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Abstract—Power distribution systems are experiencing higher 
load levels, unbalanced distributed generation, a wealth of load 
diversity, and more uncorrelated events than ever before.  To 
provide quantitative information regarding the changes, this 
paper contrasts the electrical state of the largest Smart Grid 
residential community in Austin, Texas before and after the 
proliferation of its PVs and EVs.  This community is the research 
focus of the authors, local utilities, and many others attempting to 
hinder detrimental consequences of the uncontrolled, fast 
proliferation of residential assets on the grid.  The authors use 
surface and filled contour plots to show new electrical footprints, 
and show its impact on transformer utilization, feeder demand, 
current unbalance, and distribution losses. 

 

Index Terms—Cloud, Distribution, Electric, Grid, Model, 
Power, Simulation, Solar, Smart, Transformer, Utility, Vehicle 

I.  INTRODUCTION 
ecan Street, Inc. (Pecan Street) is a non-profit organization 
headquartered at the University of Texas at Austin (UT). 

This organization is a significant creator of original consumer 
energy use and behavioral research data, and operates data-
intensive field trials open to researchers and member 
companies. Pecan Street’s core research assets include 
research data on consumer electricity and natural gas use in a 
new subdivision, the Mueller community.   

This paper uses the research data to contrast the impact on 
the distribution system of customer-owned residential 
photovoltaic arrays (PVs) and electric vehicles (EVs) before 
and after their installation.  The work combines available data 
provided by Pecan Streetwith a custom-developed model of 
the neighborhood power system.  This combination is the 
strength of the investigation.  Data, without a model, is useful 
only for aggregate and approximate retrospective studies.  
Without supporting data, a model is useful, but always suspect 
because it could rest on unrealistic assumptions. The 
combination provides a tool to assess and predict system 
states.  Furthermore, the reliance on operational data promotes 
confidence in the results, as it includes effects of uncorrelated 
load behavior and intermittent weather conditions, as 
experienced by  the community of interest. 

The remainder of this work is organized as follows.  
Section II describes some attributes of the community being 
studied.  Section III describes the electric service to this 
community.  Section IV presents simulation results and an in-
depth analysis of the results: before and after the inclusion of 
PVs and EVs.  The analysis is done at the distribution 
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transformer and lateral entrance levels. Section V presents 
concluding remarks and an outlook of the findings of this 
work. 

II.  THE SMART GRID AT MUELLER 
The authors investigate the electrical impact of PVs and 

EVs on the electric service of the Mueller community.    This 
community is located less than two miles from downtown 
Austin, Texas.  It spans 711-acres of mixed-use development 
in which every new building is green built (as certified through 
LEED or Austin Energy’s nationally recognized Green 
Building program).   

Hundreds of homes at Mueller are instrumented with 
secondary (second energy meter) and tertiary meters (inside 
the homes) to report electrical data in one-minute and one-
second intervals. Many homes are equipped with PVs, of 
which 40% are west-facing (the nation’s highest residential 
concentration of west-facing, load-aligned PV generation). A 
picture  showing this high concentration of PVs is shown in 
Fig. 1. 

 
Fig. 1. A multitude of homes at Mueller equipped with rooftop 
photovoltaic generation (Source: Pecan Street, Inc.) 

III.  ELECTRIC SERVICE AND ASSETS 
A satellite view of the Mueller community is shown in Fig. 

2. This is still a growing community, so subsequent to the 
work reported here, the distribution system was modified and 
additional houses were constructed.  Shown at the bottom left 
is what was at the time of the study, the main lateral service 
entrance to community.  This lateral was served from the 
12.47Y/7.2-kV feeder running north-to-south (left side of the 
figure), which emanated from a local substation.  (There are 
other communities served by the same feeder, but are not 
shown here.)  As analyzed, a single lateral (ACSR 4/0 three-
phase underground cable) served the entire community. 

The switchgear box on the lower-left corner of Fig. 2 
accepts three electrical phases (a, b, and c) that are split into 
sub-circuits (e.g., phase b is split into circuits B2 and B4).  
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This notation will be used in some of the subsequent 
discussion. 

Each circuit leaving the switch box provides electric service 
to its downstream distribution transformers.  The service 
voltage to each transformer is 7.2 kV (single phase).  Each 
transformer steps-down the voltage to 240/120V (split-phase) 
for use by the residents. 

At the time of the study, 94 pad-mounted distribution 
transformers served this community.  These transformers are 
installed along each circuit, and are “daisy-chained” with 
single-conductor ACSR 1/0 cables.  The transformers in each 
circuit, however, can be of different size.  The types, ratings, 
and counts for all 94 transformers in this community are 
tabulated in Table I along with a summary of the PVs and EVs 
assigned to each transformer.  The most common transformer 
capacity is 50 kVA. 

Each transformer serves some combination of assets: 
homes, PVs, and EVs.  (It should be highlighted that this 
particular community has a very large concentration of PVs 
and EVs.  This concerns utilities [1] as there is uncertainty on 
whether or not existing assets should be considered for 
replacement.)  Furthermore, some transformers (xfms.) have 
PVs at the customer side of the meter.    The asset distribution 
for the Mueller community, when analyzed, is shown in Fig. 
3(a) by phase and in Fig. 3(b) by circuit.  As observed in Fig. 
3(a), phase b has the most residential load, and largest number 
of PVs and EVs connected to it.  At the circuit level, however, 
this is true of circuit A1, as phase a only has one circuit.   

The column charts in Fig. 3 provide valuable information of 
the existing infrastructure.  For example, Fig. 3(a) shows that 
phase c has the least PV generation.  Fig. 3(b) shows that 
circuit B2 has the most EVs per transformer.  This information 
is valuable to distribution planners in designing the remainder 
of this community and its surrounding areas. 

IV.  COLLECTED DATA 
The granularity at which customer consumption data is 

collected significantly impacts the range of insights and 
modeling that can be developed.  Consider the residential data 
(kW vs. time) shown in Fig. 4. These profiles represent the 
power consumption of the same home intentionally sampled at 
three intervals: one hour, 15 minute, and one minute. 

A1
B2
C3
B4
C5

a
b
c

Switchgear 
box

 
Fig. 2.  Mueller Community (Source: Google Earth) 

 
TABLE I 

DISTRIBUTION TRANSFORMER TYPES AT MUELLER 

kVA
Primary 
Voltage 

(V)

Secondary 
Voltage 

(V)

No load 
losses 

(W)

Loaded 
losses 

(W)
Z % Count

25     7,200 240/120 71 228 2.3 6
50     7,200 240/120 105 404 2.3 74
75     7,200 240/120 167 456 2.5 11

100     7,200 240/120 181 683 2.5 2
167     7,200 240/120 248 1234 3.0 1

Total 94  

 
Fig. 3. Mueller Community asset counts by a) phase and  b) 
circuit 

The three shapes highlight the importance of sampling rates 
in attaining situational awareness.  For example, the one-hour 
trace masks air-conditioner compressor cycling. Similarly, the 
8 am load dip on the same trace does not represent a decrease 
in base load; it represents a decrease in air-conditioning duty 
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cycle.  This is difficult to infer without comparing it against 
higher resolution data. 

The computer model of the Mueller community accepts 
pre-recorded data in one-minute intervals as input.  The model 
uses this data as load or generation profiles to produce 
estimates of voltage, current, power, displacement power 
factor, transformer utilization, unbalances, and distribution 
losses anywhere in the network. 

Fig. 5 shows the power consumption profiles of each of the 
735 homes considered in the model.  The same data is shown 
as  a) a surface, b) a filled contour, c) a linear, and d) an 
aggregated view.   View (a) shows groups of homes with 
similar behavior via the peaks and valleys on the surface.  
View (b) shows the duration of these peaks and valleys.  View 
(c) shows the un-correlation in residential consumptions by its 
735 line plots.  View (d) shows the aggregate residential 
consumption. 
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Fig. 4. Contrast of data capture intervals for residential 
consumption.  (Source: Pecan Street, Inc.) 

Fig. 6 follows the views of Fig. 5 but for 178 roof-mounted 
PVs.  View (b) shows the difference between south- 
(illuminated earlier) and west-facing PVs (illuminated until 
later).  View (c) shows that PVs, even when geographically 
close, can produce uncorrelated power output.  View (d) 
shows the community’s aggregate PV generation.  

Fig. 7 follows the views of Fig. 5 and Fig. 6 for 100 Chevy 
Volts.  The charging profiles include a realistic mix of 120 and 
240 V charging profiles (as reported by Pecan Street).  
However, exact statistical charging data is under collection, 
thus, some assumptions were made about the charging: 1) the 
plug-in time of >4 PM, 2) the state-of-charge at plug-in time, 
and 3) the charging level (120 V or 240 V).  (The number of 

EVs behind each transformer is known at this time.)  These 
assumptions are mostly consistent with the statistical data 
currently collected by Pecan Street, Inc. except for the plug-in 
time, which occurs randomly throughout the day. 

V.  SIMULATION RESULTS 
The initial investigation was to use the load data and an 

electrical circuit model to assess the effect that the existing 
circuit topology and the distribution of sources and loads has 
on distribution transformers.  This section contrasts the 
electrical of the Mueller community before and after the 
inclusion of PVs and EVs.  The simulation results were 
obtained by using the data in Fig. 5-Fig. 7 as the power 
profiles behind the respective transformers, circuit, and phases 
in the computer model. 

Power 
factor

Avg.:
0.95 kW

Real 
power (W)Reactive 

power (Var)

Total 
power 

(VA)

 
Fig. 5.  Residential consumption for 735 homes 

 
Fig. 6.  Solar generation for all 178 PVs 
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Fig. 7.  Charging profiles for all 100 electric vehicles 

  

A.  Distribution Transformers 
Some of the concerns that lead to assessing the state of 

transformers are potential over-usage and service quality.  To 
help answer these questions using the collected data, the 
following analysis estimates the power flows experienced by 
transformers and reports their estimated operating conditions.  
Of additional concern,  utilities cannot control the placement 
of residential assets: electrical phase, geographic location, nor 
turn-on/off times.   

    1)  Power Flow 
Using the same presentation conventions of Fig. 5-Fig. 7, 

Fig. 8 shows the net real-power flow through each of the 94 
distribution transformers in four different views: 
a) This view shows the net power flow in each transformer 
looking into the primary-side.  The circled area highlights that 
many transformers are experiencing diurnal reverse flows of 
12 kW due to high PV-to-load.  The reversal levels depend on  
how much unused PV power there is on the consumer-side of a 
transformer.   

b) This view depicts the times when reverse flows occur.  The 
darker blue regions (inside vertical circle) show reverse flows 
occur on many (but not all) transformers between 8 AM - 4 
PM.  These flows are aligned with diurnal PV output and vary 
by transformer.  Furthermore, this view shows a dominant 
color of cyan, which suggests that the nominal transformer 
usage is ~7 kW.   

c) This view demonstrates  the load experienced by each 
transformer.  From the negative values, several transformers 
act as 240-7,200 V step-up transformers due to PV generation.  
The excess power flows back into the grid and is consumed by 
neighbor transformers on the same electrical distribution 
(single-phase) circuit.  

d) This view exemplifies  the aggregate transformer load; that 
is, the active power load-sum of all 94 distribution 
transformers seen from the lateral service entrance.  As 
opposed to the load of individual transformers, the aggregate 

load is always positive, which confirms there is more load than 
generation at Mueller. 
    2)  Percent Utilization 

Although Fig. 8 showed the (real) power direction in each 
transformer, it did not convey use levels.  Fig. 9 shows the %-
utilization of each transformer computed on each transformers’ 
base (i.e., 1 1100 side side xfm

rms rms baseV I S× ). 

a) The peak in this view reveals that some transformers operate 
at ~90 % capacity.  This load, however, is not sustained.   

b) This view exhibits the duration of the high-load conditions.  
It also confirms that the high-level loading is intermittent.  The 
dominant color of dark blue indicates that, most of the time, 
the transformers are utilized 10-30 %.  

c) This view displays the load profiles in %-VA of all 
transformers.   The average transformer utilization appears to 
be 14.6 %.   

d) This view illuminates  aggregate transformer load in W, 
Var, and VA.   This throughput accounts for transformer losses 
(core, magnetizing, and conduction), residential load, PV 
generation, and EV charging.  (Power factor is shown on the 
right.)  The power factor trace shows poor diurnal power 
conditions due to excess PV generation.  This poor power 
factorcondition is not a byproduct of high reactive load;  
however, it is a byproduct of a decrease in active power 
demand as the demand is met by local PV’s rather than the 
utility generator. 

Avg.:
7.16 kW

 
Fig. 8.  Real power through all distribution transformers 
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Avg.:
14.6 %
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Fig. 9.  Percent-utilization of all distribution transformers 

    3)  Percent Use: Before and After 
Fig. 10 exhibits  two filled-contour views of transformer 

use.  The left side shows transformer use before the inclusion 
of PVs and EVs (residential load only).  As noted, all 
transformer utilizations are >0 %.  This indicates that power 
used to flow in the forward direction only: from grid to homes.  
The circled area on the left side shows some transformers 
experiencing high loads (~90 %) with respect to their power 
rating (consistent with Fig. 9).  This demonstrates that some 
transformers were already experiencing high loads before PVs 
and EVs came about at Mueller.  

The right side of the figure shows the transformer 
utilizations after the inclusion of PVs and EVs in the model.  
In contrast to before, the right side shows negative power flow 
(< 0 %).  Negative consumptions indicate power flows from 
residences to grid.  For example, consider the circled region 
for a few transformers.  Referring to the color map on the 
right, these transformers experience negative flows of -20%, as 
indicated by their dark blue color.  This implies that these 
transformers inject real power back into the grid at 20% of 
their capacity.  The squared area shows the impact of EVs.  
When compared to before, the square area shows an increase 
in transformer utilization.  However, this utilization increase is 
minor as, there are not too many EVs served by the 
corresponding transformers.  For transformers serving EVs, 
the impact on them is small for three reasons: 1) the 
transformers are sized appropriately, 2) EVs do not charge in 
unison, 3) not all EVs charge at 240 V.   

Transformers 
showing high 

residential load

All consumptions are >0 
%, which indicate active 

power flows in the forward 
direction Power 

throughput in 
reverse 

direction

EVs
increase 
power 

throughput

Active power flow 
now exhibits 
directionality

 
Fig. 10.  Transformer utilization before (left) and after (right) the inclusion of 
PVs and EVs 

    4)  Change in Transformer Use 
The use increases shown in Fig. 10 prompt the question of 

whether or not transformers were less-utilized as step-down 
transformers than they are now as step-up transformers.  Fig. 
11 quantifies utilization change with two approaches.  The 
left-side quantities change as % % %

after beforeS S S∆ = − , where 
%S∆  represents the arithmetic percent-change, and %

afterS  and 
%
beforeS  represent the %-utilization after and before the 

inclusion of PVs and EVs, respectively.    
Referring to the circled areas on the left of Fig. 11, the 

inclusion of PVs and EVs alters transformer loading.  These 
changes have + or – signs associated with them according to 
the color map (%) immediately to their right.  The signs 
indicate whether PVs increase or decrease transformer 
utilization.  Although it is common to assume that PVs reduce 
transformer throughput (as do other distribution generation 
technologies), PVs can also increase it when power generated 
by the residences served by the transformer is greater than the 
load represented by those residences.  The circled areas show 
cases of when PVs reduce transformer throughput (blue color, 
< 0 %), and when PVs increase transformer throughput 
(yellow to red colors, > 0 %).  These percentages do not 
indicate percent utilization; they indicate percent change.   

For example, consider a transformer with % 20%beforeS = , 

and that after the installation of PVs behind this transformer its 
utilization changed to % 10%afterS = . The %-change for this 

transformer is % 10% 20% 10%S∆ = − = − .  The value of 
-10 % indicates that this transformer is now utilized 10 % as a 
result of the PVs behind it.  The negative sign indicates that 
the utilization has reduced from what it was before.  As 
another example, if the %-change for another transformer 
was % 45% 20% 25%S∆ = − = , it would indicate that the 
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transformer is now used 25% more than before.  In such 
situation, it is said that PVs (or EVs) increase transformer 
utilization.   

Referring back to the left of Fig. 11, regions at 0 % (light 
green) indicate the transformers that do not experience 
noticeable changes.  In fact, most of the area on the left-side 
view is ~0 %, thus, suggesting that not all transformers have 
PVs and EVs. But those that do, do not experience noticeable 
use changes during the hours shown in light green. 

The view on the right quantifies change as the ratio of 
before-to-after utilization.  This ratio is calculated as 

% %x
after beforeS S S∆ = , where xS∆  represents the per-unit 

change in use.  Changes of 0 1xS< ∆ <  indicate transformers 
are used less than before.  For example, a value of 

0.2xxS∆ =  indicates a transformer is used five times less 

than before.  Similarly, values of 1xS∆ >  indicate 
transformers are used more than before.  A value of 

3xxS∆ =  indicates a transformer is used three times more 
than before.  As seen, the dominant color is dark blue (~1x).  
This result indicates that most of the time, the %-change of 
transformer utilization does not change.    

The enclosed areas (same as on the left-side view) show 
which transformers are utilized less (or more) than before.  For 
example, the top circled area (on the right) demonstrates that 
some transformers (#68 through #84) are utilized one half than 
previously.  The lower circled region covers several 
transformers being used 300-400% more than before. This 
reversal can increase the transformer utilization for several 
hours, but does not last all day.  The square area shows the 
impact of EVs on select transformers.  For example, the area 
reveals that EVs can increase transformer utilization by 10 % 
during the evening hours. 

    5)  Transformer Voltage Profiles 
Voltage quality with high concentrations of PVs and EVs is 

a common concern.  This subsection shows estimates of the 
240/120 V service voltage profiles before and after the 
inclusion of PVs and EVs at Mueller.   

(1)  Before PVs and EVs 

Fig. 12 displays the secondary-side voltage profiles for all 
transformers before PVs and EVs.  The left side shows the 
voltage profiles in per-unit.  As noticed, all transformers serve 
their residential loads at voltages ranging from 0.99-1.0 
(237.6- 240 V), which is acceptable.  The 94 traces shown 
provide an understanding of the voltage profiles served by all 
transformers.  However, from this view it is difficult to isolate 
transformers experiencing lower voltages (if any). 

PVs 
increase 

power 
throughput 

by ~15 %

PVs 
decrease 
power 
throughput 
by ~20 %

EVs
increase 
power 

throughput 
by ~10 %

No 
noticeable 
change in 

transformer 
utilization

Xfms. 
utilized 3-

4x more 
than 

before

Xfms. 
utilized 
0.5x than 
before

Xfms. utilized 
as much as 

before

Xfms. 
utilized 
~1.2x 

more than 
before

 
Fig. 11.  Change in transformer utilization using arithmetic difference (left) 
and after-to-before ratio (right) 

The right side of Fig. 13 helps capture transformers 
experienced over- or under-voltages.  The dominant color is 
yellow, which indicates that all transformers, most of the time, 
operate near 240 V.  The rectangles on the surface enclose the 
slightly-dark regions corresponding to the transformer 
numbers producing the voltage dips on the left-side of the 
figure.  It is interesting to note that this behavior occurs in 
absence of EVs.   

(2)  After PVs and EVs 

Fig. 13 illustrates  the secondary-side voltage profiles of all 
transformers.  During the daytime hours, PVs produce voltage 
swells at the transformer above 1.0 p.u. (on a 240 V base).  
From the left-side plot, EVs may lower transformer voltages 
during the evening hours.  Both situations, however, appear to 
be within the service voltage (240 V) requirements.   

The low impact can be explained by referring to the 
transformer percent impedance (%Z) [2, 3] nameplate values 
listed in Table I.  The percent impedance approximates the 
series voltage drop (%) across a transformer under full load.  
As learned from Fig. 9(a), the transformers do not operate at 
full-load current; hence, the transformer voltage drops are a 
fraction of their %Z values.   

The right side of Fig. 13 depicts a filled 2-D contour 
representation of the same voltage profiles.  The dominant 
color is yellow, which indicates that most transformers (most 
of the time) still operate at values near 240 V.  The circled 
regions show the times of the day where the transformer 
voltages are highest. Voltages greater than 1.0 p.u. are due to 
PVs producing local power to serve other transformer loads on 
the same circuit.  That is, the power in the distribution circuits 
is flowing from one transformer to the next.  This requires a 
higher voltage to send across cables of low X/R ratios.  
Similarly, in the afternoons the filled contour plot exhibits 
darker regions corresponding to the evening load including EV 
charging. 
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Fig. 12.  Transformer secondary-side voltage profiles (before PVs and EVs) 

 
Fig. 13.  Transformer secondary-side voltage profiles (after PVs and EVs) 

B.  Lateral Analysis 
The lateral service entrance is the point furthest from the 

consumer at which information  can be produced by the 
computer model.  This is a result of insufficient information 
available outside of the utility upstream of this point.  This 
section estimates the power, current, and losses measured from 
the lateral service entrance. 

    1)  Power Breakdown 
Fig. 14 shows a calculated comparison of all available 

aggregate power profiles. The difference between consumption 
(residential and EVs) and generation (PVs) is the net power 
sold by the utility.  The net grid power exemplifies a 
significant diurnal reduction commensurate to PV generation.  
PV generation inside the community reduces grid demand, but 
the grid demand remains > 0.  This means that the PV 
generation is used inside the community and does not affect 
broader utility operations. 

    2)  Power Demand: Before and After 
Fig. 15 shows the community’s power consumption before 

and after the inclusion of PVs and EVs.  The most appreciable 
change is the reduction of real (active) power demand.  Notice 
that the diurnal power demand reduces from ~600 kW to ~200 

kW. This 66 % reduction in demand is power no longer sold 
by the utility; instead, it is produced locally by PV units.   

Residential PV 
generation

Residential 
consumption 

Net power demand 
experienced by grid EV 

charging
EV 
charging

 
Fig. 14.  Break down of all aggregate power profiles 

The effect of low power demands is appreciable.  As 
observed , the power factor reduces to ~0.6.  The reactive 
power, however, is still provided from the grid [4, 5].  This has 
three implications: first, residences cannot become grid-
independent until they overcome this dependence; second, the 
utility must schedule generation to provide reactive power 
even though the utility cannot bill the customer for it; third, the 
distribution of reactive power incurs undesirable distribution 
losses.  It should be mentioned,  there are jurisdictions to  
specify that the inverters on PV systems must supply both real 
and reactive power [6]. 

    3)  Current Unbalance: Before and After 
Fig. 16 exhibits the lateral current serving the community.  

The left- and right-sides show the currents before and after the 
interconnection of PVs and EVs, respectively.  The top and 
bottom charts in each figure show the per-phase and average 
current.  The lower chart shows the same average current and 
the percent-unbalance calculated with (1). Current unbalance 
is the ratio of maximum-deviation from average current to the 
average current itself. 

 ( )100 max , ,  %unb a b c avgI dI dI dI I= ×  (1) 

I Current unbalance (%) unb 
d Deviation of phase a current avg. current (A) Ia 
d Deviation of phase b current avg. current (A) Ib 
d Deviation of phase c current avg. current (A) Ic 

Current unbalance produces voltage unbalances at the 
switchgear box, at the transformers inside the community, and 
to commercial and industrial customers outside the 
community.  The unbalance was there before the inclusion of 
PVs and EVs and is not caused by the uneven installation of 
residential load, PV generation, and EV charging (Fig. 3).  In 
fact, the inclusion of these assets appear to reduce the 
unbalance by decreasing demand.  
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Fig. 15.  Total power demand as seen from the main lateral service entrance 
(Left: before PVs and EVs; Right after PVs and EVs) 

In the evenings, EVs do not appear to increase the current 
unbalance because of the uncorrelated charging, charging 
levels, times, and number of EVs per phase.  This latter result 
is somewhat interesting as it is commonly believed that EVs 
are detrimental to feeder service.  However, this examination 
is limited to the observations over a 24-hour period. More 
general conclusions may be derived using yearly data, which is 
currently being collected. 

 The detrimental effects of unbalanced service voltage are 
well known [7, 8].  In order to prevent problems caused by 
unbalanced voltages, single-phase loads should be connected 
evenly across all three phases.  Although it is highly desirable 
that PV resources connect to the highest loaded phase as is the 
case in Mueller (Fig. 3), the local utility does not have the 
authority to dictate this, only the responsibility to respond.  

    4)  Distribution Losses: Before and After 
Fig. 17 presents the power distribution losses on cables, 

transformers, and their sum.  The left- and right-sides, 
respectively, contrast the cases before and after the inclusion 
of after PVs and EVs. 

Referring to the cable losses (top chart in each column), 
PVs reduce diurnal losses as there is less current demand.  The 
monetary value, however, is insignificant due to the low 
current at 12.47Y/7.2 kV.  In the evening hours, between 6-10 
PM, the cost of the losses due to EV charging increases.  
However,  daytime losses reduce and nocturnal losses 
increase, the end result is approximately unchanged. 

The data also shows no significant aggregate change in 
losses during the daytime hours.  To explain, some 
transformers experience more losses than before, while others 
fewer than before, due to the reverse flows. 

The total (cable and transformer) losses show that daytime 
losses are slightly increased.   At the end of the day, however, 
the dollar losses before and after the inclusion of PVs and EVs 
appears to be approximately the same in both cases.   

VI.  CONCLUSIONS 
This report highlights the effect on the distribution system 

for a newly developing neighborhood with a high penetration 
of solar power and plug-in vehicles.  This is a different 

operating regime for distribution systems.  This work provides 
information about the loading of the transformers and cables in 
the system. Previous work has shown that good information 
about the loading of the cables and transformers can be 
obtained from a model of the power distribution system that is 
anchored in data of the temporal variation of the loads served 
by the system [10]. 

In this particular case, most of the electrical footprint 
appears to stem from PVs rather than from EVs.  This was 
observed in the form of reverse power flows in transformers, 
diurnal voltage swells, poor power factor conditions, reduction 
of current unbalance, reduced lateral power demand, PV 
power fluctuations, and from the uncontrollable scattering of 
PV generation on different electrical phases.   

 

Phase a

Phase b

Phase c

Avg. Current

%-Unbalance

Phase a

Phase c

%-Unbalance

Phase bAvg. Current

Avg. 
Current

Avg. 
Current

 
Fig. 16.  Per-phase current entering the lateral service entrance (Left: before 
PVs and EVs; Right after PVs and EVs) 
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Power 
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Power 
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Power 
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$ losses

Power 
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Fig. 17. Estimate of distribution losses before (left) and after (right) the 
inclusion of PVs and EVs 

The key observations resulting from the data set and the 
modeling included: 

• When load sampling occurs at time intervals long 
compared to load variation times, the load profile 
data acquired is a smoothed inexact replica of the 
actual load.  This is an expected result due to 
fundamental sampling theory. 

• The penetration of residential solar power and the 
available sunlight were sufficient to produce 
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reverse flow through some distribution 
transformers. 

• Since the inverters connected to the solar panels 
produce only real power, the power factor 
approaches 0.5 – 0.6 on sunny days at some 
transformers. 

• Although most transformers experienced little 
change in use most of the time, there were some 
that experienced significant changes due to PVs 
and EVs.  None of the transformers, however, 
appeared to be sufficiently stressed to warrant 
replacement.  This fact is consistent with their 
loading and the %Z nameplate data. 

• As would be expected from the previous point, the 
voltage levels at the distribution transformers were 
generally within specifications. 

• The power level at the lateral feeding of the 
distribution transformers was always positive, 
indicating that the excess power generated by the 
residential PV systems was consumed within the 
neighborhood.  Higher PV penetration would 
undoubtedly spread their effects more widely. 

• The power factor on the lateral dropped to about 0.6 
when the solar generation was at its maximum.  
So, while the real power demand from the utility 
was decreased by the solar power, the need for 
significant reactive power persisted. 

• In this particular case, the inclusion of PVs and EVs 
reduced the phase unbalance, but that is an artifact 
of the particular configuration.  The fact is that the 
PV and EV loads affect the unbalance and must be 
considered in the design and operation of the 
distribution system. 

 
The change in transformer utilization was quantified with 

the model.  This analysis makes it clear that the inclusion of 
PVs and EVs alters existing transformer use and increases 
operating temperature [9] .  The changes can be positive 
(increase), negative (decrease), or zero (no change).  Although 
low levels of PV installations reduce transformer throughput, 
at higher density, PVs also increase it and can result in higher 
transformer losses than without PVs.  The second approach to 
show change of transformer utilization (right side of Fig. 11) 
was to use the after-before consumption ratio.  During some 
hours, some transformers are used 3-4x more than before the 
incorporation of PVs and EVs.  However, the changes are not 
sustained.  They occur when PVs are fully illuminated and for 
those transformers that have more PV generation than 
residential load.   

The lateral power demand was reduced with the inclusion 
of PVs and EVs.  The most appreciable change was the 
reduction in real (active) power demand.  PV generation inside 
the community reduced diurnal demand from ~600 kW to 
~200 kW.  This deficit  power is no longer sold by the utility.  
Nonetheless, reactive power demand was unchanged, which 
implies that residences cannot become grid-independent, and 

that the utility must schedule generation to provide this 
reactive power, although it does bill for it. 

Comparing the current unbalance before and after the 
inclusion of PVs and EVs, it was observed  that PVs reduced 
the current unbalance by decreasing the unbalanced demand.  

Distribution losses were approximated in watts and dollars.  
These values estimate the potential changes in distribution 
losses as a result of having PVs and EVs in residential 
community distribution system.  The addition of PVs and EVs 
did not increase the distribution loses (in power and 
financially) in this work to any significant extent.  This is 
likely a particular observation to this installation rather than a 
general result.   
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