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Executive Summary

This report has developed an estimate of the benefits of Conservation Voltage Reduction
(CVR) for individual distribution feeder types, as well as an extrapolation of the benefits on a
national level. Simulations were conducted using the GridLAB-D simulation environment,
developed at the Pacific Northwest National Laboratory (PNNL), as well as the Taxonomy of
Prototypical Feeders developed under the Modern Grid Initiative (MGI), now the Modern Grid
Strategy (MGS). Based on the results of this report there are seven high level conclusions:

1) The analysis of CVR, as well as other smart grid technologies, requires the use of time-series
simulations.

2) The behavior of end use loads is more complicated than generally acknowledged. Voltage
dependent multi-state models must be used to accurately represent the effects of CVR.

3) CVR provides peak load reduction and annual energy reduction of approximately 0.5%-4%
depending on the specific feeder.

4) When extrapolated to a national level, it can be seen that a complete deployment of CVR,
100% of distribution feeders, provides a 3.04% reduction in annual energy consumption.

5) If deployed only on high value distribution feeders, 40% of distribution feeders, the annual
energy consumption is still reduced by 2.4%.

6) In a practical deployment of CVR heavily loaded, higher voltage feeders should be targeted.

7) Loss reduction is not a significant benefit of CVR.



1. Introduction

Conservation Voltage Reduction (CVR) is a reduction of energy consumption resulting from a
reduction of feeder voltage. While there have been numerous CVR systems deployed in North
America, there has been little substantive analytic analysis of the effect; the majority of the
published results are based on empirical field measurements. As a result, it is difficult to
extrapolate how this technology will behave on the various types of distribution feeders found
throughout the nation.

To ensure that the results of this report can be reproduced by other researchers, all of the tools,
models, and materials used are openly available at [http://sourceforge.net/projects/gridlab-d/]. In
order to prevent showing bias to any particular commercial vendor, the method of CVR selected
was from a twenty year old academic publication. While this method of CVR does not represent
the current state of the art, it does contain the fundamental elements that are used in current
commercial CVR schemes. The majority of CVR schemes contain two fundamental
components: reactive power compensation and voltage optimization. Reactive power
compensation is achieved through the operation of shunt capacitors in order to maintain the
power factor at the substation transformer within a prescribed band. Voltage optimization is
achieved through the operation of substation voltage regulators in order to regulate the voltage at
specific End of Line (EOL) points within a prescribed range. In this way the peak load is
reduced and the annual energy consumption is reduced.

Through detailed time-series simulations conducted in GridLAB-D, the effectiveness of CVR
can be examined on each of the 24 Prototypical Feeders. The weighting factors developed in [1]
are then used to extrapolate these results to a national level. This methodology allows for the
operational impact of CVR to be analyzed from the device level to the national level.

The remainder of this report is divided into five additional sections. Section 2 discusses the
level of complexity which must be included in simulations in order to effectively evaluate CVR,
while Section 3 examines the simulation results of the 24 Prototypical Feeders. Section 4
extrapolates the individual feeder results of Section 3 in order to develop a national level
estimate of the benefits of CVR and Section 5 contains the concluding remarks. Section 6 is an
appendix which contains multiple analysis plots for each of the 24 Prototypical Feeders.



2. Modeling Principles

In order to effectively model CVR, as well as most distribution level behaviors, it is necessary
to perform time series simulations. Examining the peak load behavior and inferring behavior for
the rest of the year is not adequate. For the analysis of CVR presented in this report simulations
were performed with a one (1) minute time step for an entire year (8760 hours).

Additionally, standard power flow solutions are insufficient for analyzing the effects of CVR.
Many loads within distribution systems cannot be defined as simple constant impedance,
constant current, and constant power loads (ZIP). Many are thermostatically controlled, provide
constant mechanical power, or draw a constant amount of energy over different time periods. To
properly understand the effects of voltage reduction on the distribution system, such loads must
be properly modeled. Additionally, standard distribution solvers ignore the effects of residential
transformers (typically split-phase or center-tapped) and the cabling that connects the consumer
to the transformer. While omitting these components may be acceptable for traditional capacity
planning studies, when studying the effects of voltage reduction, they must be included. This
section will discuss the level of detail which was used for determining the impacts of CVR on
the various prototypical distribution feeders.

2.1. Taxonomy of Prototypical Distribution Feeders

As part of the 2008 MGI efforts, a Taxonomy of Prototypical Distribution Feeders was
developed [1]. The feeders within this taxonomy were designed to provide researchers with an
openly available set of distribution feeder models which are representative of those seen in the
continental United States. Because climate and energy consumption are closely coupled, the
prototypical feeders were divided into five climate regions based on the U.S DOE handbook
(1980) providing design guidance for energy-efficient small office buildings [2].
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Figure 2.1: Climate Zones Used for Development of Prototypical Feeders



Within each of the climate zones, there are a set of feeders that are approximations of the types
of feeders that are seen within that zone. Table 2.1 gives a summary of the 24 prototypical
feeders, including feeder name, base voltage, peak load, and a qualitative description. The peak
loading used for the CVR analysis is slightly different than the original values from the 2008
report; this difference will be discussed in further sections.

Table 2.1: Summary of Prototypical Feeders

Feeder Base kV | Peak MVA Description
R1-12.47-1 12.5 5.4 | Moderate suburban and rural
R1-12.47-2 12.47 4.3 | Moderate suburban and light rural
R1-12.47-3 12.47 2.4 | Small urban center
R1-12.47-4 12.47 1.8 | Heavy suburban
R1-25.00-1 24.9 4.9 | Light rural
R2-12.47-1 12.47 2.3 | Light urban
R2-12.47-2 12.47 6.7 | Moderate suburban
R2-12.47-3 12.47 6.7 | Light suburban
R2-25.00-1 24.9 4.8 | Moderate urban
R2-35.00-1 34.5 21.3 | Light rural
R3-12.47-1 12.47 6.9 | Heavy urban
R3-12.47-2 12.47 11.6 | Moderate urban
R3-12.47-3 12.47 4.0 | Heavy suburban
R4-12.47-1 13.8 9.4 | Heavy urban with rural spur
R4-12.47-2 12.5 6.7 | Light suburban and moderate urban
R4-25.00-1 24.9 2.1 | Light rural
R5-12.47-1 13.8 1.0 | Heavy suburban and moderate urban
R5-12.47-2 12.47 10.8 | Moderate suburban and heavy urban
R5-12.47-3 13.8 4.2 | Moderate rural
R5-12.47-4 12.47 4.8 | Moderate suburban and urban
R5-12.47-5 12.47 6.2 | Moderate suburban and light urban
R5-25.00-1 22.9 8.5 | Heavy suburban and moderate urban
R5-35.00-1 34.5 9.3 | Moderate suburban and light urban
GC-12.47-1 12.47 12.1 | Single large commercial or industrial

The original prototypical feeders were modeled in detail from the substation to the end use
point of interconnection, but did not include detailed load models. To use these feeders for an
accurate analytic assessment of CVR, it was necessary to include detailed end use load models.



2.2. Determination of Load Type

Load information in the original feeder models was fairly limited. The original models
contained a small amount of information on commercial loads and no information on residential
loads. Loads were defined as static spot loads, where blocks of individual commercial and
residential loads were summed to a single peak spot load on the primary system (no secondary
voltage loads were defined). To more accurately classify the loads, Google Earth© images of the
feeders were located and the physical dimensions of the feeder overlaid. The loads provided by
the original model were then manually classified by the type of building found at that location,
and were broken into nine different load types via visual inspection. These were classified as
Residential 1-6, Commercial 1-2, and Industrial. Brief descriptions are provided in Table 2.2.
Each load classification describes the properties of the load in that area, and the details that
describe each type of load will be further described in Section 2.4 Population of Loads.

Table 2.2: End Use Load Classifications

Load Class Description
Residential 1 | Pre-1980 <2000 sqft.
Residential 2 | Post-1980 <2000 sqft.
Residential 3 | Pre-1980 >2000 sqft.
Residential 4 | Post-1980 >2000 sqft.
Residential 5 | Mobile Homes
Residential 6 | Apartment Complex
Commercial 1 | >35kVA
Commercial 2 | <35 kVA
Industrial All Industrial

By defining each building as older or newer, and larger or smaller, approximate physical
properties for those homes could be assumed. These were then used to define multiple building
models at each load location, depending upon the type of building that was found through
observation in Google Earth©. Defining these properties gives insight into the benefits of
voltage reduction not only at a single given load level, but as a function of seasonal and daily
variations in load. Once again, while a particular building model at that location does not
accurately represent a specific building in reality, the aggregate of the distribution of the
buildings should approximate the response of all of the real buildings. Within each building,
appliance loads were also modeled, as will be seen in the following sections.

2.3. Load Models

Once each of the points of interconnection were classified in accordance with Table 2.2, it was
necessary to fully represent the load. Because of the complexity of end use load behavior, load



models can be divided into two distinct classes: those without thermal cycles and those with
thermal cycles. Loads without thermal cycles consume energy in a time-invariant manner, with
the exception of voltage variations. Specifically, there is no control feedback loop. As an
example, a light bulb will consume energy when turned on, as a function of voltage, in a fixed
manner. In contrast, a load with a thermal cycle, such as a hot water heater, will have a varying
duty cycle dependent on the supply voltage. For example, if the supply voltage is lowered, the
hot water heater will draw less instantaneous power, but it must remain on for a longer period in
order to heat the same mass of water.

Sections 2.3.1 and 2.3.2 will discuss loads without thermal cycles while Section 2.3.3 will
discuss loads with thermal cycles. Section 2.3.4 will then discuss how these were combined to
form complete load models for individual Residential, Commercial, and Industrial Customers.

2.3.1. Loads without Thermal Cycles

The traditional method for modeling a load without a thermal cycle is to use a ZIP model. The
ZIP model is a load which is composed of time-invariant constant impedance (Z), constant

current (I), and constant power (P) elements. Figure 2.2 shows the circuit representation o