage Characteristics 

The characteristics of the individual PV/BESS installations was comparable to the 

previous analysis, with a few modest changes to better control the interaction 

between the PV/storage system and the EV charging system.  The basic system 

parameters are a 2.7 kW PV system and a 12.6 kWh storage system.  The OpenDSS 

model of PV systems permit the use of several PV module and inverter characteristics 

as part of the analysis.  Module characteristics include the Maximum Power Point 
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(Pmpp) value of the PV module under consideration, along with the relationship 

between temperature and Pmpp.  Because no particular module was defined as part of 

the previous analysis, WKE has used the most popular residential scale modules for the 

residential model and a larger module for commercial installations.  The modules used 

are: 

¶ Jinko Solar JKM410M-72HL-V 380 W mono-facial - Residential 

¶ Canada Solar HiKu-CS3N-400-W mono-facial - Commercial 

The module information was aggregated to meet the system parameters (e.g. 2.7 kW) 

described above.  A DC/AC ratio 1.20 was assumed.  As per the previous analysis, the 

amount of commercial solar was enough to equal 75% of the total feeder demand.  It 

should be noted that the 75% demand value is based on feeder demand prior to the 

introduction of EV load. All residential locations allocated residential system based on 

the size of the upstream transformer.   

C. Feeder Load Profiles 

OpenDSS uses hourly load profiles to allocate load along the length of the feeder. 

Because EV charging typically exhibits at least two distinct modalities (Weekday and 

Weekend), WKE has utilized an 8760 hour load profile for each feeder.  This approach 

captured both the weekday and weekend modalities, along with any seasonality in the 

load profile. An example load profile is shown in Figure III-2 below. The peak weekday 

and peak weekend data are based on the coincident peak days from the 2035 forecast.  

The individual feeder loads were scaled based on the ratio of the feeder connected 

kVA to the total connected kVA in the district. 
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Figure III-2: Arecibo Region Demand Profile 

D. Incident Energy Profiles 

The incident solar energy (irradiance) profiles are based on 2018 30-minute interval 

data collected across all regions within Puerto Rico.  The profiles used for each feeder 

are based on the administrative region in which they reside.  The correlation is as 

shown below: 

¶ Adjuntas ς Adjuntas 

¶ Manati Urbano ς Manati 

¶ Hatillo ς Hatillo 

¶ Levittown ς Toa Baja 

¶ Santa Ana ς Dorado 

¶ Humacao ς Humacao 

¶ Gautier Benitez ς Caguas 

¶ Rio Cana ς Caguas 

¶ Juncos ς Juncos 

¶ Juncos 2 ς Juncos 

¶ Saint Just - Trujillo Alto 
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¶ Luquillo ς Luquillo 

¶ McKinley ς Mayguez 

¶ Boqueron ς Cabo Rojo 

¶ T Bone ς Aguadilla 

¶ Muanabo ς Muanabo 

¶ Aibonito ς Aibonito 

¶ Jobos ς Guayama 

¶ Pampanos ς Ponce 

¶ Villa Del Carmen ς Ponce 

¶ Chardon ς San Juan 

¶ Las Lomas ς San Juan 

¶ San Patricio ς San Juan 

An example of an irradiance energy distribution for a subject region shown in Figure 

III-3 below. Because the PV models are also temperature dependent, the temperature 

profiles have also been captured. A similar example of the temperature distributions is 

shown in Figure III-4 below. 

E. Charging profiles 

The hourly demands for existing loads have already been determined from the 

previous study.  The demand associated with EV charging was overlayed on top of the 

feeder demand profiles as recommended in (J. Quirós-Tortós, 2015).  Multiple charging 

profiles were randomly distributed among the residential and commercial nodes 

during the analytical process.  The charging profiles were stratified based on the day of 

the week, but as the reference source found only minor seasonal variations, there was 

no variation based on month.  The demand data for the various sectors and charger 

types were synthesized from charging event data from (Electric Power Research 

Institute, 2018) (UK Department of Transport, 2018) (Lee, ACN-Data: Analysis and 

Applications of an Open EV Charging Dataset, 2019) (Muratori, 2017).  An example of a 

residential Level 2 Charging profile is shown in Figure III-5 below. 
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Figure III-3: Adjuntas Solar Irradiance distribution 

 

 

Figure III-4: Adjuntas Temperature Profile 
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Figure III-5: Typical Residential Charging Profile 

 

IV. Methodology 

The analytical methods used for the analysis are fairly straightforward, in that they represent 

incremental analyses of the same circuits, with important operating metrics extracted for each 

stage of the analysis.  The order of the analysis is as follows: 

¶ Examine each circuit as it is currently configured (i.e., with no improvements to 

accommodate future loads).  The evaluation, as noted earlier, is based on the 

projected demand for 2035, based on the previously performed analysis.  This 

establishes a baseline for how well the current system was able to accommodate the 

projected loads for 2035.   

¶ Examine each circuit with the addition of EV charging added at random locations along 

the circuit, at penetration levels of 10, 20, 30 and 40%.  In this context, penetration 

refers to the number of load locations (i.e., residences or businesses) with EV charging 

stations installed.  This establishes the incremental impacts associated with 

accommodating future EV charging loads. 

¶ Examine each circuit with 75% penetration of PV/storage (pre-EV levels) and EV 

charging, again at electric vehicle charging penetration levels of 10, 20, 30 and 40%.  
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This establishes the incremental impacts associated with accommodating future EV 

charging loads, coupled with the highly distributed solar / storage paradigm.   

¶ Lƴ ŜŀŎƘ ŎŀǎŜΣ ŀ ǎŜǘ ƻŦ ƳŜǘǊƛŎǎ ŀǊŜ ŘŜǘŜǊƳƛƴŜŘ ǘƻ ŀǎǎŜǎǎ ǘƘŜ ƻǇŜǊŀǘƛƻƴŀƭ άŦƛǘƴŜǎǎέ ƻŦ ǘƘŜ 

system, based on established operating criteria.  Along with the fitness assessment, 

where deficiencies are found, the approximate level of investment necessary to 

ƳƛǘƛƎŀǘŜ ǘƘŜ ŘŜŦƛŎƛŜƴŎƛŜǎ ŀǊŜ ŀƭǎƻ ŘŜǘŜǊƳƛƴŜŘΦ  ¢Ƙƛǎ ƘŜƭǇǎ ǉǳŀƴǘƛŦȅ ǘƘŜ ǊŜƭŀǘƛǾŜ άŎƻǎǘέ ƻŦ 

each operating condition.  Note that in this analysis, as opposed to the previous effort, 

the results of the cross-section of selected circuits were extrapolated to the entire 

island based on the demographics and operational characteristics of the particular 

circuit (i.e., urban vs rural, 4.16 kV ς 13.8 kV operating voltage, total circuit length). 

This process yields a total of 9 scenarios to be analyzed.  These are summarized in Table IV-1 

below. 

Table IV-1: Summary of Scenarios 

Scenario Loading EV Penetration PV Penetration 

Base Case 2035 0% 0% 

EV10 2035 10% 0% 

EV20 2035 20% 0% 

EV30 2035 30% 0% 

EV40 2035 40% 0% 

PVEV10 2035 10% 75% 

PVEV20 2035 20% 75% 

PVEV30 2035 30% 75% 

PVEV40 2035 40% 75% 

 

The traditional metrics used to evaluate distribution system performance are the operating 

voltage and the thermal loading of the system.  Because there are multiple operating voltages 

under consideration in this analysis (4.16 kV, 8.2 kV and 13.8 kV), WKE has used what is 

ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ǘƘŜ άǇŜǊ-ǳƴƛǘέ ǊŜǇǊŜǎŜƴǘŀǘƛƻƴ ƻŦ ǾƻƭǘŀƎŜ.  Per-unit is really just a way of 
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expressing a percentage, so 1.05 per-unit or 1.05 p.u. means 105% of the normal operating 

voltage. So, for example, for a 4.16 kV system, the normal operating voltage is 4,160 V, so a 

voltage of 1.05 p.u. is the same as 1.05 * 4160 or 4,368 V.  This is important because 

distribution equipment and most consumer products (i.e., appliances, electronics, etc.) are only 

designed to operate within a certain range of voltage.  They may fail or have their life reduced 

if they operate at too low or too high a voltage.  The de facto standard for the operating range 

of distribution systems is ANSI C84.1, which recommends that the distribution system operate 

in a range of 1.05 to 0.95 pu under normal operating conditions. 

The other traditional metric used for distribution analysis is the ampacity or thermal rating of 

the physical conductors (i.e., wires and cables) that comprise the distribution system.  These 

conductors can only carry a certain amount of current before their structural and physical 

integrity begins to deteriorate.  Again, they may fail or have their life shortened if asked to 

carry to much current over an extended period of time.  Short term overloads may be 

permissible in emergency situations, but under normal circumstances they must be limited to 

ǘƘŜƛǊ ŎŀǇŀŎƛǘȅ ǊŀǘƛƴƎΦ  {ƛƴŎŜ ŀƭƭ ǘƘŜ ŀƴŀƭȅǎƛǎ ǇŜǊŦƻǊƳŜŘ ƘŜǊŜ ŀǊŜ ǇǊŜŘƛŎŀǘŜŘ ƻƴ άƴƻǊƳŀƭέ 

conditions, the maximum permissible load of any conductor is limited to 100% of its rating.  

Any situation that results in loading higher than 100% of the conductor rating is indicative of 

the need for mitigation. 

There are additional metrics that can be used to evaluate the operational fitness of a 

distribution system including: 

¶ System losses ς the percentage of the power that is delivered to the circuit that is 

άƭƻǎǘέ ŀǎ ƘŜŀǘ ǊŀŘƛŀǘŜŘ ŦǊƻƳ ǘƘŜ ŎƻƴŘǳŎǘƻǊǎΤ 

¶ Violation hours per year ς The number of hours per year during which there is a 

voltage or thermal violation in the system.  Used to gauge the severity of a violation 

and need for mitigation. 

¶ Violation miles per year ς The number of line miles of conductor that exhibit a violation 

sometime during the operating year.  Used to quantify the mitigation costs. 

¶ Voltage Delta from Base ς the average value of the difference between the scenario 

voltage profile and the base case voltage profile. 

Because these concepts are not necessarily common knowledge to those outside the field of 

electrical distribution planning, WKE has included a series of illustrative examples to 

demonstrate the concepts.   
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A. Voltage Violations 

One of the tools used to visualize the voltage performance of a particular circuit is 

what is reŦŜǊǊŜŘ ǘƻ ŀǎ ŀ ά±ƻƭǘŀƎŜ tǊƻŦƛƭŜέ ƻŦ ǘƘŜ ŎƛǊŎǳƛǘΦ  ¢Ƙƛǎ plots each individual point 

along a circuit (i.e., poles, changes in wire size, loads, changes in topology, etc.), the 

accompanying voltage, and the distance from the source of the circuit.  There is an 

accompanying ǇƭƻǘΣ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ŀ ά/ƛǊŎǳƛǘ tƭƻǘέ ǘƘŀǘ ǎƘƻǿǎ ǘƘŜ ŎƻƴƴŜŎǘƛǾƛǘȅ ŀƴŘ 

physical geographic layout of each circuit.  Examples of each shown in Figure IV-1 and  

Figure IV-2 below.  For reference, a specific point has been identified on both plots.  

The bright blue dot in Figure IV-1 corresponds to the bright blue dots in Figure IV-2.   

 

Figure IV-1: Voltage Profile ï Circuit 1203-02 
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Figure IV-2: Circuit Plot ï Circuit 1203-02 

In this case, there are voltage violations, as the Phase A per unit voltage goes below 

0.95 less than a mile into the circuit.   

B. Thermal Violations 

Thermal violations are not related to a specific point along a circuit, but rather a line 

between two points (i.e., the conductor between two points).  In this case, any time 

the conductor is loaded to greater than 100% of its rating, the conductor is flagged as a 

violation.  This concept is illustrated in Figure IV-3 below, where the individual phase 

currents are above Line Rating shown in pink.  Note that there is a relationship 

between the voltage plot and the current plot in that when currents are above their 

rating, the voltage drop was proportionally greater, and the resulting voltages 

downstream are more likely to be in violation as well.   

 






















































































































