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Summary

This document is one of a series of five reports commissioned by the United States Department
of Energy, Office of Electricity Delivery and Energy Reliability. The purpose of these reports is
to estimate some of the benefits of deploying technologies similar to those implemented on the
Smart Grid Investment Grant (SGIG) projects. Four technical reports cover the various types of
technologies deployed in the SGIG projects: distribution automation, demand response, energy
storage, and distributed generation. While the results of these reports provide insight into the
variation of impacts by technology, feeder composition and region, it should be noted that the
actual impacts and benefits of employing specific technologies in individual SGIG projects may
vary from these projections. A fifth report in the series examines the benefits of deploying these
technologies on a national level. This technical report examines the impacts of distribution
automation technologies deployed in the SGIG projects.



1 Introduction

As part of the American Recovery and Reinvestment Act of 2009, the U.S. Department of
Energy (DOE) Office of Electricity Delivery and Energy Reliability (OE) provided Smart Grid
Investment Grant (SGIG) funding to 99 award recipients totaling $3.4 Billion [1]. Coupled with
matching funds of $4.6 Billion from industry, the SGIG projects are intended to accelerate the
modernization of the nation’s electricity infrastructure. To help evaluate the effect of these
projects, a set of impact metrics has been developed by the DOE [2]. Once the SGIG projects
are complete, it will be possible to analyze collected field measurements and determine the exact
benefit from each of the various technologies within each of the projects. OE has several
initiatives operating in current and near-term time frames to assess impacts and disseminate
information as data becomes available. These initiatives include analysis partnerships with
individual SGIG recipients, specific technology assessments, stakeholder briefings, and
improvements to existing algorithms and tools.

In order to examine the SGIG project benefits, the Pacific Northwest National Laboratory
(PNNL) utilized the GridLAB-D simulation environment to conduct extensive simulations on
representative technologies. GridLAB-D was originally developed at PNNL, via DOE OE
funding, to provide an open source simulation environment to evaluate the impacts of emerging
technologies on the nation’s electricity infrastructure. The unique multi-disciplinary agent based
structure of GridLAB-D allows for the effective evaluation of complex emerging technologies
such as voltage optimization and demand response. These are the same technologies that being
deployed as part of the SGIG projects.

The impact of these technologies, at the distribution feeder level across various climate regions
of the United States [3], is presented in a series of 4 technical reports, of which this report is the
first. Each of the 4 technical reports examines a class of technologies deployed in the SGIG
projects. The 4 technical reports examine distribution automation, demand response, energy
storage, and renewable integration. A 5" report uses the results of the four technical reports to
generate a policy level examination of the various technologies. The final report includes
extrapolation to a national level deployment at various penetration levels.

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 [3]. Through detailed time-series simulations
conducted in GridLAB-D, the impact of adding demand response capabilities to the grid can be
examined on the relevant prototypical feeders. Utilities, regulators, vendors and other
stakeholders interested in analyses more specific to their systems, goals, and conditions may
make use of these open tools for their own purposes.



1.1 Report Scope

Due to the large number of SGIG projects and the wide range of specific implementations, it is
not feasible to simulate each of the specific SGIG projects. In addition to the numerous
implementations, it would be necessary to model the electrical infrastructure of each of the
projects. To address these issues, the technical reports will model a selection of technologies
that are representative of those seen in the SGIG projects, and it will examine their impact on a
set of prototypical distribution feeders that are representative of those seen in the various climate
regions of North America [3]. By utilizing representative technologies and prototypical
distribution feeders, it will be possible for this report to estimate the feeder level impact of each
technology. Once the impact of the technologies has been evaluated on the prototypical feeders,
the results will be extrapolated to explore the impacts and considerations associated with
deploying the technology on a national level.

The technologies deployed as part of the SGIG projects can be placed in one of two categories:
direct and enabling. Direct technologies are those that provide direct benefit to the system.
Enabling technologies are those that may not provide a direct benefit to the system, but they
enable other beneficial technologies. As an example, a communications network does not
provide any reduction in energy consumption, but it does enable demand response systems that
create reductions in energy consumption.

The technical reports focus on the benefits obtained from the deployment of direct technologies
when supported with the necessary enabling technologies.

1.1.1 Direct Representative Technologies

These are the 15 technologies that will be specifically analyzed using GridLAB-D simulations.
Within each of the 4 technical reports there are one or more specific direct technologies that are
examined.

Distribution Automation (DA)

t1: Volt-VAR Optimization (VVO)

t2: Capacitor Automation (CA)

t3: Reclosers and Sectionalizers (R&S)

t4: Distribution Management and Outage Management Systems (DMS&OMS)
- t5: Fault Detection Identification and Reconfiguration (FDIR)

Demand Response (DR)



- t6: TOU/CPP with enabling technologies

- t7: TOU/CPP without enabling technologies
- 18: TOU with enabling technologies

- 19: TOU without enabling technologies

- t10: Direct Load Control (DLC)

Energy Storage (ES)

- t11: Thermal Energy Storage (TES)
Distributed Generation (DG)

t12: Solar residential

t13: Solar commercial

t14: Solar combined

- t15: Wind commercial

1.1.2 Enabling Technologies

In addition to technologies that provide direct benefits to the system, there are those that enable
other technologies to benefit the system, but themselves may not provide a direct benefit. The
majority of the projects in the SGIG program have committed to deploying a large number of
enabling technologies that do not provide any direct measurable benefit. Despite the lack of a
direct benefit, these technologies form the foundation needed for the technologies that do provide
direct benefits to the system.

1.1.2.1 Smart Meters

Traditional electromechanical metering devices have proven to be accurate and reliable over
multiple decades, but have the significant disadvantage of requiring manual data collection; there
is no network connectivity. The deployment of new “smart meters” is the largest common
element to the SGIG projects, ranging from projects with a few thousand, to projects with
multiple millions. These new meters are able to bi-directionally communicate information via a
wired or wireless communications network. Communications to the customer can now include
time-based electricity rates or event-triggered signals. Communications from the customer allow
remote meter reading, as well as usage patterns.



1.1.2.2 Communications Infrastructure

Communications infrastructure, both wireless and wired, is an excellent example of an
enabling technology. A communications infrastructure in an isolated environment does not
provide any direct benefit to the system. However, direct technologies and capabilities, such as
demand response, would not be possible without a supporting communications infrastructure.
For the purposes of the conducted analysis, it is assumed that the required communications
infrastructure is available, but it will not be simulated. Zero latency and infinite bandwidth is
assumed. While an explicit communications system model is not used in this analysis, there are
issues outside the scope of this work where a communications system model would be essential.

1.1.2.3 Human Machine Interface

Human Machine Interfaces (HMI) can exist in many forms. In a single family residence, the
HMI can range from a simple thermostat to a fully functional Home Energy Management System
(HEMS). An HMI can allow a residential user to see the current price of electricity, interact with
their heating and cooling system, or with an energy storage system. By providing an end-user
with more information about the current price of electricity and the state of their consumption,
the effectiveness of demand response opportunities can be increased.

1.2 Report Structure

The structures of the four technical reports follow a similar design. The four reports share a
common introduction in Section 1 with Section 2, discussing the representative technologies to
be examined in each report. Section 3 contains the detailed feeder level examination of the
impact of each technology, while Section 4 examines the change in the impact metrics between
the base case and the case with various technologies. It should be noted that the base case is a
representative simulation without new technologies; it is not representative of the operation of
any actual SGIG project. Section 5 contains the concluding comments. Additionally, there are
multiple appendices. Appendices A, B, and C are common to all 4 reports with Appendix A
giving a detailed description of the SGIG impact metrics, Appendix B detailing the taxonomy of
prototypical distribution feeders, and Appendix C discussing GridLAB-D and the simulation
methodology. Appendix D is specific to each report and contains the plots produced for
individual feeders from the simulations. Appendix E contains the impact metric values for each
technology and is the basis for the differential impact metrics in Section 4.

The fifth report has a structure independent of the four technical reports.



2 Demand Response Technology Areas

Demand Response (DR) can be defined as changes in electric usage by consumers in response
to changes in electricity prices or incentive payments designed to induce changes in consumer
consumption patterns. In general, this includes a broad range of pricing programs and
technologies that are focused on shifting end-use load in response to various external control
signals, whether price, frequency, voltage, or combined signals. A review of the SGIG projects
indicated that many of the DR projects were deploying Advanced Metering Infrastructure (AMI)
mainly in preparation for future DR rate structures. Those that are currently deploying DR
programs included various combinations of alternate rate structures and enabling technologies.
Alternate rate structures included Time-of-Use (TOU), Critical Peak Pricing (CPP), and Critical
Peak Rebates (CPR) or Peak Time Rebates (PTR). Enabling technologies range from those that
increase customer awareness of current energy consumption and pricing rates, such as In-Home
Displays (IHDs), web portals, or programmable thermostats, to technologies aimed at automating
customer response, such as smart thermostats or direct equipment control. Additionally, Direct
Load Control (DLC) was often mentioned.

Based on a review of the SGIG project proposals, five forms of demand response were selected
as being appropriate for simulation in GridLAB-D. These included Time-of-Use with and
without enabling technologies, Time-of-Use with a Critical Peak Pricing overlay, again with and
without enabling technologies, and Direct Load Control. As there are a relatively large number
of available rate programs, technologies, and all of the combination of each, simulating all of
them would be cost and time prohibitive. These five DR schemes were selected to define the
lower and upper limits of the capabilities of DR programs, and what impacts could be seen by
the utility. Additionally, it should be noted, that at the time this analysis was undertaken, very
little information was available about the specific technologies to be employed by the grant
recipients. The technologies chosen for simulation are meant to be representative of the
possibilities when using these technologies, but may not represent any actual technology used by
the grant recipients. The following sections will examine the approaches, the specific
implementation of technologies used in this analysis, and examples from the analysis.

2.1 Time-of-Use (TOU) and Critical Peak Pricing (CPP)

DR programs have been used by utilities for well over 30 years [4]; however, the widespread
introduction of AMI increases the opportunity for utilities to implement TOU and CPP rates at
the residential level by taking advantage of the communication infrastructure and the capabilities
of newer meters. In general, TOU programs charge higher rates for electricity during peak
consumption hours, and lower rates during low consumption, or off-peak hours. TOU programs
may also include a third period (i.e. shoulder hours), where the price for electricity is in between
the peak and off-peak prices. These programs rely on consumers changing their consumption
habits, especially during peak load periods, to reduce overall system consumption during peak
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periods. The number of periods, the difference in prices between periods, and the hours covered
by each period is highly dependent upon the utility’s technical needs and ratemaking goals.

Typical TOU programs will include two or three price periods, where the peak period often has
a price on the order of two to five times higher than the off-peak period. The hours covered by
each period commonly vary from four to eighteen hours with varying start and end times, often
with seasonal shifts. CPP programs charge a substantially higher price during a set number of
hours with limited annual frequency, based on critical system conditions, such as high demand or
high prices. The higher prices can be overlaid on flat, tiered pricing, or TOU rates. The critical
peak price is often on the order of five to twenty times higher than the off-peak rate, but a critical
event can typically only be declared 10-15 times per year. The customer is typically notified 24
hours prior to a CPP event being declared. More advanced programs may also provide
automated controls on consumer devices, such as water heaters and air conditioning units to
enhance customer responsiveness to price changes. With the advent of smart appliances and
home energy management units, additional automation can be obtained.

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 [3]. To estimate the potential of rate
programs and automated response controls to reduce peak demand, detailed time series
simulations were conducted in GridLAB-D [3] on each of the Prototypical Feeders [5], both
developed at PNNL by DOE OE and freely available for public use. Openly available automated
controls and consumer interfaces were used. Sections 2.1.2 and 2.2.2 will discuss the specific
technologies modeled and simulated, while Appendix B discusses the creation and calibration of
the base feeder models used in the analysis.



2.1.1 SGIG Impact Metrics Affected by TOU and CPP

A detailed list of the SGIG impact metrics can be found in Appendix A. These metrics are for
all of the SGIG projects, and reflect annual values. The following SGIG metrics are affected by
TOU and TOU/CPP and will be tracked in this analysis:

Table 2.1: Impact metrics affected by TOU and CPP

Index Metric Units
1 Hourly Customer Electricity Usage | kWh
2 Monthly Customer Electricity Usage | MWh

Peak Generation kW
Nuclear %
Solar %
Bio %
Wind %
3
Coal %
Hydroelectric %
Natural Gas %
Geothermal %
Petroleum %
4 Peak Load kW
7 Annual Electricity Production MWh
12 CO, Emissions Tons
SOx Emissions Tons
13 NOx Emissions Tons
PM-10 Emissions Tons
Feeder Real Load kw
2 Feeder Reactive Load kVAR
29 Distribution Losses %
30 Distribution Power Factor pf
39 CO, Emissions Tons
SOx Emissions Tons
40 NOx Emissions Tons
PM-10 Emissions Tons




2.1.2 Specific Implementation of TOU and CPP

A review of the SGIG grants showed a large number of utilities engaging in, or preparing for,
the use of TOU or TOU/CPP price structures, enabled by the AMI and communication
infrastructure needed for such implementation. Some utilities went as far as proposing the
desired rate structure, often based on DOE guidelines for TOU and TOU/CPP programs [1].
Additionally, a number of utilities planned technology deployments to complement the time-
based pricing programs. In-home displays and web portal access to customer energy
consumption were the most noted. However, a few grant proposals indicated the use of
advanced controls, such as responsive or programmable thermostats, hot water heater controls,
and pool pump controllers in conjunction with time-based rates. While a few programs also
included home area networks (HAN) for engaging smart appliances, it was found that investment
in the smart appliances was minor. In addition, a number of price programs beyond TOU and
TOU/CPP were proposed, however there were relative few such cases. From this, it was
determined that four cases would be investigated:

1) TOU/CPP with enabling technologies

2) TOUJ/CPP without enabling technologies
3) TOU with enabling technologies

4) TOU without enabling technologies.

Enabling technologies were considered to be responsive thermostats for HVACS, hot water
heater controls, pool pump controls, and various forms of IHDs and web portals. Cases without
enabling technologies were assumed to be equipped with programmable thermostats, and relied
mainly upon direct consumer reaction to rate changes. The assumptions and controls used in this
analysis will be described in more detail later in this section. Additionally, it was assumed that a
communications infrastructure was in place for the communication of price and event signals.

The first step in this analysis was to design time-based rates appropriate for each of the
simulated feeders. Two rate structures, TOU and TOU/CPP, were created for each climate
region. A relative price pattern was designed using a two-period TOU and a two-period CPP
program. The TOU/CPP program used a TOU rate throughout the year, and then applied a 6-
hour critical price period 15 days per year which replaced the high TOU rate. These were
declared with perfect knowledge from the base case by determining the 15 days with the highest
peaks in each region. The second period rate for both programs was defined to be two times
larger than the first period, and the critical period rate was ten times larger than the first period.
A relative price pattern was determined for each region by aggregating all of the feeder circuit
loads from each region. This was then coupled with general engineering knowledge to develop a
schedule to best reduce peak energy and load consumption within each region, and not feeder by
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feeder. Price signals for TOU and CPP are rarely designed with particular feeder circuits in
mind, but rather coincident system peak demands, shifting power at the system level from peak
to off-peak. For this analysis, it has the effect that the price signal will not be optimized for a
particular feeder. Different TOU patterns were developed for winter and summer because of a
shift in the end-use behaviors between the two seasons. Because of the high penetration of non-
electric heating devices, all CPP days fell within the summer time frame. Table 2.2 shows the
TOU and CPP periods used for each region.

Table 2.2: Periods of low, high, and critical prices for each region

TOU Summer TOU Winter CPP Summer
Redion 1 Low: 0:00-9:00 Low: 0:00-9:00 Low: 0:00-11:00
Wgst Coast 21:00-24:00 21:00-24:00 17:00-24:00
High: 9:00-21:00 High: 9:00-21:00 Critical:  11:00-17:00
. Low: 0:00-10:00 Low: 0:00-9:00 Low: 0:00-11:00
Region 2

18:00-24:00 21:00-24:00 17:00-24:00
High: 10:00-18:00 | High: 9:00-21:00 Critical:  11:00-17:00

Low: 0:00-10:00 Low: 0:00-9:00 Low: 0:00-13:00

N. Central and Northeast

ﬁi%'_‘g‘oistal Southwest 19:00-24:00 21:00-24:00 19:00-24:00
High: 10:00-19:00 | High: 9:00-21:00 Critical:  13:00-19:00
Region 4 Low: 0:00-10:00 Low:  0:00-9:00 Low: 0:00-10:00
Non-Coastal Southeast 20:00-24:00 21:00-24:00 16:00-24:00
and Central High: 10:00-20:00 | High: 9:00-21:00 Critical:  10:00-16:00
Redion 5 Low: 0:00-10:00 Low: 0:00-9:00 Low: 0:00-10:00
g 19:00-24:00 21:00-24:00 16:00-24:00
Southeast

High: 10:00-19:00 | High: 9:00-21:00 Critical:  10:00-16:00

For each customer simulated, including residential and commercial customers, a monthly
electric bill was collected. In the base case simulation, this included a flat monthly connection
fee and a flat energy rate that varied between region and customer type. The values used are
shown in Table 2.3. They were obtained from the EIA website and represent the regional
average rate for electricity in dollars per kilowatt-hour for each region by customer type [6].
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Table 2.3: Flat rates used in the base case simulation

Residential ($/kWh) Commercial ($/kWh)
5\?3!‘[0 golast 0.1243 0.1142
ﬁégciggtrzal and Northeast 0.1294 0.1112
Ez?li—?oistal Southwest 0.1012 0.0843
Elg?]i-?o:\stal Southeast and Central 0.1064 0.0923
Eggtiﬁgags’t 0.1064 0.0923

Regulators require that all retails rates collect sufficient revenue from the various billing
determinants of all customers exposed to the rate in order to cover the costs of serving this group.
As such, all rates are designed to be “revenue neutral” with respect to the billing determinants of
the “average” customer. If a new rate (e.g. TOU or TOU/CPP) is introduced, it will be designed
to collect the same amount of revenue from the group being served as was collected under the
old rate or a flat rate in this case. While individual customers may experience differences in their
bills depending upon their specific load shape when exposed to the new rate versus the old rate,
the total annual revenue collected by the utility from all customers should be constant, assuming
that the customers do not change their load patterns in respond to the new rate. The incentive for
customers to join the new time-based rate is for the potential monetary benefit of modifying their
electricity consumption in response to the new rate. For example, customers on a TOU rate are
incentivized to shift their demand away from the more expensive on-peak period to the less
expensive off-peak period. The GridLAB-D simulation environment is well suited for studying
the exact effects of rate structures on revenue neutrality as the base case simulations provide an
ideal reference point to develop the revenue neutral rate.

A revenue neutral rate structure was designed for the TOU and TOU/CPP rates for each feeder
in each region, based on the base case simulation results. Data on customer billing and energy
consumption was collected on fifteen minute intervals. Monthly and annual bills were also
calculated at the end of the simulation. To design a new revenue neutral rate structure, a pattern
of relative prices for each hour of was assumed. Time intervals are described in Table 2.2.
Relative rates were 1x, 2x, and 10x for the low TOU, high TOU, and CPP periods. Using the
time series loads from the base case, the energy consumption at each hour was multiplied by the
relative price for that hour and summed for each simulated customer and in total for all
customers to form the total relative revenue. To ensure that the total revenue is the same
between the original fixed-price rate structure and the new time-based structure assuming no
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price response, a revenue scaling factor is used to multiply the pattern of relative prices to form
the actual revenue required. Thus, the revenue scaling factor is:

Total Base Case Revenue

R Scaling Factor = 2.1
evenue scating Factor Total Relative Revenue (21)
and the retail price at any given time t is:

Retail Price(t) = Revenue Scaling Factor = Relative Price Pattern(t) (2.2)

The TOU and TOU/CPP rates created allow the utility to collect the same amount of revenue
from each group of customers, assuming that the customers do not to respond to the new rate
structure. The rates designed for residential customers in feeder R1-12.47-1 (West Coast region)
are shown as an example in Table 2.4. Note that the addition of the CPP period in the TOU/CPP
rate slightly reduces the TOU rates in comparison to the TOU only rates to maintain revenue
neutrality. These rate values are used to determine the level of customer responsiveness to the
new price, as discussed in Section 2.1.2.4. While the effects on the customer bill were captured
during the simulations, detailed analysis was not performed here, as it was outside the scope of
this analysis.

Table 2.4: TOU and TOU/CPP rates for R1-12.47-1

Period TOU TOU/CPP Fixed
Low 0.0764 0.0705

R1-12.47-1 High 0.1527 0.1410 0.1243
Critical 0.7049

2.1.2.1 Automated Thermostats

The thermal energy within a population of buildings can be utilized to provide peak shifting by
adjusting the thermostat set points during key periods. While consumers may manually alter
their set points as a function of time and price, programmable communicating thermostats
(PCTs) provide a more automated method for customers to adjust their temperature set points to
changing prices, thereby increasing customer participation and response to price changes.
Because of the continual operation of PCTs, there is the potential for greater peak reduction and
greater savings to the customer. The functionality of automated thermostats can range anywhere
from scheduled time blocks such as AWAY, HOME, and SLEEP settings, to those that respond
directly to changes in price through complex predictive algorithms. The PCT design used in the
DOE supported Pacific Northwest GridWise™ Test bed Demonstration Project was used in this
analysis [7]. A more detailed description of its capabilities is provided below. It should be noted
that none of the SGIG projects were planning to deploy 2-way communicating thermostats, but
the automated controls discussed below can be mapped to a simple setback program, i.e. the
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customer can program the thermostat to shift 2 degrees between TOU low and high periods.
This is also used to represent the potential of demand response, utilizing the most advanced
technology available. While this implementation is well understood by the authors and is
currently being deployed in the gridSMART Demonstration Project, there are a number of other
commercially available price-responsive thermostats that may also be used. This model was
chosen due to an understanding of the distribution of customer responsiveness found during the
field experiments in the GridWise Demonstration Project [7].

Figure 2.1 graphically illustrates the behavior of the PCT implemented in this analysis.
Cooling response is used as an illustration but the same effects can be achieved with heating.
Essentially, the thermostat translates the current price of electricity into a change in the
temperature set point. If price is relatively high, the cooling set point is adjusted upward.
Conversely, if the price is relatively low, the cooling set point is adjusted downward. Customers
have full control over the level of responsiveness of their individual system, defining the
maximum downward and upward deviations (Tmin and Tmax) from their desired set point (47=0),
the rate at which they respond (the slope of the line), and whether they wish to pre-cool the
home. For simplicity, all of these parameters are mapped to a “slider setting”. Customers can
choose a value between 0% and 100%, where 0% equates to “maximum comfort” (or standard,
non-price response thermostat operation) and 100% equates to a pre-defined “maximum
savings”. For this analysis a distribution of typical customer participation levels or slider
settings was determined from the Pacific Northwest GridWise Demonstration [7]. This
distribution was found to be a best fit by a normal distribution centered on 45% with a standard
deviation of 20% participation. Values below 0% were set to 0%, while values chosen above
100% were re-chosen. This led to a distribution with an approximate mean of 45% tailing off to
100%, but with a large population of customers who did not participate at all (0% setting). A
plot of this distribution is shown in Figure 2.2. This was similar to results from the Pacific
Northwest GridWise Demonstration Project. More detailed descriptions about the operation of
the automated thermostat can be found in [7]-[9]. Additionally, pre-cooling and pre-heating was
excluded from use in this analysis. While some customers are inclined to use this feature,
especially when presented with advanced notice of a price change (such as a scheduled CPP
event), limited information is available as to the number of customers who would participate.
Due to a lack of detailed information about participation, pre-heating and pre-cooling modes
were excluded from this analysis.

It is important to note that when prices are continuous, such as those found in retail real-time
pricing programs, the mapped response of set points to price is a continuous function. However,
in the case of TOU and TOU/CPP, there are only two or three discrete prices which map to two
or three discrete set point deviations. This is analogous to a customer scheduling their
programmable thermostat to change their set point during low versus high versus critical peak
periods. For this analysis critical prices resulted in customers responding at their maximum
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allowable deviation (Tmax). High period TOU prices resulted in customers responding at a lesser
deviation related to their slider setting. Low period TOU prices resulted in normal thermostat

operation.
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Figure 2.1: Graphical representation of automated thermostat response
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Figure 2.2: Distribution of customer response slider settings
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2.1.2.2 Water Heater Controls

Electric hot water heaters are a readily controllable and a relatively unobtrusive load to manage
in areas where residential electric hot water heaters are prevalent. Because of the stored thermal
energy within the water, most consumers do not notice short term changes in water heater
behavior, similar to automated thermostat and the HVAC systems. These characteristics make
electric hot water heating an ideal candidate for DR programs. Again, automated water heater
controls designed for the DOE supported Pacific Northwest GridWise™ Testbed Demonstration
Project [7] were used in this analysis. The goal of this control is to allow the water heater to
opportunistically respond to changing prices without having to formulate any additional value
information. Again, it should be noted that none of the SGIG projects indicated the use of
automated water heater controls coupled with time-based rates, but these controls (along with
advanced HVAC and pool pump controls) were used to illustrate the potential of demand
response programs coupled with advanced technologies.

In the demonstration project, a probabilistic opportunity function was designed to increase the
likelihood that the water heater would disconnect during a high price signal. Essentially, as
prices become very high, a circuit breaker opens to turn off the water heater with increasing
probability. As prices approach average or below average levels, the probability of a disconnect
goes to zero. The probability function is defined as:

Pclear
k 1 j (ﬁ_?zd ! 0
e 20 x——=1; r =
r="Yaros 2 (2.3)
0; otherwise
where:
Kw is the customer’s comfort level or slider setting
Pcear 1S the current market price
P is the average price of electricity for the previous 24 hours
o is the standard deviation of the current market price for previous 24 hours
r is a parameter used for comparison against a uniformly generated number

The parameter r is used to compare against a uniformly generated number between 0 and 1
every fifteen minutes [7]. If the chosen r is greater than the random number, the water heater is
turned to the inoperative state whether or not demand requires that the water heater run. Again,
in a continuous real-time pricing program, this is a continuous function with an infinite number
of probability states. In the case of a TOU or TOU/CPP program, these translate to discrete price
levels that are only affected by the customer’s willingness to participate. For this analysis,
during low a TOU price period, no response is expected. The response rate was set so that
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during a high TOU price period approximately 80% of customers (c = 2) would respond if all of
the customers selected maximum savings. However, since most customers choose a much lower
level of participation, the level of response is much lower. During a CPP period, approximately
95% of customers (c = 3) would respond at any given time, if all customers selected maximum
savings. In this case, response means the water heater would be disconnected whether or not
demand was required. Of course, not all customers were defined as having full response. The
same slider setting distribution used in the HVAC controls was used, where a 0% slider setting
(kw = 0) meant no response and a 100% slider setting (k,, = 3) commanded maximum response.

2.1.2.3 Pool Pump Controls

Swimming pool filter pumps can be a significant portion of the system load in some areas. A
1993 Southern California Edison report showed that pool pumps were the third largest consumer
of residential energy in the Southern California Edison service territory [10]. Pool pump motors
consume an average of 1.36 kW while running [11], commonly making them the third largest
instantaneous load in a typical home after the HVAC system and the electric hot water heater.
Pool pumps are often controlled by a manually set, constant duty cycle timer, where the run-time
is often decreased during winter months. Pool pumps typically run for a period of two to four
hours at a time, and on average four to twelve hours per day [10]. These values were used in this
analysis to diversify the population of pool pumps on each feeder during normal operation.
While in many areas pool pumps are operated year round with a decreased duty cycle during the
winter, for this analysis it was assumed that pool pumps only operated 6-8 months out of the year
and were turned off during the remaining time, depending upon the region. Again, it should be
noted that none of the SGIG projects indicated the use of automated pool pump controls coupled
with time-based rates, but these controls (along with advanced HVAC and water heater controls)
were used to illustrate the potential of demand response programs coupled with advanced
technologies.

While it is possible for customers to adjust their timers to respond to TOU and TOU/CPP
prices manually, this is not a practical solution. A number of commercial strategies exist for
automating pool pump controls, but these are often proprietary control functions. For this
analysis, an automated pool pump control strategy was designed which increased the duty cycle
during low price times and decreased the duty cycle during high price times, while conserving
the overall run-time and energy consumption of the unit. The customer sets the base run-time
and duty cycle of the pool pump. Depending upon the ratio of low price to high price, and the
ratio of low price duration to high price duration, the duty cycle during each of the periods is
adjusted. The adjusted duty cycles during TOU pricing can be described as:

Plow Liow + thigh

DChigh = DCpgse (2.4)

Piow + Prigh  thign
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and:

Phigh  tiow T thign

DCiopw = DCpgse (2.5)

Piow + Prign  tiow
where:

DCrase is the duty cycle before applying a TOU program
DChigh is the duty cycle during the high price period
DClow is the duty cycle during the low price period

Phigh is the price during the high price period
Plow is the price during the low price period
thigh is the length of time at the high price tier
tiow is the length of time at the low price tier.

This has the effect of decreasing energy consumption during high price periods and increasing
energy consumption during low price periods, but effectively conserving energy consumption
across the entire operational cycle of the pool pump. For CPP, the response is similar except
DChigh is reduced to zero while DCyq is still calculated in the same way. This results in a slight
drop in energy consumption over the 24 hour period, but effectively shuts he pool pump off
during the critical time period.

2.1.2.4 Behavioral Response

Aside from automated controls, there are manual controls, which are essentially the actions of
people, responding to supplied inputs and observations. In this case, the inputs are the price of
electricity at a given time. These actions can be treated as a behavioral response of the end-use
load. Basic economics suggests that changing the price of electricity will affect the demand for
electricity. Increasing the price of electricity will cause the demand to decrease, while
decreasing the price of electricity will cause the demand to increase. The relationship between a
change in electrical demand and a change in price is known as the price elasticity. Traditionally,
utilities have charged residential consumers a fixed price for electricity at any given time of the
day and any given time of the year, with some variations based on season. When alternate
pricing strategies, such as TOU or CPP rate structures are implemented, it is important to analyze
and understand the change in load response to the new pricing strategy. When there is a load
response, or change in the consumer demand due to a change in the price of electricity,
electricity consumption will no longer appear to be price inelastic as it had previously; the load
shape of the customer will be altered. Thus, it is essential to study the degree of such load
response, or the price elasticity of electricity usage for a particular deployment.

In general, system operators would like to have the ability to shift some portion of the
consumption of electricity from peak periods to the off-peak periods. Conceptually, consumers
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would be presented with a higher cost of electricity during the peak period and a lower cost
during the off-peak period, shifting consumption from the peak period to the off-peak period,
thereby improving the load factor of the system. One of the important points to note is that, CPP
is mostly used for curtailing loads during extremely high peak power periods. However, the high
pricing is mostly used as a methodology for load shifting and/or load leveling. Additionally,
utilities and system operators are in most cases restricted in the number of days and hours that a
critical signal (CPP pricing) can be imposed; however, the same restriction does not apply to a
high pricing signal.

System operators may combine a two period pricing scheme with the CPP pricing to obtain the
benefits of both. This can be done in two ways. System operators can choose to have dual period
pricing during all days of the year, except for a few peak days, when the CPP price could be
imposed. Alternatively, system operators could have a three tier pricing for certain high peak
days of the year. The system operators could impose the CPP for a few hours of the high peak
days, have the two period pricing for the other hours of the same peak days and a two tier pricing
for all the other days of the year. This three tier pricing scheme for certain peak days of the year
is commonly used to curtail load during extremely high peak power periods and helps shift the
load away from peak periods to the off -peak periods during all days of the year. Studies have
shown that a combination of two signals, a CPP or a TOU/CPP (3 period) price combination for
certain critical (CPP) days of the year and a TOU (2 period) price for other (non-CPP) days of
the year, is the most effective at affecting consumer behavior to changes in electricity price [12].

Studies have also shown that an incremental increase in the price of electricity between the
peak and off-peak period is an important deciding factor in determining if consumers will react
to the changes in electricity pricing [12]. The degree of such consumer response is important for
multiple reasons, including planning and revenue studies. Load forecasting is an important
component for electricity providers in planning studies; hence, being able to predict the changes
in the load given a change in the price of electricity becomes important. It is thus important to
have a model that can predict the changes in consumer behavior and demand given a new pricing
structure.

A number of the SGIG proposals plan to implement some form of automated controls for the
thermostat, hot water heater and/or pool pump, but other appliances may also be price elastic
while not designed to automatically respond to price signals. Appliances like refrigerators and
freezers, unless specially designed to respond to price signals, will remain price inelastic.
Without considerable upgrades to the equipment to include DR equipped logic, users will not
change the usage of such appliances in response to price signals. However, consumers are
known to change their usage habits for appliances such as clothes washers, dryers, dishwashers,
etc., where consumers can easily modify their behavior given a TOU pricing program, and
postpone using these appliances until off-peak pricing periods even if the appliances themselves
have not been designed to automatically respond to price. The elasticity model, which was built
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into GridLAB-D for this project and will be described in detail later in this section, helps
simulate such changes in appliance usage, either due to human factors or due to external
technology (i.e. technology not related to the appliance design itself). Such appliances include,
but are not limited to, cooking ranges, cooking ovens, microwaves, dryers, dishwashers and
clothes washers. Studies also show, that appliances in conjunction with external technology
respond more to changes in price signals, than when only human behavior is involved without
any user interface or external control technology [13]-[14].

In economic terms, elasticity of a variable with relation to another variable is defined as the
percentage change in the first variable for a one percentage change in the second variable. Price
elasticity of the demand of a commodity is defined as the percentage change in the demand of
the commodity given a one percent change in the price of the commodity. The price elasticity of
substitution of a commodity is defined as the percentage change in the ratio of the demand for
the two different commodities (e.g., peak and off-peak period electricity) for a one percent
change in the price ratio of the two commodities. When combined, a comprehensive consumer
demand elasticity model can be constructed that aims to predict the change in the demand for
electricity given a change in the price of electricity throughout the day base on historic load
usage patterns and elasticity parameters based on previous studies.

The methodology adopted to design the elasticity model in GridLAB-D is based on the Brattle
Group’s Price Impact Simulation Model (PRISM). The PRISM model includes two substitution
elasticity estimates (one for CPP days and one for non-CPP days) and two daily price elasticity
estimates (one for CPP days and one for non-CPP days) [13].

The substitution elasticity parameter (o) captures the shift in electricity from the peak to off-
peak period, or the degree by which people will postpone using their appliances until the off-
peak price periods. This can be thought of as deferred energy usage, as it has a zero net energy
change. As defined previously, the elasticity of substitution for electricity is defined as the
percentage change in the ratio of the peak to off-peak electricity usage, given a one percent
change in the ratio of the peak to off-peak electricity prices. These can be described by:

New old PNew POld
Peak _ Peak Peak _ Peak
QNeW old PNeW POld
Of fPeak QOffPeak — gP Of fPeak Of fPeak

old - POld (26)
Peak Peak
e g
Of fPeak OffPeak
where:
P is the new electricity usage in the peak period (kWh)
ng‘iypeak is the new electricity usage in the off-peak period (kWh)
ol is the old electricity usage in the peak period (kWh)
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Q9% pear  is the old electricity usage in the off-peak period (kWh)

oP is the substitution elasticity between the peak and off-peak periods (-)
Fome is the new peak period price of electricity ($/kWh)
0FfPeak is the new off-peak period price of electricity ($/kWh)

pold . is the old peak period price of electricity ($/kWh)

P‘(’,l;ifpeak is the old off-peak period price of electricity ($/kwWh)

For example, if the ratio of the peak to off-peak electricity price changes from 1 to 2, then the
change in the ratio of the peak to off-peak electricity prices is 100%. If the substitution
electricity parameter is -0.11, then the change in the ratio of the peak to off-peak energy usage is
-11%. In this model, two substitution elasticity values were considered. The first substitution
elasticity parameter relates to the substitution of peak price energy usage with off-peak energy
usage and is applied only on non-critical peak price days. The second elasticity parameter relates
to the substitution of critical price energy usage with off-peak energy usage and is applied on
critical price days. The value of the two substitution elasticity parameters depends upon whether
the day is a CPP or TOU day, and whether customers had access to enabling technologies.

The daily elasticity parameter (1) captures the change in daily energy usage, or the degree by
which people will change their overall daily energy usage given a change in electricity price.
This can be thought of as unused energy, as it is the amount of energy customers will not “make
up” at a later time. The daily elasticity of electricity is defined as the percentage change in the
daily average electricity usage given a one percent change in the daily average price of electricity
and can be described by:

Qggﬁy - Qgg%ly crllzfgvdaily - Pc(l)zlzcei daily
old =10 old (2.7)
Qdaily Pave daily
where,
Qdaily is the new daily electricity energy usage (kWh)
ngffzy is the old daily electricity energy usage (kWh)
is the daily elasticity of electricity (-)

uvg daity 1S the new load-weighted daily average price of electricity ($/kWh)

pgﬁfg daity 1S the old load-weighted daily average price of electricity ($/kWh)

For example, if the calculated new daily average price is two times that of the previous
calculated daily average price and the daily elasticity parameter is -0.042, then the daily average
energy is said to decrease by 4.2%. The daily elasticity parameter depends upon the day of the
week (weekend versus weekday), whether it was a CPP or TOU day, and whether customers had
access to enabling technologies.
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The load-weighted average price used in Equations 2.6 and 2.7 is defined as:

P
Pavg daily = % (2.8)

where t is the number of time periods throughout the day with different price levels, P is the
price during that time period, and Q is the electricity usage during that time period. The specific
equations used to calculate the values in Equations 2.6 and 2.7 are dependent upon the pricing
structure currently in use on a particular day, whether a three period TOU/CPP, a two period
TOU, or a two period CPP. For a three period TOU/CPP price structure, the load-weighted
average price is calculated by:

_ (PCriticalPeak * QCriticalPeak) + (PPeak * QPeak) + (POffPeak * QOffPeak)
Pavg daily —

(2.9)
QCriticalPeak + QPeak + QOffPeak

where:

Qcriticarrear 15 the electricity usage during the critical peak period (kWh)
Qpeak is the electricity usage during the peak period (kWh)
Qoffpeak is the electricity usage during the off-peak period (kWh)
Pcriticarreae 1S the critical peak period price of electricity ($/kWh)

Ppeak is the peak period price of electricity ($/kWh)

Poffpeak is the off-peak period price of electricity ($/kwWh)

A two period TOU pricing structure utilizes peak and off-peak pricing, so the load-weighted
average price is calculated as:

_ (PPeak * QPeak) + (POffPeak * QOffPeak)
Pavg daily —

(2.10)
QPeak + QOffPeak

And when a two period CPP pricing structure is used with a critical peak price and an off-peak
price, the load-weighted average price is calculated as:

(PCriticalPeak * QCriticalPeak) + (POffPeak * QOffPeak)

Pavg daily = (2.11)

QCriticalPeak + QOffPeak

In this model, both the substitution and daily elasticity parameters are used simultaneously to
predict the change in the current load of the appliances in the residence due to a change in price.
The appliance load shape of the previous 24 hours of the base case simulation, when the price
signal was a flat rate, is used as a starting point. The change in price is determined from the
customer’s previous pricing structure (flat rate in this analysis) as compared to the new pricing
structure, whether TOU or CPP. These are used together to predict the new load under the new
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pricing structure at any given hour. Two sets of equations are simultaneously solved; the first
equation calculates the change in the overall daily usage given a change in the daily price of
electricity, while the second equation calculates the change in the peak (or critical peak) to off-
peak ratio of electricity usage, given a change in the ratio of the peak (or critical peak) to off-
peak prices of electricity. Using the two equations, the change in electricity demand of any
given hour is calculated. When incorporating the load shape from the base case simulation with
the two solved equations, the load shape under the new pricing structure is obtained. Figure 2.3
demonstrates this by applying the daily elasticity and substitution elasticity separately, then
combining both equations into a new load.
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Figure 2.3: Example of time series change in Q when changing from fixed to TOU rate structure

Figure 2.3 uses example elasticity and price values on a peak summer day applied to the
normalized load of an entire feeder. In fact, most of the values are exaggerated to help show the
effects on the demand over time. Notice that the daily elasticity reduces demand in relation to
the base case at all times as a function of the total load, while the substitution elasticity shifts
demand from the peak to the off-peak period, consuming the same amount of energy throughout
the day as is used in the base case. It should be noted, that in the case of revenue neutrality,
where the load-weighted price average is the same in both the fixed price and a two rate TOU
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case, the right-hand side of Equation 2.7 goes to zero, and there is no net reduction in daily
energy consumption.

Of course, to apply this in an analysis, actual values for each of the elasticity values must be
applied. The elasticity values used in the analysis were derived from the elasticity values
obtained in the California Statewide Pricing Pilot [15]. The model was developed in GridLAB-
D to cater to the rate structures being simulated, or a two period TOU rate designed both with
and without a CPP overlay. Therefore, the choice of elasticity values was limited to studies
which had used similar pricing structures. The data from the California Statewide Pricing Pilot
(California SPP) has been widely cited and is also the basis for the elasticity parameters in
studies using the PRISM model [15]. The PRISM model has also been widely used in many
other studies and its results have been widely used and referenced [16]. Hence, values derived
from a widely acknowledged model and pricing pilot were chosen for this model. The model
was also designed to simulate how enabling technologies such as IHDs, HEMs, and web portals
affect the elasticity, and therefore, customer response to a change in price. Note, that since loads
such as air conditioners, water heaters, and pool pumps are already being controlled by
technologies in the enabling technology cases, the elasticity values only apply to the other loads
in the home. Hence, elasticity values from studies which made this distinction were needed. Both
the PRISM model and the California SPP take into account Central Air Conditioning (CAC) or
Heating, Ventilation, and Air Conditioning (HVAC) saturation values and account for the effects
of weather using the Cooling Degree Hours (CDH) values. These factors are taken into account
by these studies when calculating the elasticity values. For the various scenarios, the elasticity
parameters determined for the purpose of this analysis are listed in Table 2.5.

Table 2.5: Values used for elasticity of non-controlled loads

Non-Critical Days Critical Peak Days
Substitution Elasticity
(without enabling technology) 0.076 0111
Substitution Elasticity
(with enabling technology) 0.152 0.222
Daily Elasticity 0.041 0027
(without enabling technology) ' '
Daily Elasticity
(with enabling technology) 0.051 -0.052
Daily Elasticity
(weekends — with & without) 0.043 0.043

The elasticity parameters in Table 2.5 represent the average of the total population of
consumers for the various scenarios. However, to represent the elasticity values of each
individual customer and simulate a diverse set of customer responses, a log-normal distribution
of elasticity parameters was developed using the values in Table 2.5 as the average for the given
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scenario. This provided for a population of consumers who each responded a different amount to
a price change, while still preserving the average response seen in previous studies. This means
that when the daily elasticity is applied to the population of customers (as seen in Figure 2.4), the
average customer has no net change in energy consumption; individual customers, however, may
experience changes in their daily energy consumption, depending upon the random elasticity
value assigned to that particular customer.

2.1.3 High Level TOU and CPP Simulation Results

In this section the high level results of TOU and TOU/CPP will be examined. At this level of
examination the reporting of the impact metrics will not be divided into monthly values, but
rather annual values will be examined. This section will provide a summary of the four test case
results compared against the base case simulation. The high level examination will include a
summary of the ability of the implemented TOU and TOU/CPP (with and without enabling
technologies) programs to reduce peak load, annual energy consumption, system losses, and
carbon emissions. Additional impact metrics affected by these technologies can be found in
Appendix E.

2.1.3.1 Annual Peak Demand

Peak reduction is the most commonly claimed benefit of implementing a TOU/CPP DR
program. Figure 2.4 compares peak demand for the five cases on each feeder, while Figure 2.5
and Figure 2.6 show the change in peak demand from the base case to the current technology
case, first in terms of kW, then in terms of percent of peak demand. As can be seen from Figure
2.4 to Figure 2.6, peak reduction is not always a benefit of TOU and TOU/CPP, especially when
automated controls are used. The price signal can act as a synchronizing signal, temporarily
reducing load diversity throughout the system and causing a “rebound” during the recovery time.
At times, the rebound peak can be significantly greater than the original peak, but typically for
only a short period of time. While most utilities actively manage the rebound (when necessary),
the addition of automated technologies exacerbates the rebound problem. In fact, it should be
noted that feeder R5-12.47-3 does not show results for the “with technology” cases, as the
rebound was so large it caused voltage collapse on the system. As technologies begin to further
automate the process of demand response, the magnitude of the rebound may become a greater
concern. Section 2.3 will discuss these issues in more detail.

It should be noted that in this case, the definition of annual peak demand may be misleading.
For example, while the individual feeder circuits may experience an increase in peak demand,
this peak demand may be offset temporally by as much as a few hours. If the rebound peak is
non-coincidental with the system peak, then this may result in an overall system level peak
reduction. This illustrates one of the difficulties in describing the benefits of DR through a
simple metric; the benefits of DR cannot be described by a simple peak demand reduction
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metric, but requires one to ask a multitude of questions like how much can demand be reduced
and for how long, at what return cost (i.e. the rebound), and who receives the benefits (e.g.
transmission system peak reduction versus a local reduction in peak). Some of these questions,
including the temporal offset of the peak, peak reductions within a certain time window, and the
effects of the rebound will be further discussed in Sections 2.3 and 2.4, including alternate
impact metrics for evaluating the performance of the demand response program.
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Figure 2.4: Comparison of peak demand by feeder
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Figure 2.5: Change in peak demand by feeder (kW)
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Figure 2.6: Change in peak demand by feeder (%)
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2.1.3.2 Annual Energy Consumption

Reduction of annual energy consumption is not typically considered a primary impact of TOU
or TOU/CPP programs, as they are typically designed to temporally shift energy consumption or
reduce peak demand. Often, the recovery period may require as much or more energy than that
deferred in the peak period. The benefits seen are typically second order effects, such as the
slight increase in efficiency seen by shifting the cooling load to a later time of day after the
outside air temperature has decreased, and do not significantly contribute to energy reduction.

As can be seen from Figure 2.7 to Figure 2.9, annual energy consumption is reduced or
increased depending upon the feeder studied across all cases, but in general reductions of less
than 1% in annual energy consumption are seen. Another issue that can be seen in Figure 2.7 to
Figure 2.9 is that the reductions in annual energy consumption have a strong regional correlation.
The regional correlation can be attributed to the second order effects, such as the recovery
period, that are primarily affected by climate.

‘ I Basc [ CPP wTech [ CPPnoTech [ ] TOU wTech [l TOU noTech

g )

@

o

ﬂ .

g QO e, S (1] - -

3 )

&

=

=

o 20

U

2

g m mm

23| 0
O W = I o = O O = = ] O = O = = OO0 W
T e e b 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
S = o o o S S S o O o o o o o
A N N N N G R R I R R R R IR R R R TR
bbb i N S R Y
SRR RN L e Ry iv s AS ES IS ES IR R Dt R R N e N S
TN =~ ==~ s o e Yo" e A s Sl e A o™ e /o™ e e A e A e
DO D
GIGRGEGRG)

Figure 2.7: Comparison of annual energy consumption by feeder (MWh)
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Figure 2.8: Change in annual energy consumption by feeder (MWh)
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Figure 2.9: Change in annual energy consumption by feeder (%)
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2.1.3.3 Annual System Losses

Loss reduction is often described as an impact peak reduction in response to time-based
pricing. However, it can be seen from Figure 2.10 to Figure 2.12 that the change in losses varies
from increased losses to decreased losses depending upon the feeder investigated. Feeder losses
include those accumulated from distribution transformers, overhead and underground lines, and
triplex cabling, and do not address transmission or sub-transmission losses. Additionally, the
annual system losses change by less than 3% between the five cases, except on feeder R5-12.47-
3. Losses are affected by a number of different factors, from feeder topology to load

composition, and represent less than 5% of the total annual energy consumption.
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Figure 2.11: Change in total annual losses by feeder (MWh)
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Figure 2.12: Change in total annual losses by feeder (%)
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2.1.3.4 Annual CO, Emissions

Environmental emissions for each feeder were estimated using a simple dispatch algorithm.
Generation sources were sized by the regional generator types, and ranked to dispatch in an
appropriate order. Full commitments were achieved before proceeding to the next generator.
For example, consider a region where natural gas turbines dispatch first and support 250 MW of
load, followed by 400 MW of petroleum-fired generation. To support 300 MW of load, the
natural gas is fully dispatched then the remaining 50 MW s attributed to petroleum-fired
generation. Representative heat rates and emission rates are then applied to these power outputs
to determine the overall environmental impacts. The details of these rates, along with the
dispatch orders and amounts for each region, are explained in Appendix B.3.

Figure 2.13 to Figure 2.15 compare annual CO, emissions between the base case and the four
technology cases.  Again, results are mixed depending on the feeder studied. However, results
are often consistent within each region, indicating that generation mix plays a strong role in
determining the effects on CO, emissions. While reduced energy consumption will generally
reduce CO, emissions, in the case of DR, load is often shifted temporally but not reduced,
moving it from one generation source to another. Depending on what prime mover is being
utilized during the peak period versus the off-peak period, CO, emissions can either decrease or
increase. As can easily be seen in Figure 2.15, regions 1 and 5 (West Coast and Southern
regions) show a greater reduction in CO, emissions than other regions. This is mainly due to the
reduced energy consumption seen in those regions.
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Figure 2.14: Change in total annual CO, emissions by feeder (tons)
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Figure 2.15: Change in total annual CO, emissions by feeder (%)

2.2 Direct Load Control (DLC)

Direct load control has been used by utilities for a number of decades. This type of demand
response allows utilities to take control of specific residential customer end-uses directly (i.e. air
conditioners, pool pumps, and hot water heaters), and manipulate the load in a limited way that
benefits the distribution or bulk power system. This can range anywhere from a percentage
reduction of load by altering the behavior of the load to a complete disconnecting of all loads.
These are typically voluntary programs, and customers are often incentivized with a reduced rate
for electricity or a flat rebate in exchange for providing the service. Proponents of DLC like it
because the response of the load is very predictable and quantifiable, as customers have given
over almost all control to the utility. Additionally, only 1-way communication is usually
required, reducing the cost of deployment, but also reducing the observability of the system, as
information about how the load behaves is not directly transmitted to the utility. Retention in
DLC programs can often be a difficult and costly problem for the utility, and if the program is
underutilized (i.e. all of the days contracted by the utility and customer agreement are not used
every year), a “free rider” effect is often seen, where customers are receiving an incentive
without having to change their behavior.
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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 [3]. To estimate the potential of DLC in
reducing peak demand, detailed time series simulations were conducted in GridLAB-D [3] on
each of the 28 Prototypical Feeders [5]. Openly available automated controls were included to
determine the impact of technologies in utilizing DLC programs.
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2.2.1 SGIG Metrics Affected by DLC
The following SGIG metrics are affected by DLC and will be tracked in this analysis:

Table 2.6: Impact metrics affected by DLC

Index Metric Units
1 Hourly Customer Electricity Usage | kWh
2 Monthly Customer Electricity Usage | MWh

Peak Generation kW

Nuclear %

Solar %

Bio %

Wind %

3

Coal %

Hydroelectric %

Natural Gas %

Geothermal %

Petroleum %

4 Peak Load kw
7 Annual Electricity Production MWh
12 CO, Emissions Tons
SOx Emissions Tons
13 NOx Emissions Tons
PM-10 Emissions Tons

Feeder Real Load kW
2 Feeder Reactive Load kVAR

29 Distribution Losses %

30 Distribution Power Factor pf
39 CO, Emissions Tons
SOx Emissions Tons
40 NOx Emissions Tons
PM-10 Emissions Tons

35



2.2.2 Specific Implementation of DLC

In this analysis, DLC was applied in a similar manner to the CPP signal. The six hour
windows used for the CPP signal on each of the feeders was also applied the same 15 times per
year for DLC, as it is common for DLC events to be used by utilities 10-15 times per year.
These signals were applied to the HVAC system, hot water heaters, and pool pumps. In the DLC
analysis, the price of electricity was a fixed rate so the elasticity model was not used, as it is a
customer behavior model and not a direct load control device. The following sections will
describe the specific DLC controls used for each appliance.

2.2.2.1 DLC HVAC Controls

As DLC is a mature technology, a number of control strategies for HVAC systems already
exist. A common method of DLC for HVAC systems involves modifying the natural duty cycle
of the HVAC system to consume less energy during a given time period. In some programs this
requires monitoring of the current duty cycle, then decreasing the duty cycle by 20-50% during
the specified time period. This requires additional monitoring and control devices at the
residence to process the utility request for a certain percentage of reduction. Other programs
provide a scheduled time frame during which the HVAC is allowed to operate, and an additional
time frame for which it is shut off. This has the effect of enforcing a duty cycle and period of
operation. For example, the HVAC may be allowed to operate normally during the first 15
minutes of the hour, but then be shut off during the remaining 45 minutes of the hour. Common
strategies consider a forced duty cycle anywhere from 30-70% for residential buildings, and 50-
70% for commercial buildings. A third method allows the utility to directly modify the
customer’s set point (thermostat setback program), e.g. increase the cooling set point by five
degrees for four hours. The first method provides more controllability over the amount of load
reduction provided, but requires more equipment and additional expenditures. The second is
easier and less expensive to implement, but also provides less control over the amount of load
reduction and when the HVAC system is greatly oversized, it can provide little to no reduction.
The third requires access to the thermostat only and is usually better understood by customers,
but does not provide a constant load reduction; as time progresses, the response diminishes as
customers reach a saturation point, and the internal air temperature climbs to the new set point
(in a cooling example). None of the SGIG proposals specified which (if any) of these control
methods was to be used.

For the current analysis, the second methodology, using fixed duty time frames, was chosen.
A duty cycle within defined ranges (30-70% duty cycle for residential customers and 50-70% for
commercial customers) was randomly chosen for each residence. The actual value depended
upon the normal duty cycle of the residence, and tried to reduce the duty cycle by approximately
50% for residential customers and 30% for commercial customers. During the 6-hour DLC
period, HVAC operation would be limited to the “on” period of the duty cycle, then forced to
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“off” during the rest. Periods for applying the duty cycle ranged from 10-30 minutes.
Additionally, to decrease customer discomfort, maximum temperature deviations were provided.
Internal air temperature was not allowed to deviate more than 5-10 degrees above the desired set
point. If the internal air temperature exceeded this range, the DLC was deactivated until the
internal air temperature returned to within the allowed deviation range. This can be thought of as
a hybrid DLC system, utilizing both a thermostat setback (maximum deviation) and a duty cycle
restriction with fixed duty cycle time frames.

2.2.2.2 Water Heater Controls

The DLC for the hot water heater was relatively simple. During the DLC signal, the hot water
heater was switched to off whether there was demand or not. When the DLC signal was
released, the hot water heater re-entered normal operation. The advantage of this system is the
simplicity of implementation. The disadvantage is that during those 15 days a year when a DLC
event is declared, customers may run out of hot water as the customers use hot water during the
DLC period. Additionally, because the internal water temperature drifts lower than its normal
setting during the DLC event, when the DLC signal is turned off, the hot water heater will
immediately begin heating the water back to its original set point. When a number of appliances
do this at once, it can result in a significant rebound as the loads are temporarily less diversified.

2.2.2.3 Pool Pump Controls

Similar to the hot water heater DLC, the pool pump was deactivated during the DLC time
period. However, when the DLC signal was released, the pool pumps re-started their cycle, and
turned on at the same time they would have normally. This is analogous to a pool pump running
on a timer, with an additional DLC switch delivering power to the pool pump that opens due to
DLC signal.

2.2.3 High Level DLC Simulation Results

In this section the high level results of DLC will be examined. At this level of examination the
data will not be divided into monthly values and instead annual values will be observed.
Simulation results for each of the prototypical distribution feeders will be shown. The high level
simulation results will help examine the impact of DLC on peak demand, annual energy
consumption, system losses and CO; emissions.

2.2.3.1 Annual Peak Demand

The primary objective of DLC is to reduce peak demand during critical periods. Figure 2.16 to
Figure 2.18 show the peak demand of the base case versus the DLC case on each of the
prototypical feeders. Figure 2.16 shows the actual peak demand of both cases, while Figure 2.17
and Figure 2.18 show the change in peak demand in power and percent of peak respectively.

37



Similar to the results from the TOU and TOU/CPP cases, it can be seen that due to the rebound
from the control signal, in most cases DLC actually increases peak demand. This will be
discussed in more detail in section 2.3. Notice again that results for R5-12.47-3 were not shown,
as the rebound caused a voltage collapse on the distribution system. The rebound effect, and
how it can be mitigated, will be further discussed in Sections 2.3 and 2.4.
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Figure 2.16: Comparison of peak demand by feeder
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Figure 2.17: Change in peak demand by feeder (kW)
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Figure 2.18: Change in peak demand by feeder (%)
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2.2.3.2 Annual Energy Consumption

Figure 2.19 to Figure 2.21 compare the annual energy consumption of the base case versus the
DLC case. Figure 2.19 displays total energy consumption of both cases, while Figure 2.20 and
Figure 2.21 show the change in energy consumption in terms of energy and percentage of total
energy respectively. In all cases, DLC decreases or does not affect annual energy consumption.
This is due to the fact that the implemented DLC shuts off load during critical peak periods.
During the recovery period, the instantaneous demand increases to move the customers’
appliances back to their desired set points, but does not increase overall energy consumption.
However, it should be noted that this is not necessarily a method of energy reduction or
conservation, as the DLC signal is turning off or modulating the appliance specifically to reduce
peak demand. The side effect is that energy consumption is reduced by inconveniencing the

customer.
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Figure 2.19: Comparison of annual energy consumption by feeder (MWh)
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Figure 2.20: Change in annual energy consumption by feeder (MWh)
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Figure 2.21: Change in annual energy consumption by feeder (%)
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2.2.3.3 Annual System Losses

Figure 2.22 to Figure 2.24 compare the annual system losses of the base case versus the DLC
case for each of the prototypical feeders. In all cases, system losses are decreased as overall
demand is decreased during critical peak periods. However, it should be noted that while losses
can decrease by as much as 5%, annual system losses amount to less than 4% of total energy
consumption. For example, R1-12.47-3 decreases losses by approximately 5% or 32 MWh,
while the overall energy consumption for the circuit was approximately 32,000 MWh. This
results in a 0.1% reduction in energy consumption due to reduction in losses.
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Figure 2.22: Comparison of total annual losses by feeder
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Figure 2.23: Change in annual losses by feeder (MWh)
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Figure 2.24: Change in annual losses by feeder (%)
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2.2.3.4 Annual CO, Emissions

Figure 2.25 to Figure 2.27 show the effects of DLC on CO, emissions. Emissions were
calculated using a simplified dispatch algorithm outlined earlier, which is described in detail in
Appendix B.3. Figure 2.25 shows the total CO, generated by the base case and the DLC case,
while Figures 2.26 and Figure 2.27 show the change in CO, generated in terms of tons and
percentage respectively. In most of the feeder cases studied, DLC had little to no impact on CO,
emissions. Most of the feeders showed a change of less than 0.1% in their CO, emissions output.
Two Region 1 feeders showed noticeable increased in CO, emissions, but even this increase was
only 0.75%. This is due to the designed dispatch order of Region 1 (West Coast) and the high
penetration of hydroelectric, which makes the CO, emissions of the base case relatively small.
In this case, the shift in peak demand causes the used generation to shift from a low CO,
emission generating station (hydroelectric and geothermal) to a higher CO, emission plant
(natural gas). While DLC has the potential to move the load to off-peak conditions, since this
only occurs a limited number of days per year, the overall benefit is relatively small.
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Figure 2.25: Comparison of total CO, emissions by feeder
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Figure 2.26: Change in total CO, emissions by feeder (tons)
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Figure 2.27: Change in total CO, emissions by feeder (%)
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True economic dispatch and optimal powerflow solutions might deviate from this result to a
certain degree. However, unless DLC results in a significant shift in the demand time, the CO,
emissions impact is expected to be minimal. If the shift occurred such that load dropped into a
less carbon-intensive generation source, or a much lower demand period, then CO, impacts may
be more significant.

2.3 Alternate Measures for TOU, CPP, and DLC

The previously results have shown that TOU, CPP, and DLC programs may actually increase
peak demand. This is counter-intuitive, and in disagreement with the majority of available
literature. In fact, the apparently negative impacts of DR that have been shown are a result of
poor implementation rather than a deficiency of the technology itself. This section will be
devoted to explaining the shortcomings of the proposed implementations, and to provide a
framework for discussions on how to improve the performance of “simple” demand response
programs. The following section will present a set of alternative metrics for capturing the
potential benefits of DR systems.

It is first important to discuss why the increased demand occurs, and how to better operate and
measure performance of DR systems. This is most easily shown with a plot of total load as a
time series on a peak day, comparing the base case to the various DR cases. Figure 2.28 to
Figure 2.32 demonstrate this for each of the technologies on feeder R3-12.47-3.
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Figure 2.28: Times series comparison of TOU/CPP with enabling technologies on a peak day.
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Figure 2.29: Times series comparison of TOU/CPP without enabling technologies on a peak day.
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Figure 2.30: Times series comparison of TOU with enabling technologies on a peak day.
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Figure 2.31: Times series comparison of TOU/CPP without enabling technologies on a peak day.
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Figure 2.32: Times series comparison of DLC on a peak day.
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Notice that each of the three cases that use enabling technologies, such as automated
thermostats or direct air conditioning control, initially shows a significant reduction in demand.
DLC shows the largest initial reduction with CPP a close second, while TOU, even with
automated equipment, shows far less reduction. As time proceeds and the HVAC systems return
to new equilibrium operating points, the reduction in demand is less pronounced. At the end of
the peak period, when the CPP or TOU signal is released to a lower price level or the DLC
command is discontinued, a significant rebound in the demand can be seen as the air
conditioning systems simultaneously react to move the internal house air temperatures back to
their normal settings. The CPP (or TOU or DLC) signal not only acts in concert with the
automated equipment to reduce the peak demand, but also has the effect of synchronizing the
load during the release, diminishing diversity within the system. Until diversity can be restored,
the total load increases, often creating a new, larger peak than was previously seen. This is not
seen with the cases without enabling technologies. The enabling technologies that interpret the
control signal (whether CPP, TOU, or DLC) into a change in load behavior (e.g. a thermostat
setback) tend to synchronize the response of all the units on the system, and the change happens
at the same time. Without the automated controllers, the change in demand relies upon the way
people respond to the change in price, and people do not necessarily synchronize with a control
signal. In a way, the non-automated system relies on human interaction to maintain diversity.

Figure 2.33 illustrates this movement to a new equilibrium point, by demonstrating a typical
cooling load response to a change in thermostat settings for a population of homes. These are
modeled as a sequence of differential equation solutions of the ETP heat balance equation
described in Appendix B. As might be seen on a typical peak day, the outdoor air temperature is
assumed to be 100°F, while the solar gains and internal heat gains are consistent with a late
afternoon. The thermostat settings for the population of homes are changed from 70°F to 75°F at
Hour 0. The initial cooling load is approximately 62% of total capacity, as it is assumed that all
of the HVACs are oversized in this example.
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Figure 2.33: Differential equation solution to the ETP equation.

The cooling demand responds to the change in thermostat set point by immediately turning off
and remains off for about 15 minutes until the buildings have warmed up to 75°F. During this
time period, the cooling “load” is entirely made up by the heat being absorbed by the thermal
masses (primarily by the capacitance of the thermal mass - Cy,). At this point, the indoor air
temperatures reach 75°F, the cooling systems begin to turn on again, and the average diversified
cooling load for the population begins to rise. Of course, the load in any specific building is
either fully on or fully off, but here the plot indicates the average load of a population, assuming
the on-off cycles are uniformly distributed.

The thermal mass is still somewhat cooler than 75°F, so it continues to reduce the cooling load
below the eventual steady state level as it warms up. Also at that point, the air conditioning
loads begin to steadily rises, exponentially approaching the eventual steady-state level. At the
end of the first hour, the diversified load has reached about 80% of initial load. The new steady-
state cooling load is about 93% of the original load, only slightly less than the original load,
because the homes are warmer inside and so less heat is conducted through the envelope. The
specific results will vary depending on the characteristics of the buildings, the weather, and the
thermostat set points, but generally will behave in a similar manner.
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It is very important that system planners and operators understand this fundamental effect:
turning up thermostats eliminates the cooling load entirely for a short period, dramatically
reducing the total system load. But, the load returns after this short period is over and returns to
nearly the same level over the course of an hour or two. It also suggests that quantifying demand
response as a percentage reduction in the original load is not meaningful without also identifying
the time period over which the reduction was sustained.

Continuing with the illustration, at some subsequent point in time the thermostat is restored to
its initial set point (Hour 6 in this example). The thermostats immediately respond by turning on
cooling systems and operating them at full capacity until the original set point is reached. This
effect, known as rebound, can have a dramatic impact on the defined metrics. In this illustration,
it creates a new peak load, much higher than the original load, which lasts for roughly 30
minutes, that is dependent upon the level of participation of each of the individual homes and the
oversizing factor of the HVAC units. Once the indoor air temperatures reach the original set
point the thermal mass still remains slightly warmer. It continues to increase the cooling load
above its original steady-state level for an hour or two, absorbing cooling energy as it cools off.
The diversified cooling load reaches 125% of its initial steady-state value after about an hour
(again, depending on conditions).

It is equally important that system planners and operators understand the rebound effect:
restoring thermostats to their original temperature causes the cooling system to run flat out at
rated capacity for a short period, followed by a slow exponential decay that eventually results in
the original diversified load. This importance of the effects of a rebound is illustrated by the
simulation of feeder R5-12.47-3. The rebound was so great during the TOU/CPP and TOU with
enabling technologies and DLC cases that the power system was unable to support the rapid
change in load, and the system went into voltage collapse. The implication is that it is not only
important to consider the start and operation of the DR program, but also how to release it back
to normal operation.

One key to understanding how loads are shifted by demand response signals is the principle of
diversity. Most end-uses are not continuous functions over the course of time. In an individual
home, end-use power consumption is comprised of a series of discrete events, such as an air
conditioner cycling on and off, or drying a load of clothes, etc. In a population of homes, when
the demand of the population is increasing, these discrete events are more likely in any given
home, i.e. they are packed more densely, and vice versa as demand decreases. But, at any given
time period where load is reasonably steady (like an hour), the discrete events are evenly
distributed throughout the population and throughout the time period, i.e. they are random or
diversified. This is what prevents large spikes and dips in the load, unless there is some
coincidental simultaneous event (like a DR signal) that changes this random behavior and
removes the inherent diversity. The initiation of a demand response event and the restoration of
thermostat settings after such an event, are exactly the type of triggers that synchronize end-uses
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and diminish the natural diversity. While this example illustrates the response of an HVAC
system under relatively steady state conditions (e.g. constant outdoor temperatures, constant
internal heat gains, etc.), similar conclusions can be drawn from hot water heaters, or other
thermostatically driven loads. It should also be noted that while this example demonstrates the
ideal response and describes the general behavior, it is much more complicated in a real system
as steady state does not really exist as set points, outdoor conditions, appliance usage, and etc.
change constantly.

Fortunately, there are ways to operate programs that compensate for these problems. However,
they typically increase the complexity of the system at the same time. One example,
demonstrated in Figure 2.34 and Figure 2.35, relies upon maintaining a certain degree of
diversity within the population of homes and end-use loads. This is accomplished by giving
certain segments of the population on a feeder different control signals, by varying the
penetration levels of the different pricing programs. Figure 2.34 demonstrates this by again
using R3-12.47-3 on the same peak day shown before, but now leaving 33% of the population at
the normal fixed price (base), 33% of the population with CPP and enabling technologies and
33% TOU without enabling technologies. Figure 2.35 similarly demonstrates the results with
20% at a fixed price, 40% CPP with enabling technologies, 20% CPP without enabling
technologies, and 20% DLC.
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Figure 2.34: Times series comparison of diversified controls on a peak day (33/33/33).
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Figure 2.35: Times series comparison of diversified controls on a peak day (20/40/20/20).

While the rebound effect is still noticeable, it is now a manageable phenomenon and includes
significant peak reductions. Another solution may be to rotate the timing of the CPP or DLC
control signal. For example, one-sixth of the feeder customers could each start at each hour from
1 pm to 6 pm, and then proceed for 6 hours before being released back to normal operation.
Figure 2.36 to Figure 2.38 demonstrate this idea with a set of demand data which is normalized
to the base demand peak, where CPP 1 indicates that the CPP signal starts at 12 pm, CPP 2 at 1
pm, etc. Notice in Figure 2.41 and Figure 2.42 that the CPP signal creates a rebound greater than
the original peak for both CPP 1 and CPP 2. CPP signals 3-6 create rebounds that are less than
the original peak, but in general reduce the peak by less than 5%. Figure 2.38 demonstrates the
demand if the population of homes is assigned one of the six CPP signals, using the distribution
shown in Table 2.7. While the demand in Figure 2.43 has been reduced by nearly 12%, the level
of complexity in the control is much higher, and it is not guaranteed that this mix is ideal on all
15 of the peak days. All of these exemplary solutions (and any other similar solution) work by
maintaining a certain degree of diversity. Other even more complicated solutions (but often
more controllable), include real time pricing with closed loop controls and other feedback
orientated controls.
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Figure 2.36: Comparison of demand for a sample base case and a CPP signal at 12 pm.
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Figure 2.37: Comparison of demand for CPP signal starting at 6 different times.

Table 2.7: Percent of population under each of the CPP signals.

CPP 1

CPP 2

CPP 3

CPP 4

CPP 5

CPP 6

Percent of Population

9.4%

13.6%

21.6%

16.5%

5.6%

33.2%
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Figure 2.38: Comparison of demand for a base case and with blended CPP start times.

An additional point to consider is whether the rebound effect is even a problem that must be
dealt with at the individual feeder level, excepting the cases where voltage collapse or other such
problems occurs. The goal of some demand response programs is to eliminate coincidental
peaks at the transmission or sub-transmission level. In this case, a single feeder would shift its
peak to a different time non-coincidental with the transmission peak, thereby reducing the overall
system peak while shifting the rebound response to a system non-peak period. To address these
concerns, Section 2.4 will develop an additional set of metrics to describe the potential benefits
associated with demand response depending upon the goal of the operator.

2.4 Alternate Peak Metrics for TOU, CPP, and DLC

Detailed information about the proposed demand response deployments was limited in the
SGIG proposals, with little data pertaining to the operational deployment or acknowledgement of
the difficulties that can be associated with DR deployment. The previous section highlighted
some of the problems that can occur when DR systems are deployed without proper
consideration for the complexities of the system and when secondary effects are not accounted
for during more straightforward implementations. These issues cannot be adequately captured
with a single peak load reduction value.

Because of the temporal component of a demand response program, a single value for peak
load reduction is not sufficient for capturing the benefits it can provide. When a DR signal is
sent to a population of automated controllers, there is an instantaneous reduction in load. Over
time, this resource is depleted and the load reduction capability is reduced. At some point in
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time, the resource will be nearly depleted and there will only be a small effective reduction in
load. In order to capture this temporal component, this section will develop an alternate set of
metrics for peak demand that can capture the various goals of demand response programs, from
instantaneous peak reduction to sustained feeder level peak reduction, and more properly
highlight the potential of DR programs.

The basic premise behind demand response programs is to reduce demand, but the reason for
reducing demand varies from utility to utility, and the type of program implemented is highly
dependent upon the needs of the system operator. A DR program designed for short-term
reduction (i.e. 15-minute) of demand will behave differently than a program designed for longer
periods of reduction (i.e. 6-hour), and therefore has different metrics to define success. Table 2.8
shows a set of peak demand metrics that attempt to capture a majority of the often proposed
benefits of DR programs. These metrics are intended to complement the original peak load
metric in the SGIG impact metrics [2] to provide additional information and insight into the
potential of the DR programs and their various purposes.

Table 2.8: Alternate Peak Impact Metrics.

Index A Metric Units
Instantaneous Peak
Load kW
1 Hour Peak Load KW

Vel 6 Hour Peak Load KW

Average Peak Load KW

Average Peak Load

with Rebound kw
Instaneous Peak
Load %

1 Hour Peak Load %

7 6 Hour Peak Load %

Average Peak Load %

Average Peak Load
with Rebound %

Instantaneous peak load represents the initial response to a DR control signal, and generally
represents the maximum achievable reduction of demand. This occurs at the beginning of a DLC
or CPP call, when nearly all of the participants are willing to reduce load. It can also be used to
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define the maximum resource potential for a number of short term ancillary services typically
provided by generation providers, such as spinning reserves or frequency regulation. Figure 2.39
uses the same example discussed in Section 2.3 to highlight the instantaneous peak reduction,
where the green line demonstrates the instantaneous peak load reduction on feeder R3-12.47-3
using the described DLC strategy. It should be noted that the instantaneous peak reduction
shown here is the maximum achievable under this particular DLC strategy under the constraints
of previous assumptions. It is conceivable that a control signal can be devised which maximizes
the potential on a short time scale (e.g. turn off all of the appliances for five minutes), however
the greater reduction, the greater the potential for a rebound effect when the load is released back
to its normal operation. This should instead be considered an example model that is used to
describe the method.

Power (MW)

0 | | |
12AM 6AM 12PM 6PM 12AM
2009-06-08

Figure 2.39: Times series example illustrating instantaneous peak reduction.

The metrics one hour and six hour peak load reductions are solely used to demonstrate the
decaying response of the load to a static DR control signal, such as those often used in CPP or
DLC. These metrics are demonstrated on feeder R3-12.47-3 in Figure 2.40 and Figure 2.41.
Notice that the load reduction after one hour is not the same as the load reduction after six hours,
and is considerably reduced as time progresses. This highlights the fact that demand response is
a finite resource, and should be dispatched at a rate that is designed to meet either the short or

long term goals of the program, as necessary. As the load reduction signal is sustained, fewer
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and fewer resources are available, both as customers fatigue from the change in internal set
points (e.g. it is seven degrees warmer in their home) and as the resource itself runs out as
described in Section 2.3, and the resource reaches a new sustained equilibrium point. This is
driven by both the basic thermodynamics of the system and by customer behavior, and while
customer behavior can be modified to a certain extent, the basic energy balance of the system
cannot.

Power (MW)
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Figure 2.40: Times series example illustrating the one hour peak reduction.
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Figure 2.41: Times series example illustrating the six hour peak reduction.

The metrics flattened peak load and flattened peak load including rebound attempt to capture
the maximum potential for peak load reduction over extended periods of time. The method used
to compute them is described here. In this specific DR implementation, the period of time for
which the reduction is to occur is six hours for the former and six hours plus the amount of time
the system takes to settle from the rebound for the latter. To a first order approximation, there is
a limited amount of energy resources obtained by inducing a change in the thermostat settings or
load behavior, representing the change in energy in the thermal mass of the population.
Literally, this is the sum of the product of the thermal capacitance and temperature change in
each building and hot water heater of the population. Of course, this ignores the second order
effect due to the increased indoor air temperatures, which reduce the heat gained through the
building envelopes, and any changes in other external parameters, such as external air
temperature. This same change in energy then forms an energy debt across the population of
buildings that must be repaid eventually to return the load to its original behavior, in this case,
the air and water temperatures back to their original set points. This can be thought of as energy
balance within the system; the longer or harder you push down the load, the more energy debt is
incurred.

The energy resource of a DR event can be dispatched over the six hour (or other length) period
as needed. It can also be used to manage the rebound, as necessary, but again takes away from
the total available resource. It is up to the system operator to determine how to implement the
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program so as to apportion the energy across the given time frame to obtain the needed load
reduction. In the case of a DLC or CPP signal that uses a static control signal, without using a
more advanced control schema, the load reduction is inherently greatest at the beginning of the
time period and is reduced subsequently over time. These new metrics describe the potential
load reduction if the energy were to be apportioned across the time interval using a more
advanced control in a way that flattens the load, regardless of the control signal designed to
produce the flattened load. If the time interval over which the reduction is required is extended,
the peak reduction obtained will be reduced to maintain the maximum peak load reduction
possible, given the available energy resource obtained. These metrics look at the potential
reduction within the given time window, and ignore the load level outside of the described time
window. The metric flattened peak load examines the maximum peak load reduction over the
six hour period if the rebound does not matter (e.g. moving local demand off the system peak).
The metric flattened peak load including rebound examines the maximum reduction if
maintaining the rebound below the reduced peak is also important (e.g. local equipment is
overloaded). If the time window were to include times before the six hour window, then this
would need to be accounted for also, but was not accounted for in this analysis. Figure 2.42 and
Figure 2.43 illustrate the new peak load metric, where the dotted green line represents the new
load during the desired time period.
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Figure 2.42: Times series example illustrating the flattened peak load reduction.
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Figure 2.43: Times series example illustrating the flattened peak load including rebound.

Of course, to achieve the flat load reduction over the course of time, the control signal requires
a “throttle” or some sort of adaptive control that can modify the control signal over time. This
may be as straightforward as creating a number of CPP/DLC bins, where each customer
responds at different times, but may be as complicated as a centralized, adaptive control device
which modulates the signal over time as necessary. This is an area of open research, and will not
be addressed in this report, but this analysis begins to highlight some of the issues that must be
addressed during the design of such a controller. And while not explicitly stated in the SGIG
project proposals, it is assumed that the proposed deployments of DR will adequately address
these issues before deployment.

As an example, comparisons of the load reductions in terms of kW and percentage for R3-
12.47-3 for both CPP and DLC are shown in Figure 2.44 and Figure 2.45. Of obvious note is the
declining reduction over time from instantaneous to six hours in both the CPP and DLC cases.
Note that the flattened peak load reduction is approximately 500 kW (CPP) and 200 kW (DLC)
less than the instantaneous peak load reduction, but in both cases greater than the one hour and
six hour peak load reduction. Notice that the flattened peak load including rebound reduction is
approximately 400 kW less than the flattened peak load reduction in the DLC case, while the
CPP case shows that they are identical as the rebound was already below the flattened peak load.
For each feeder, the ratios between the different reductions is quite different depending upon a
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number of external factors, including load composition, weather conditions on the peak day, and
penetration of commercial versus residential customers.
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Figure 2.44: Comparison of load reduction for R3-12.47-3 CPP in KW.
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Figure 2.45: Comparison of load reduction for R3-12.47-3 CPP in %.
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Figure 2.46: Comparison of load reduction for R3-12.47-3 DLC in kW.
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Figure 2.47: Comparison of load reduction for R3-12.47-3 DLC in %.
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An additional note about the “16™ day should be made here. In many cases, the average
reduction of load resulted in 15 days which had a reduced peak load, but the “16™ day then
became the new peak day. This may or may not matter in a utility deployment, again depending
upon the goals of the utility. However, if the “16™ day is important to the utility, it may be
worth redesigning the control signal to reduce load across more days than the aforementioned 15.
This leads into a discussion about whether customers would be willing to participate in the load
reduction strategy more than 15 days per year. One way to overcome this objection may be to
revisit the idea of a “throttle” or closed-loop control on the demand response signal, allowing the
utility to ask for “a lot” of response on the highest peak day, while asking for less and less on
each successively smaller peak day. Again, this is an area for additional research and will not be
addressed further in this report.

The described metrics were applied to the results from the previous simulations, without re-
simulating the feeders with a control signal designed to meet the individual goals. Graphical
results comparing the load reductions across all of the simulated feeders for the additional
metrics are shown in Figure 2.49 to Figure 2.52. Tabular results are given in Section 4.3, and
can be described as a first order approximation to define the potential peak reduction limits of a
DR program, under the assumptions previously described.

In these figures, a few general trends can be seen. First, as time progress from instantaneous to
one hour to six hours, the amount of reduction is consistently less, from as much as a 55%
reduction during the first 15 minutes to some cases where the demand actually increases at the
six hour mark as resources are exhausted. From a purely thermodynamic point of view, the six
hour peak load should be at a slightly lesser equilibrium demand. However, the CPP/DLC
programs were mostly designed for use on residential loads; feeders with high penetration of
commercial buildings did not perform as well as those of lower commercial building penetration.
Additionally, the six hour peak load metric normally fell upon a time when load was naturally
decreasing and less resource was available than during the peak. In a few cases, shown in Figure
2.50, the six hour window was still being applied as the commercial load rapidly decreased (say
at 6 pm when smaller shops closed), causing some second order shifting of load reduction.

It should also be noted that with these particular demand response programs, the instantaneous
reduction of TOU/CPP is greater than that of DLC. However, this should not be considered
typical, as neither of these programs was designed for instantaneous reduction, but rather as a
way to manage a six hour peak. It is conceivable that the instantaneous peak reduction could be
increased, where the limit would be described as all of the controlled loads being turned off for
15 minutes. In this example, this metric was used to describe the changing response of a flat
demand response signal, not to describe the absolute potential of a short term reduction. It also
provides an estimate of a lower bound for this particular implementation, and describes the
largest possible reduction without redesigning the program.
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Managing the rebound reduces peak reduction is between 0% and 11.4% when compared to
allowing the rebound to occur, depending upon the magnitude of the rebound. However, the
overall potential for sustained peak reduction, even when managing the peak rebound, is between
4% and 37% less than the peak load depending upon weather on the peak day, load composition
of the feeder, and the type of program applied. In general, this shows that peak demand
reduction is a significant benefit that can be derived from demand response programs, assuming
that the program is properly designed to meet the utility goals.
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Figure 2.48: Comparison of instantaneous load reduction by feeder.
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Figure 2.49: Comparison of 1 hour load reduction by feeder.
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Figure 2.50: Comparison of 6 hour load reduction by feeder.
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Figure 2.51: Comparison of average load reduction by feeder.

| I rou/crr I DLC |

fII""IIFIlI"""I.” ””

0_
10

20|
-30|
-40

_—
5
S’
E
=
=
o]
-
3
L
A
g
£
g
=
@

[-005¢-¢d
[-00¢2-¢d
A A o |
P-LYIT-6d
E-LPCT-C
-LYCT-¢d
I-L¥CT-¢d
[-00€Z-+d
LY
[-L¥CT-vd
€-L¥CI-ed
C-LYTT-€d
[-LveT-€d
[-005E-Cd
[-0057-¢d
E-LPCI-Cd
CLYTT-C
I-LveT1-cd
[-005C-Td
P-L¥TI-Td
E-LPCT-T
CLYZT-TH
I[-L¥CT-Td

SIT-LYCT-0D
PI-T-LvCT-0D
e-T-LYCT-0D
(Ll WATAR
TT=L¥21-0D

Figure 2.52: Comparison of average load reduction while accounting for the rebound by feeder.
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3 Detailed Individual Prototypical Feeder Results

Due to the large number of plots generated by the simulations it is not practical to place all of
the results in this section. Section 3 will examine the output results of a single feeder and the
output for the remaining feeders will be provided in Appendix D.

3.1 TOU and CPP

For TOU and TOU/CPP, four plots will be displayed. For each feeder, peak monthly demand,
monthly energy consumption, monthly losses and monthly CO, emissions will be plotted with
data from the base case, TOU/CPP with enabling technology, TOU/CPP without enabling
technology, TOU with enabling technology, TOU without enabling technology.

3.1.1 Example Feeder GC-12.47-1 R1

Figure 3.1 to Figure 3.4 show the monthly plots that are generated from feeder GC-12.47-
1 R1.
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Figure 3.1: Comparison of peak demand by month for GC-12.47-1_R1
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Figure 3.2: Comparison of energy consumption by month for GC-12.47-1_R1
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Figure 3.3: Comparison of losses by month for GC-12.47-1_R1
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Figure 3.4: Comparison of CO, emissions by month for GC-12.47-1 R1
3.2 DLC

For DLC, four plots will be displayed. For each feeder, peak monthly demand, monthly
energy consumption, monthly losses and monthly CO, emissions will be plotted with data from
the base case and the DLC case.

3.2.1 Example Feeder GC-12.47-1 R1

Figure 3.5 to Figure 3.8 show the monthly plots that are generated from feeder GC-12.47-
1 R1.
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Figure 3.5: Comparison of peak demand by month for GC-12.47-1_R1
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Figure 3.6: Comparison of energy consumption by month for GC-12.47-1_R1
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Figure 3.7: Comparison of losses by month for GC-12.47-1_R1
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Figure 3.8: Comparison of CO, emissions by month for GC-12.47_R1
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4 SGIG Impact Metric Values

Specific metric impact values are filled in for the metrics identified in sections 2.1.1 and 2.2.1,
by feeder. The raw metric values, by technology and region are in Appendix E.

4.1 TOU and CPP Impact Metrics
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Table 4.1: TOU without enabling technologies impact metrics for region 1

—
o
G TR [ O (A A S
L N~ r~ N~ N~ o
; ~ ~ = = S
S N N o o Te)
: — — — — N
. . O — — — — —
Index A Metric Units O 04 @ o o o
1 Hourly Customer
5 Monthly Customer
Electricity Usage MWh 0.27 -1.00 -1.18 0.23 -1.11 0.05
Peak Generation kw 101.65 -72.68 152 | -10.39 | -155.82 | -13.30
Nuclear % 0.00 0.00 0.00 0.00 0.59 0.00
Solar % 0.00 0.00 0.00 0.00 0.04 0.00
Bio % 0.00 0.00 0.00 0.00 -0.05 0.00
3 Wind % 0.00 0.00 0.00 0.00 0.52 0.00
Coal % 0.00 0.00 0.00 0.00 -1.50 0.00
Hydroelectric % 0.00 0.00 0.00 0.00 10.56 0.00
Natural Gas % 0.00 0.00 0.00 0.00 -9.86 0.00
Geothermal % 0.00 -0.64 0.00 -0.47 -2.99 -0.22
Petroleum % 1.91 -0.35 0.06 -0.35 -0.38 -0.35
4 Peak Load kw 101.65 -72.68 152 | -10.39 | -155.82 | -13.30
7 Annual Electricity
Production MWh 3.26 -14.14 | -1485 | 2.73 -14.75 0.49
12 |CO2 Emissions Tons 1.00 -34.42 | -16.83 | -0.42 -30.92 -2.00
SOx Emissions Tons 0.00 0.00 0.00 0.00 0.00 0.00
13 |NOxEmissions Tons 0.00 0.00 0.00 0.00 0.00 0.00
PM-10 Emissions Tons 0.00 0.00 0.00 0.00 0.00 0.00
Feeder Real Load kw 0.37 -1.61 -1.70 0.31 -1.68 0.06
21
Feeder Reactive Load| kVAR 0.27 4.48 1.52 0.26 1.90 0.33
29 |Distribution Losses % 0.00 -0.01 0.00 0.00 -0.01 0.00
30 Distribution Power
Factor pf 0.000 0.000 0.001 | 0.000 0.000 0.000
39 |CO2 Emissions Tons 1.01 -3549 | -17.39 | -0.43 -31.42 -2.04
SOx Emissions Tons 0.00 0.00 0.00 0.00 0.00 0.00
40 [NOxEmissions Tons 0.00 0.00 0.00 0.00 0.00 0.00
PM-10 Emissions Tons 0.00 -0.01 0.00 0.00 0.00 0.00
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Table 4.2: TOU without enabling technologies impact metrics for region 2

o~
(a'e
= < o % o =
S r~ r~ r~ o o
E ~ ~ ~ O. O.
) o o I Te) Lo
1 — — — AN o
. . O N N N N N
Index A Metric Units ©) o o o o o
1 Hourly Customer
5 Monthly Customer
Peak Generation kw -17.11 -95.34 -3.68 -101.81 147.00 -82.60
Nuclear % 0.00 0.00 0.00 -1.62 1.62 0.00
Solar % 0.00 0.00 0.00 0.00 0.00 0.00
Bio % 0.00 0.00 0.00 -0.02 0.02 0.00
3 Wind % 0.00 0.00 0.00 -0.29 0.29 0.00
Coal % 0.00 0.00 0.00 1.64 -1.64 0.00
Hydroelectric % 0.00 -1.02 0.00 -2.07 1.63 -0.15
Natural Gas % 0.00 0.00 0.00 1.86 -1.86 0.00
Geothermal % 0.00 -0.07 0.00 -0.07 0.00 -0.07
Petroleum % -0.30 -0.43 -0.06 -0.37 1.46 -0.43
4 Peak Load kw -17.11 -95.34 -3.68 -101.81 147.00 -82.60
7 Annual Electricity
12 |CO2 Emissions Tons 0.03 -0.57 37.54 12.26 -7.62 9.88
SOx Emissions Tons 0.00 0.00 0.02 0.01 0.01 0.01
13 |NOxEmissions Tons 0.00 0.00 0.01 0.01 0.00 0.00
PM-10 Emissions Tons 0.00 0.00 0.01 0.00 0.00 0.00
Feeder Real Load kw -0.01 0.25 4.67 2.12 -2.24 1.71
21 Feeder Reactive
Load kVAR 0.17 0.89 1.56 2.37 2.08 2.10
29 [Distribution Losses % 0.00 0.00 -0.01 -0.01 0.00 0.00
30 Distribution Power
Factor pf 0.000 0.000 0.000 0.000 0.000 0.000
39 CO2 Emissions Tons 0.02 -0.66 37.79 11.56 -8.20 9.92
SOx Emissions Tons 0.00 0.00 0.02 0.01 0.01 0.01
40 NOx Emissions Tons 0.00 0.00 0.01 0.01 0.00 0.00
PM-10 Emissions Tons 0.00 0.00 0.01 0.00 0.00 0.00
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Table 4.3: TOU without enabling technologies impact metrics for region 3

™
o
G o o P
S5 |5 |5
SS9
Index A Metric Units 8 Y Y &
1 Hourly Customer
Electricity Usage kWh -1.17 -4.26 0.07 -13.94
5 Monthly Customer
Electricity Usage MWh | 08 | -311 005 | -10.18
Peak Generation kw 88.61 -65.66 -40.22 -1.16
Nuclear % 1.07 0.00 0.00 0.00
Solar % 0.00 0.00 0.00 0.00
Bio % 0.02 0.00 0.00 0.00
3 Wind % 0.40 0.00 0.00 0.00
Coal % 1.28 0.00 0.00 0.00
Hydroelectric % 0.82 0.00 0.00 0.00
Natural Gas % -3.79 0.00 0.00 0.00
Geothermal % 0.15 -0.45 -0.66 0.00
Petroleum % 1.48 -0.25 -0.25 -0.01
4 Peak Load kw 88.61 -65.66 -40.22 -1.16
- Annual Electricity
Production Mwh | -10.35 -38.45 0.60 -125.55
12 |CO2 Emissions Tons -4.36 11.04 0.34 -31.35
SOx Emissions Tons 0.00 0.02 0.00 0.02
13 [NOxEmissions Tons 0.00 0.01 0.00 0.01
PM-10 Emissions Tons 0.00 0.00 0.00 0.00
Feeder Real Load kw -1.18 -4.39 0.07 -14.33
21 |Feeder Reactive
Load kVAR | -0.16 -0.08 0.29 -1.15
29 |Distribution Losses % 0.00 0.00 0.00 0.00
30 Distribution Power
Factor pf 0.000 0.000 0.000 0.000
39 |CO2 Emissions Tons -4.41 10.95 0.31 -31.76
SOx Emissions Tons 0.00 0.02 0.00 0.02
40 |NOxEmissions Tons 0.00 0.01 0.00 0.01
PM-10 Emissions Tons 0.00 0.00 0.00 0.00
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Table 4.4: TOU without enabling technologies impact metrics for region 4

&
o 7 | & | =
TS | 5|8
SO R I
Index A Metric Units 8 x x X
1 Hourly Customer
Electricity Usage kKWh -0.13 -3.94 -3.57 -1.65
9 Monthly Customer
Electricity Usage MWh -0.09 -2.88 -2.60 -1.21
Peak Generation kW 31.21 -0.36 -30.13 | -3.88
Nuclear % 0.00 0.00 -1.13 0.00
Solar % 0.00 0.00 0.00 0.00
Bio % 0.00 0.00 -0.03 0.00
3 Wind % 0.00 0.00 0.05 0.00
Coal % 0.00 0.00 0.86 0.00
Hydroelectric % 0.00 0.00 0.23 -0.08
Natural Gas % 0.00 0.00 -0.10 0.00
Geothermal % 0.00 0.00 0.00 0.00
Petroleum % 0.50 -0.01 3.77 -0.33
4 |Peak Load kw | 3121 | -036 | -30.13 | -388
7 Annual Electricity
Production MWh | -116 | -3529 | -31.67 | -14.69
12 [CO2 Emissions Tons 0.47 -2455 | -30.01 | -14.03
SOx Emissions Tons 0.00 -0.01 -0.01 | -0.01
13 [NOxEmissions Tons 0.00 -0.01 -0.01 | 0.00
PM-10 Emissions Tons 0.00 0.00 0.00 0.00
Feeder Real Load kw -0.13 -4.03 -3.62 | -1.68
21
Feeder Reactive Load| kVAR 0.13 0.12 0.19 0.11
29 |Distribution Losses % 0.00 0.00 0.00 0.01
30 Distribution Power
Factor pf 0.000 0.000 0.000 | 0.000
39 |CO2 Emissions Tons 0.45 -25.10 | -30.55 | -14.30
SOx Emissions Tons 0.00 -0.01 -0.01 | -0.01
40 [NOxEmissions Tons 0.00 -0.01 -0.01 0.00
PM-10 Emissions Tons 0.00 0.00 0.00 0.00
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Table 4.5: TOU without enabling technologies impact metrics for region 5

To)
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. . O LO o) Lo O Lo O Lo
Index A Metric Units 0] o o o 4 o 14 o
1 Hourly Customer
Electricity Usage kWh 0.02 -39.49 -11.38 -75.88 -39.82 -62.00 -95.73 -96.12
2 Monthly Customer
Electricity Usage MWh 0.01 -28.83 -8.31 -55.39 -29.07 -45.26 -69.88 -70.17
Peak Generation kW -27.48 -186.43 -62.41 -116.20 -11.52 -75.37 -366.90 | -160.10
Nuclear % -0.32 0.00 0.00 0.00 0.00 0.00 -0.32 0.00
Solar % 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Bio % -0.02 0.00 0.00 0.00 0.00 0.00 -0.02 0.00
3 Wind % 0.26 0.00 0.00 0.00 0.00 0.00 0.26 0.00
Coal % 0.20 0.00 0.00 0.00 0.00 0.00 0.20 0.00
Hydroelectric % 0.15 -0.11 0.00 0.00 0.00 0.00 0.15 0.00
Natural Gas % -0.39 0.00 0.00 0.00 0.00 0.00 -0.39 0.00
Geothermal % 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Petroleum % 2.08 -1.86 -1.25 -1.12 -0.15 -0.83 -1.00 -1.29
4 Peak Load kw -27.48 -186.43 -62.41 -116.20 -11.52 -75.37 -366.90 | -160.10
7 Annual Electricity
Production MWh 0.16 -351.35 | -104.21 | -711.58 | -356.70 | -561.15 | -853.38 | -853.10
12 |CO2 Emissions Tons 0.83 -384.49 | -105.51 | -654.09 | -374.46 | -558.86 | -856.80 | -854.41
SOx Emissions Tons 0.00 -0.19 -0.05 -0.29 -0.18 -0.26 -0.40 -0.40
13 |NOxEmissions Tons 0.00 -0.11 -0.03 -0.18 -0.11 -0.16 -0.24 -0.24
PM-10 Emissions Tons 0.00 -0.06 -0.02 -0.10 -0.06 -0.08 -0.13 -0.13
Feeder Real Load kW 0.02 -40.11 -11.90 -81.23 -40.72 -64.06 -97.42 -97.39
21
Feeder Reactive Load| kVAR 0.18 -9.55 -2.78 -29.49 -9.24 -17.03 -20.55 -19.66
29 [Distribution Losses % 0.00 0.00 -0.01 -0.04 0.00 -0.01 -0.01 0.00
30 Distribution Power
Factor pf 0000 | 0000 | 0000 | 0000 | 0000 | 0000 | 0.000 | 0.000
39 |CO2 Emissions Tons 0.83 -389.59 | -108.61 | -690.10 | -382.19 | -574.08 | -869.99 | -865.58
SOx Emissions Tons 0.00 -0.20 -0.05 -0.31 -0.19 -0.27 -0.41 -0.40
40 [NOxEmissions Tons 0.00 -0.12 -0.03 -0.19 -0.11 -0.16 -0.25 -0.24
PM-10 Emissions Tons 0.00 -0.06 -0.02 -0.10 -0.06 -0.09 -0.13 -0.13
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Table 4.6: TOU with enabling technologies impact metrics for region 1
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Index A Metric Units O] o o o o o
Hourly Customer
1 |Electricity Usage KWh | -1276 | -1525 | 649 | -260 | 896 | -6.80
Monthly Customer
2 |Electricity Usage MWh | 932 | -1113 | -474 | -190 | -654 | -4.96
Peak Generation kw -47.64 -184.78 | -32.29 | -37.72 -45.70 -75.87
Nuclear % 0.00 -0.59 0.00 -0.59 0.59 0.00
Solar % 0.00 -0.04 0.00 -0.04 0.04 0.00
Bio % 0.00 0.05 0.00 0.05 -0.05 0.00
3 Wind % 0.00 -0.52 0.00 -0.52 0.52 0.00
Coal % 0.00 1.50 0.00 1.50 -1.50 -0.08
Hydroelectric % 0.00 -10.56 0.00 | -1056 | 10.56 0.00
Natural Gas % 0.00 9.86 0.00 9.86 -9.86 0.00
Geothermal % -0.55 0.27 -0.86 0.27 -0.81 -2.84
Petroleum % -0.35 1.22 -0.35 1.15 -0.38 -0.35
4 Peak Load kw -47.64 -184.78 | -32.29 | -37.72 -45.70 -75.87
Annual Electricity
7 Production MWh | -11253 | -139.27 | -58.70 | -23.13 | -82.03 | -61.54
12 |CO2 Emissions Tons -58.04 -88.63 | -36.35 | -12.89 | -75.47 | -34.40
SOx Emissions Tons -0.01 -0.01 0.00 0.00 -0.01 0.00
13 |NOxEmissions Tons -0.01 -0.01 0.00 0.00 -0.01 0.00
PM-10 Emissions Tons -0.01 -0.01 -0.01 0.00 -0.01 0.00
Feeder Real Load kw -12.85 -15.90 -6.70 -2.64 -9.36 -7.03
21 |Feeder Reactive
Load KVAR| -329 | 481 | 181 | -046 | 124 | -170
29 |Distribution Losses % 0.00 -0.01 0.00 -0.01 -0.01 -0.01
Distribution Power
30 |Factor pf | 0000 | 0000 | 0.00L | 0.000 | 0.000 | 0.000
39 [CO2 Emissions Tons -58.21 -91.15 | -3750 | -1299 | -76.65 | -35.01
SOx Emissions Tons -0.01 -0.01 0.00 0.00 -0.01 0.00
40 [NOxEmissions Tons -0.01 -0.01 0.00 0.00 -0.01 0.00
PM-10 Emissions Tons -0.01 -0.01 -0.01 0.00 -0.01 -0.01
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Table 4.7: TOU with enabling technologies impact metrics for region 2
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Index A Metric Units O o o o 04 o
Hourly Customer
1 Electricity Usage kWh -4.38 0.02 11.53 14.53 -1.53 -5.41
Monthly Customer
2 |Electricity Usage MWh | 320 | o002 842 | 1060 | -111 | -395
Peak Generation kw 596.41 -97.48 469.31 940.24 | 1,339.60 | -214.20
Nuclear % 0.00 0.00 0.00 -1.62 0.00 0.00
Solar % 0.00 0.00 0.00 0.00 0.00 0.00
Bio % 0.00 0.00 0.00 -0.02 0.00 0.00
3 Wind % 0.00 0.00 0.00 -0.29 0.00 0.00
Coal % 0.00 0.00 0.00 1.64 0.00 0.00
Hydroelectric % 0.00 -1.05 0.00 -1.63 0.00 -1.19
Natural Gas % 0.00 0.00 0.00 1.86 0.00 0.00
Geothermal % 0.00 -0.07 0.00 0.00 0.00 -0.07
Petroleum % 10.37 -0.43 8.12 11.33 7.95 -0.43
4 Peak Load kw 596.41 -97.48 469.31 940.24 | 1,339.60 | -214.20
Annual Electricity
7 |Production MWh | -3872 | -058 | 10215 | 12800 | -1469 | -48.60
12 |CO2 Emissions Tons -31.42 5.22 104.14 129.22 -1.92 -19.75
SOx Emissions Tons -0.01 0.01 0.06 0.07 0.02 0.00
13 |NOxEmissions Tons -0.01 0.00 0.04 0.04 0.01 0.00
PM-10 Emissions Tons -0.01 0.00 0.01 0.02 0.00 0.00
Feeder Real Load kw -4.42 -0.07 11.66 14.61 -1.68 -5.55
21 |Feeder Reactive
Load kKVAR -1.04 0.86 458 8.93 2.63 -0.17
29 |Distribution Losses % 0.00 0.00 0.00 -0.01 0.00 0.00
Distribution Power
30 Factor pf 0.000 0.000 0.000 0.000 0.000 0.000
39 |CO2 Emissions Tons -31.59 4.92 105.73 131.21 -2.51 -20.26
SOx Emissions Tons -0.01 0.01 0.06 0.08 0.02 0.00
40 [NOxEmissions Tons -0.01 0.00 0.04 0.04 0.01 0.00
PM-10 Emissions Tons -0.01 0.00 0.01 0.02 0.00 0.00
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Table 4.8: TOU with enabling technologies impact metrics for region 3

%
) F o P
0 T T T
Index A Metric Units 8 Y R &
Hourly Customer
1 |Electricity Usage | kwh | -1005 | 238 | 550 | 2051
Monthly Customer
2 |Electricity Usage | MwWh | 734 | 173 | -408 | 1498
Peak Generation kw 106.04 | -117.73 | -88.19 | -132.52
Nuclear % 0.00 0.00 0.00 0.00
Solar % 0.00 0.00 0.00 0.00
Bio % 0.00 0.00 0.00 0.00
3 Wind % 0.00 0.00 0.00 0.00
Coal % 0.00 0.00 0.00 0.00
Hydroelectric % 0.00 0.00 -0.34 0.00
Natural Gas % 0.00 0.00 0.00 0.00
Geothermal % 0.00 -1.01 -1.40 -1.32
Petroleum % 1.61 -0.25 -0.25 -0.25
4 Peak Load kw 106.04 | -117.73 | -88.19 | -132.52
Annual Electricity
" |Production MWh | -8892 | 1936 | -50.12 | 18292
12 |CO2 Emissions Tons | -17.09 | 123.08 -7.61 197.96
SOx Emissions Tons 0.02 0.10 0.01 0.10
13 |NOxEmissions Tons 0.01 0.05 0.01 0.06
PM-10 Emissions Tons 0.00 0.02 0.00 0.03
Feeder Real Load kw -10.15 221 -5.72 20.88
21 |Feeder Reactive
Load kVAR | -2.66 111 -1.50 10.35
29 |Distribution Losses % 0.00 -0.01 -0.01 -0.01
Distribution Power
30 |Factor pf | 0000 | 0000 | 0000 | 0.000
39 |CO2 Emissions Tons | -17.57 124.07 -8.23 202.53
SOx Emissions Tons 0.02 0.10 0.01 0.10
40 |NOxEmissions Tons 0.01 0.05 0.01 0.06
PM-10 Emissions Tons 0.00 0.02 0.00 0.03
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Table 4.9: TOU with enabling technologies impact metrics for region 4

X
- 2 | ¥ | F
0 I
Index A Metric Units 8 & & 5
Hourly Customer
1 Electricity Usage kwh | -12.87 417 4.55 2.28
Monthly Customer
2 |Electricity Usage MWh | 940 | 304 | 332 | 166
Peak Generation kw -142.85 | 430.30 | 200.07 | 158.16
Nuclear % 0.00 0.00 -1.13 -0.43
Solar % 0.00 0.00 0.00 0.00
Bio % 0.00 0.00 -0.03 | -0.03
3 Wind % 0.00 0.00 0.05 -0.06
Coal % 0.00 0.00 0.86 0.83
Hydroelectric % -1.82 0.00 0.23 -1.04
Natural Gas % 0.00 0.00 -0.10 0.61
CGeothermal % 0.00 0.00 0.00 0.00
Petroleum % -0.48 8.97 1475 | 3497
4 |Peak Load kw | -142.85 | 430.30 | 200.07 | 158.16
Annual Electricity
" |Production MWh | 11375 | 3605 | 39.99 | 2013
12 |CO2 Emissions Tons -97.77 53.31 42,75 | 20.52
SOx Emissions Tons -0.04 0.03 0.02 0.01
13 [NOxEmissions Tons | -0.02 0.02 0.01 0.01
PM-10 Emissions Tons -0.01 0.01 0.01 0.00
Feeder Real Load kw -12.98 412 4.56 2.30
21
Feeder Reactive Load| kVAR | -3.42 3.07 3.00 1.44
29 |Distribution Losses % 0.00 -0.01 -0.01 -0.01
Distribution Power
30 |Factor pf | 0000 | 0001 | 0000 | 0.000
39 |CO2 Emissions Tons | -98.39 53.92 4331 | 20.86
SOx Emissions Tons -0.04 0.03 0.02 0.01
40  |NOxEmissions Tons -0.02 0.02 0.01 0.01
PM-10 Emissions Tons -0.01 0.01 0.01 0.00
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Table 4.10: TOU with enabling technologies impact metrics for region 5

To)
o
o G o op 3 L0 F.' F.'
= ~ N~ ~ ~ ~ o o
: ~ X ~ . ~ o o
& I o o o o o) o)
O 5 o 5 i 5 X 5%
. . To) To} To) o} To} To} To}
Index A Metric Units ) o o o o o o o
Hourly Customer
1 Electricity Usage kWh | -13.44 -1.27 -10.32 - -10.11 -5.33 -15.63 -11.73
Monthly Customer
2 Electricity Usage MWh -9.81 -0.93 -7.53 - -7.38 -3.89 -11.41 -8.56
Peak Generation kW 517.91 4,95 -63.86 - 839.21 | 1,415.00 | 2,635.00 | 2,188.80
Nuclear % -0.32 -1.15 0.00 - -1.15 -0.83 -1.15 -1.15
Solar % 0.00 0.00 0.00 - 0.00 0.00 0.00 0.00
Bio % -0.02 0.06 0.00 - 0.06 0.08 0.06 0.06
3 Wind % 0.26 1.04 0.00 - 1.04 0.78 1.04 1.04
Coal % 0.20 3.29 0.00 - 3.29 3.09 3.29 3.29
Hydroelectric % 0.15 112 0.00 - 112 0.97 112 112
Natural Gas % -0.39 -4.13 0.00 - -4.13 -3.74 -4.13 -4.13
Geothermal % 0.00 0.00 0.00 - 0.00 0.00 0.00 0.00
Petroleum % 11.65 10.39 -1.28 - 2371 28.47 36.37 34.83
4 |Peak Load kw 517.91 4.95 -63.86 - 839.21 | 1,415.00 | 2,635.00 | 2,188.80
Annual Electricity
7 Production MWh | -118.90 -13.62 -97.09 - -93.74 -50.93 -139.82 | -104.84
12 |CO2 Emissions Tons | -162.02 | -272.36 | -196.31 - -303.91 | -269.17 | -405.82 | -412.39
SOx Emissions Tons -0.09 -0.23 -0.13 - -0.23 -0.22 -0.32 -0.33
13 |NOxEmissions Tons -0.06 -0.13 -0.08 - -0.13 -0.13 -0.20 -0.20
PM-10 Emissions Tons -0.03 -0.04 -0.03 - -0.05 -0.06 -0.10 -0.09
Feeder Real Load kW -13.57 -1.55 -11.08 - -10.70 -5.81 -15.96 -11.97
21 [Feeder Reactive
Load kVAR | -3.64 3.06 -2.04 - 0.85 4.63 6.67 7.86
29 |Distribution Losses % 0.00 -0.01 -0.02 - -0.01 -0.01 0.00 0.00
Distribution Power
30 IFactor pf | 0000 | 0000 | o000 - | o000 | 0000 | 0000 | 0000
39 [CO2Emissions Tons | -162.87 | -276.54 | -202.16 - -311.17 | -276.77 | -411.91 | -418.02
SOx Emissions Tons -0.09 -0.24 -0.14 - -0.24 -0.23 -0.32 -0.34
40 |NOxEmissions Tons -0.06 -0.13 -0.08 - -0.14 -0.14 -0.20 -0.21
PM-10 Emissions Tons -0.03 -0.04 -0.03 - -0.05 -0.06 -0.10 -0.09
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Table 4.11: TOU/CPP without enabling technologies impact metrics for region 1
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Index A Metric Units () o o o o o
1 Hourly Customer
9 Monthly Customer
Peak Generation kw 101.65 | -514.73 | -151.96 | -57.19 | -243.47 | -37.18
Nuclear % 0.00 0.00 0.00 0.00 0.59 0.00
Solar % 0.00 0.00 0.00 0.00 0.04 0.00
Bio % 0.00 0.00 0.00 0.00 -0.05 0.00
3 Wind % 0.00 0.00 0.00 0.00 0.52 0.00
Coal % 0.00 -2.88 -2.49 -1.35 -3.12 0.00
Hydroelectric % 0.00 0.00 0.00 0.00 10.56 0.00
Natural Gas % 0.00 -0.95 0.00 0.00 -9.86 0.00
Geothermal % 0.00 -2.84 -2.84 -2.84 -3.11 -1.25
Petroleum % 1.91 -0.35 -0.35 -0.35 -0.38 -0.35
4 Peak Load kw 101.65 | -514.73 | -151.96 | -57.19 | -243.47 | -37.18
7 Annual Electricity
12 |CO2 Emissions Tons 1.00 -39.13 | -15.62 -0.54 -28.97 -1.86
SOx Emissions Tons 0.00 0.00 0.00 0.00 0.00 0.00
13 |NOxEmissions Tons 0.00 0.00 0.00 0.00 0.00 0.00
PM-10 Emissions Tons 0.00 -0.01 0.00 0.00 0.00 0.00
Feeder Real Load kw 0.37 -2.88 -0.80 0.30 -0.66 0.17
21 |Feeder Reactive
Load kVAR 0.27 4.29 151 0.25 1.86 0.35
29 |Distribution Losses % 0.00 -0.01 0.00 0.00 -0.01 0.00
0 Distribution Power
Factor pf 0.000 0.000 0.001 0.000 0.000 0.000
39 [CO2Emissions Tons 1.01 -40.32 -16.15 -0.54 -29.43 -1.90
SOx Emissions Tons 0.00 0.00 0.00 0.00 0.00 0.00
40 |NOxEmissions Tons 0.00 0.00 0.00 0.00 0.00 0.00
PM-10 Emissions Tons 0.00 -0.01 0.00 0.00 0.00 0.00
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Table 4.12: TOU/CPP without enabling technologies impact metrics for region 2
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1 Hourly Customer
Electricity Usage kWh -0.01 0.66 5.39 157 0.00 1.78
5 Monthly Customer
Electricity Usage MWh 0.00 0.48 3.94 5.52 0.00 1.30
Peak Generation kw -17.11 -13.22 | -171.03 | -308.27 | -167.70 | -147.30
Nuclear % 0.00 0.00 1.62 -1.62 0.00 0.00
Solar % 0.00 0.00 0.00 0.00 0.00 0.00
Bio % 0.00 0.00 0.02 -0.02 0.00 0.00
3 Wind % 0.00 0.00 0.29 -0.29 0.00 0.00
Coal % 0.00 0.00 -1.64 1.64 0.00 0.00
Hydroelectric % 0.00 0.00 1.63 -4.49 -0.50 -0.66
Natural Gas % 0.00 0.00 -1.86 1.86 0.00 0.00
Geothermal % 0.00 0.00 0.00 -0.07 -0.07 -0.07
Petroleum % -0.30 -0.21 1.91 -0.37 -0.43 -0.43
4 Peak Load kw -17.11 -13.22 | -171.03 | -308.27 | -167.70 | -147.30
- Annual Electricity
Production MWh -0.05 5.70 47.02 65.13 -1.21 15.62
12 [CO2 Emissions Tons 0.03 2.89 46.33 58.84 13.74 11.28
SOx Emissions Tons 0.00 0.00 0.03 0.04 0.02 0.01
13 |NOxEmissions Tons 0.00 0.00 0.02 0.02 0.01 0.00
PM-10 Emissions Tons 0.00 0.00 0.01 0.01 0.00 0.00
Feeder Real Load kw -0.01 0.65 5.37 7.44 -0.14 1.78
21 |Feeder Reactive
Load kVAR 0.17 0.87 1.47 2.43 1.90 2.06
29 |Distribution Losses % 0.00 0.00 -0.01 -0.01 0.00 0.00
30 Distribution Power
Factor pf 0.000 0.000 0.000 0.000 0.000 0.000
39 |CO2 Emissions Tons 0.02 2.85 46.66 58.93 13.29 11.32
SOx Emissions Tons 0.00 0.00 0.03 0.04 0.02 0.01
40 [NOxEmissions Tons 0.00 0.00 0.02 0.02 0.01 0.00
PM-10 Emissions Tons 0.00 0.00 0.01 0.01 0.00 0.00
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Table 4.13: TOU/CPP without enabling technologies impact metrics for region 3

GC-12.47-1R3

R3-12.47-1
R3-12.47-2
R3-12.47-3

Index A Metric Units
Hourly Customer

b |ectricity Usage | kWh | 117 | -393 | o007 | -11.00
5 Monthly Customer
Electricity Usage MWh | -0.86 -2.87 0.05 -8.03
Peak Generation kw 88.61 -149.29 | -40.22 3.14
Nuclear % 1.07 0.00 0.00 0.00
Solar % 0.00 0.00 0.00 0.00
Bio % 0.02 0.00 0.00 0.00
3 Wind % 0.40 0.00 0.00 0.00
Coal % 1.28 0.00 0.00 0.00
Hydroelectric % 0.82 0.00 0.00 0.00
Natural Gas % -3.79 0.00 0.00 0.00
Geothermal % 0.15 -1.35 -0.66 0.00
Petroleum % 1.48 -0.25 -0.25 0.04
4 Peak Load kw 88.61 -149.29 -40.22 3.14
- Annual Electricity
Production MWh | -10.35 -35.70 0.60 -99.52
12 [CO2 Emissions Tons -4.36 17.86 0.34 -9.86
SOx Emissions Tons 0.00 0.03 0.00 0.03
13 |NOxEmissions Tons | 0.00 0.01 0.00 0.01

PM-10 Emissions Tons 0.00 0.00 0.00 0.00

Feeder Real Load kw -1.18 -4.08 0.07 -11.36
21 |Feeder Reactive

Load kKVAR| -0.16 -0.31 0.29 -0.97

29 |Distribution Losses % 0.00 0.00 0.00 0.00
Distribution Power

30

Factor pf 0.000 0.000 0.000 0.000
39 |CO2 Emissions Tons -4.41 17.76 0.31 -10.05

SOx Emissions Tons 0.00 0.03 0.00 0.03
40 [NOxEmissions Tons 0.00 0.01 0.00 0.01

PM-10 Emissions Tons 0.00 0.00 0.00 0.00
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Table 4.14: TOU/CPP without enabling technologies impact metrics for region 4
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Index A Metric Units 8 x x X
1 Hourly Customer
Electricity Usage kwh -0.13 -2.53 -3.03 -1.31
5 Monthly Customer
Electricity Usage MWh| -009 | -18 | -221 | -095
Peak Generation kKw 3121 | -185.65 | -129.63 | -39.64
Nuclear % 0.00 0.00 -1.67 0.00
Solar % 0.00 0.00 0.00 0.00
Bio % 0.00 0.00 -0.03 0.00
3 Wind % 0.00 0.00 0.01 0.00
Coal % 0.00 0.00 1.08 0.00
Hydroelectric % 0.00 -2.20 -3.09 -3.09
Natural Gas % 0.00 -1.19 -0.97 -0.78
Geothermal % 0.00 0.00 0.00 0.00
Petroleum % 0.50 -0.48 -0.33 -0.33
4 |Peak Load kw | 3121 | -185.65 | -129.63 | -39.64
- Annual Electricity
Production MWh | -116 | -2287 | -26.99 | -11.62
12 [CO2 Emissions Tons 0.47 -1.42 -22.94 | -10.28
SOx Emissions Tons 0.00 0.00 -0.01 0.00
13 [NOxEmissions Tons | 0.00 0.00 -0.01 0.00
PM-10 Emissions Tons 0.00 0.00 0.00 0.00
Feeder Real Load kw -0.13 -2.61 -3.08 -1.33
21 |Feeder Reactive
Load kKVAR| 0.13 0.12 0.08 0.11
29 |Distribution Losses % 0.00 0.00 0.00 0.00
30 Distribution Power
Factor pf 0.000 0.000 0.000 | 0.000
39 |CO2 Emissions Tons 0.45 -7.66 -23.37 | -10.49
SOx Emissions Tons 0.00 0.00 -0.01 0.00
40 [NOxEmissions Tons 0.00 0.00 -0.01 0.00
PM-10 Emissions Tons 0.00 0.00 0.00 0.00
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Table 4.15: TOU/CPP without enabling technologies impact metrics for region 5
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1 Hourly Customer
Electricity Usage kWh 0.02 -37.68 -10.70 -71.67 -37.93 -58.97 -90.16 -91.23
5 Monthly Customer
Electricity Usage MWh 0.01 -27.51 -7.81 -52.32 -27.69 -43.05 -65.82 -66.60
Peak Generation kW -27.48 -275.55 -76.37 -445.08 | -244.15 | -472.95 | -659.50 | -775.40
Nuclear % -0.32 0.00 0.00 114 0.00 0.32 0.00 0.00
Solar % 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Bio % -0.02 0.00 0.00 -0.01 0.00 0.02 0.00 0.00
3 Wind % 0.26 0.00 0.00 0.17 0.00 -0.26 0.00 0.00
Coal % 0.20 -0.43 0.00 1.67 -0.75 -2.65 -2.88 -3.75
Hydroelectric % 0.15 -0.63 0.00 0.83 -0.63 -0.78 -0.63 -0.63
Natural Gas % -0.39 0.00 0.00 -4.03 0.00 0.39 0.00 0.00
Geothermal % 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Petroleum % 2.08 -1.86 -1.53 -0.39 -1.86 -1.98 -1.86 -1.86
4 Peak Load kw -27.48 -275.55 -76.37 -445.08 | -244.15 | -472.95 | -659.50 | -775.40
7 Annual Electricity
Production MWh 0.16 -335.42 | -98.19 | -674.29 | -340.11 | -534.32 | -804.18 | -809.90
12 [CO2 Emissions Tons 0.83 -379.60 | -103.18 | -643.67 | -368.74 | -548.97 | -836.21 | -838.71
SOx Emissions Tons 0.00 -0.20 -0.05 -0.30 -0.18 -0.27 -0.40 -0.40
13 |NOxEmissions Tons 0.00 -0.12 -0.03 -0.18 -0.11 -0.16 -0.24 -0.24
PM-10 Emissions Tons 0.00 -0.06 -0.02 -0.10 -0.06 -0.08 -0.12 -0.13
Feeder Real Load kw 0.02 -38.29 -11.21 -76.97 -38.82 -61.00 -91.80 -92.45
21 [Feeder Reactive
Load kVAR 0.18 -9.57 -2.72 -29.30 -9.18 -16.91 -20.22 -19.54
29 |Distribution Losses % 0.00 0.00 -0.01 -0.04 0.00 -0.01 -0.01 0.00
30 Distribution Power
Factor pf 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
39 |CO2 Emissions Tons 0.83 -384.69 | -106.26 | -679.67 | -376.44 | -564.07 | -849.19 | -849.72
SOx Emissions Tons 0.00 -0.20 -0.05 -0.32 -0.19 -0.27 -0.41 -0.41
40 |NOxEmissions Tons 0.00 -0.12 -0.03 -0.19 -0.11 -0.16 -0.25 -0.25
PM-10 Emissions Tons 0.00 -0.06 -0.02 -0.10 -0.06 -0.08 -0.13 -0.13
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Table 4.16: TOU/CPP with enabling technologies impact metrics for region 1
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1 Hourly Customer
E|ectr|c|ty Usage kWh -10.36 -0.31 -1.22 -1.89 -2.02 -5.09
5 Monthly Customer
Electricity Usage MWh -7.56 -0.23 -0.89 -1.38 -1.48 -3.71
Peak Generation kw 916.00 112.07 17.19 | 72.33 | 195.87 | 289.86
Nuclear % 0.00 0.00 0.00 0.00 0.59 0.00
Solar % 0.00 0.00 0.00 0.00 0.04 0.00
Bio % 0.00 0.00 0.00 0.00 -0.05 0.00
3 Wind % 0.00 0.00 0.00 0.00 0.52 0.00
Coal % 0.00 0.00 0.00 0.00 -1.50 0.00
Hydroelectric % 0.00 0.00 0.00 0.00 10.56 0.00
Natural Gas % 0.00 0.00 0.00 0.00 -9.86 0.00
Geothermal % 0.00 0.00 0.00 0.00 -0.27 0.00
Petroleum % 17.24 1.53 0.64 5.74 3.86 12,51
4 Peak Load kw 916.00 112.07 17.19 | 72.33 | 195.87 | 289.86
7 Annual Electricity
Production MWh [ -91.33 -5.63 -11.60 | -16.81 | -19.60 | -46.15
12 |CO2 Emissions Tons -46.99 5744 | -24.79 | -10.32 | -54.33 | -26.92
SOx Emissions Tons 0.00 -0.01 0.00 0.00 -0.01 0.00
13 |NOxEmissions Tons 0.00 -0.01 0.00 0.00 -0.01 0.00
PM-10 Emissions Tons -0.01 -0.01 0.00 0.00 -0.01 0.00
Feeder Real Load kw -10.43 -0.64 -1.32 -1.92 -2.24 -5.27
21 [Feeder Reactive
Load kVAR -2.64 5.55 1.92 -0.32 1.60 -1.27
29 |Distribution Losses % 0.00 -0.01 -0.01 0.00 -0.01 -0.01
30 Distribution Power
Factor pf 0.000 0.000 0.001 | 0.000 0.000 0.000
39 |CO2 Emissions Tons -47.14 -59.20 | -25.63 | -10.39 | -55.16 | -27.40
SOx Emissions Tons 0.00 -0.01 0.00 0.00 -0.01 0.00
40 |NOxEmissions Tons 0.00 -0.01 0.00 0.00 -0.01 0.00
PM-10 Emissions Tons -0.01 -0.01 0.00 0.00 -0.01 0.00
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Table 4.17: TOU/CPP with enabling technologies impact metrics for region 2
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1 Hourly Customer
5 Monthly Customer
Peak Generation kw 481.93 -50.39 537.43 | 875.02 | 1,852.10 | 78.00
Nuclear % 0.00 0.00 0.00 -1.62 0.00 0.00
Solar % 0.00 0.00 0.00 0.00 0.00 0.00
Bio % 0.00 0.00 0.00 -0.02 0.00 0.00
3 Wind % 0.00 0.00 0.00 -0.29 0.00 0.00
Coal % 0.00 0.00 0.00 1.64 0.00 0.00
Hydroelectric % 0.00 -0.30 0.00 -1.63 0.00 0.00
Natural Gas % 0.00 0.00 0.00 1.86 0.00 0.00
Geothermal % 0.00 -0.07 0.00 0.00 0.00 0.00
Petroleum % 8.38 -0.43 9.30 10.57 11.00 0.62
4 Peak Load kw 481.93 -50.39 537.43 | 875.02 | 1,852.10 [ 78.00
- Annual Electricity
Production MWh | -37.98 5.58 161.86 140.47 9.56 -43.80
12 |CO2 Emissions Tons -26.54 14.32 163.69 151.67 42.56 -10.41
SOx Emissions Tons -0.01 0.01 0.09 0.09 0.05 0.01
13 |NOxEmissions Tons 0.00 0.01 0.05 0.05 0.03 0.00
PM-10 Emissions Tons 0.00 0.00 0.02 0.02 0.00 0.00
Feeder Real Load kw -4.34 0.64 18.48 16.04 1.09 -5.00
21 |Feeder Reactive
Load kVAR -1.03 0.92 4,77 8.81 2.77 -0.08
29 |Distribution Losses % 0.00 0.00 -0.01 -0.01 0.00 0.00
30 Distribution Power
Factor pf 0.000 0.000 0.000 0.000 0.000 0.000
39 |CO2Emissions Tons -26.71 14.11 166.20 153.91 42.20 -10.89
SOx Emissions Tons -0.01 0.01 0.09 0.09 0.05 0.01
40 [NOxEmissions Tons 0.00 0.01 0.05 0.05 0.03 0.00
PM-10 Emissions Tons 0.00 0.00 0.02 0.02 0.00 0.00
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Table 4.18: TOU/CPP with enabling technologies impact metrics for region 3
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1 Hourly Customer
Electricity Usage kwh -8.98 123 -4.32 2397
5 Monthly Customer
Electricity Usage MWh | -656 0.90 316 | 17.50
Peak Generation kw 438.26 | -287.48 | -235.61 | -155.86
Nuclear % 1.07 0.00 -1.07 -1.07
Solar % 0.00 0.00 0.00 0.00
Bio % 0.02 0.00 -0.02 -0.02
3 Wind % 0.40 0.00 -0.40 -0.40
Coal % 128 0.00 -1.28 -1.28
Hydroelectric % 0.82 -1.44 -0.82 -0.82
Natural Gas % -3.79 0.00 3.79 3.79
Geothermal % 0.15 -1.40 -0.15 -0.15
Petroleum % 6.79 -0.25 0.40 0.92
4 Peak Load kw 438.26 | -287.48 | -235.61 | -155.86
7 Annual Electricity
Production Mwh | -7951 9.03 -38.75 | 213.36
12 |CO2 Emissions Tons | -14.10 112.62 -3.43 223.57
SOx Emissions Tons 0.02 0.09 0.01 0.11
13 [NOxEmissions Tons 0.01 0.05 0.01 0.06
PM-10 Emissions Tons 0.00 0.02 0.00 0.03
Feeder Real Load kw -9.08 1.03 -4.42 24.36
21 |Feeder Reactive
Load kVAR | -2.38 1.44 -1.09 10.54
29 |Distribution Losses % 0.00 -0.01 0.00 -0.01
30 Distribution Power
Factor pf 0.000 0.000 0.000 0.000
39 |CO2 Emissions Tons | -14.54 113.35 -3.88 228.30
SOx Emissions Tons 0.02 0.09 0.01 0.11
40 |NOxEmissions Tons 0.01 0.05 0.01 0.07
PM-10 Emissions Tons 0.00 0.02 0.00 0.03
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Table 4.19: TOU/CPP with enabling technologies impact metrics for region 4
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1 Hourly Customer
Electricity Usage kKWh -10.47 7.33 6.75 2.97
5 Monthly Customer
Electricity Usage MWh | -7.65 535 | 493 | 217
Peak Generation kw | 1,000.43 | 914.68 | 430.98 | 176.85
Nuclear % 0.00 1.67 -1.67 | -1.13
Solar % 0.00 0.00 0.00 0.00
Bio % 0.00 0.03 -0.03 | -0.03
3 Wind % 0.00 -0.01 0.01 0.05
Coal % 0.00 -1.08 1.08 0.86
Hydroelectric % 0.00 0.89 -0.89 0.23
Natural Gas % 0.00 -1.35 1.35 -0.10
CGeothermal % 0.00 0.00 0.00 0.00
Petroleum % 16.08 24.12 20.82 | 26.39
4 Peak Load kW | 1,000.43 | 914.68 | 430.98 | 176.85
7 Annual Electricity
Production MWh [ -9259 63.99 59.34 | 26.19
12 [CO2 Emissions Tons -76.64 88.95 64.53 | 27.00
SOx Emissions Tons -0.03 0.05 0.03 0.01
13 [NOxEmissions Tons -0.02 0.03 0.02 0.01
PM-10 Emissions Tons -0.01 0.01 0.01 0.00
Feeder Real Load kw -10.57 7.30 6.77 2.99
21 [Feeder Reactive
Load kKVAR | -2.75 3.53 3.20 1.49
29 |Distribution Losses % 0.00 -0.01 -0.02 -0.02
30 Distribution Power
Factor pf 0.000 0.001 0.000 | 0.000
39 [CO2 Emissions Tons -77.14 90.24 6542 | 2744
SOx Emissions Tons -0.03 0.05 0.03 0.01
40 [NOxEmissions Tons -0.02 0.03 0.02 0.01
PM-10 Emissions Tons -0.01 0.01 0.01 0.00
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Table 4.20: TOU/CPP with enabling technologies impact metrics for region 5
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1 Hourly Customer
Electricity Usage kKwWh | -11.09 6.93 -6.25 5 -1.45 5.07 3.08 5.02
2 Monthly Customer
Electricity Usage MWh | -8.10 5.06 -4.56 5 -1.06 3.70 2.25 3.67
Peak Generation kW 983.14 | 1,758.29 | 913.19 - 1,601.67 | 2,170.30 | 3,019.10 | 3,233.50
Nuclear % 0.00 0.00 0.00 - 0.00 0.32 0.00 0.00
Solar % 0.00 0.00 0.00 - 0.00 0.00 0.00 0.00
Bio % 0.00 0.00 0.00 - 0.00 0.02 0.00 0.00
3 Wind % 0.00 0.00 0.00 - 0.00 -0.26 0.00 0.00
Coal % 0.00 0.00 0.00 - 0.00 -0.20 0.00 0.00
Hydroelectric % 0.00 0.00 0.00 - 0.00 -0.15 0.00 0.00
Natural Gas % 0.00 0.00 0.00 - 0.00 0.39 0.00 0.00
Geothermal % 0.00 0.00 0.00 - 0.00 0.00 0.00 0.00
Petroleum % 16.83 18.60 18.29 - 21.27 24.26 2458 26.02
4 |Peak Load kW 983.14 | 1,758.29 | 913.19 - 1,601.67 | 2,170.30 | 3,019.10 | 3,233.50
7 Annual Electricity
Production MWh | -98.17 59.13 | -60.14 - -16.48 41.91 25.97 43.19
12 |CO2 Emissions Tons | -137.67 | -198.28 | -161.39 - -230.56 | -200.19 | -286.14 | -304.81
SOx Emissions Tons -0.08 -0.20 -0.12 - -0.20 -0.20 -0.28 -0.30
13 |NOxEmissions Tons -0.05 -0.11 -0.07 - -0.11 -0.12 -0.17 -0.18
PM-10 Emissions Tons -0.02 -0.03 -0.02 - -0.04 -0.04 -0.07 -0.07
Feeder Real Load kw -11.21 6.75 -6.87 - -1.88 478 2.96 493
21 |Feeder Reactive
Load kVAR -2.98 5.09 -0.93 - 2.98 7.17 10.70 11.48
29 |Distribution Losses % 0.00 -0.01 -0.02 - -0.01 -0.01 0.00 0.00
30 Distribution Power
Eactor pf 0.000 0.000 0.000 5 0.000 0.000 0.000 0.000
39 |CO2 Emissions Tons | -138.39 | -201.54 | -166.29 - -236.41 | -206.30 | -290.71 | -309.28
SOx Emissions Tons -0.08 -0.20 -0.12 - -0.20 -0.20 -0.28 -0.30
40 |NOxEmissions Tons -0.05 -0.11 -0.07 - -0.11 -0.12 -0.17 -0.18
PM-10 Emissions Tons -0.02 -0.03 -0.03 - -0.04 -0.05 -0.07 -0.07
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4.2 DLC Impact Metrics

Table 4.21: DLC impact metrics for region 1
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Hourly Customer
1 Electricity Usage kwh 043 -1.87 -0.75 0.02 -0.89 -0.02
Monthly Customer
2 |Electricity Usage | MWh | 032 | -136 | -054 | 001 | -065 | -001
Peak Generation kw 126.02 | 4,595.86 | 1,554.98 | -49.81 | 1,685.76 | 14.17
Nuclear % 0.00 0.00 0.00 0.00 0.59 0.00
Solar % 0.00 0.00 0.00 0.00 0.04 0.00
Bio % 0.00 0.00 0.00 0.00 -0.05 0.00
3 Wind % 0.00 0.00 0.00 0.00 0.52 0.00
Coal % 0.00 0.00 0.00 -0.76 -1.50 0.00
Hydroelectric % 0.00 0.00 0.00 0.00 10.56 0.00
Natural Gas % 0.00 0.00 0.00 0.00 -9.86 0.00
Geothermal % 0.00 0.00 0.00 -2.84 -0.27 0.00
Petroleum % 2.37 62.71 58.14 -0.35 33.37 0.61
4 Peak Load kw 126.02 | 4,595.86 | 1,554.98 | -49.81 | 1,685.76 | 14.17
Annual Electricity
7 Production MWh 3.82 -16.61 -6.61 0.15 -7.87 -0.18
12 |CO2 Emissions Tons 2.17 18.33 5.16 -0.28 2.07 -0.44
SOx Emissions Tons 0.00 0.02 0.01 0.00 0.01 0.00
13 |NOxEmissions Tons 0.00 0.01 0.00 0.00 0.00 0.00
PM-10 Emissions Tons 0.00 0.00 0.00 0.00 0.00 0.00
Feeder Real Load kw 0.44 -1.90 -0.75 0.02 -0.90 -0.02
21 [Feeder Reactive
Load kVAR 0.29 6.21 211 0.25 2.61 0.37
29 [Distribution Losses % 0.00 0.00 0.00 0.00 0.00 0.00
Distribution Power
30 |Factor pf | 0000 | 0000 | 0000 | 0000 | 0000 | 0.000
39 [CO2 Emissions Tons 2.18 18.82 5.33 -0.28 2.10 -0.45
SOx Emissions Tons 0.00 0.02 0.01 0.00 0.01 0.00
40 [NOxEmissions Tons 0.00 0.01 0.00 0.00 0.00 0.00
PM-10 Emissions Tons 0.00 0.00 0.00 0.00 0.00 0.00
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Table 4.22: DLC impact metrics for region 2
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Hourly Customer
1 Electricity Usage kwh 0.46 0.11 -1.56 -2.78 -1.06 0.98
Monthly Customer
2 Electricity Usage MWh 0.34 0.08 -1.14 -2.03 -0.78 0.71
Peak Generation kw 84.06 -92.09 | 1,513.51 | 3,408.54 | 117.80 -42.60
Nuclear % 0.00 0.00 0.00 -1.62 0.00 0.00
Solar % 0.00 0.00 0.00 0.00 0.00 0.00
Bio % 0.00 0.00 0.00 -0.02 0.00 0.00
3 Wind % 0.00 0.00 0.00 -0.29 0.00 0.00
Coal % 0.00 0.00 0.00 1.64 0.00 0.00
Hydroelectric % 0.00 -0.96 0.00 -1.63 0.00 0.00
Natural Gas % 0.00 0.00 0.00 1.86 0.00 0.00
Geothermal % 0.00 -0.07 0.00 0.00 0.00 0.00
Petroleum % 1.46 -0.43 26.20 40.26 0.70 -0.34
4 Peak Load kw 84.06 -92.09 | 1,513.51 | 3,408.54 | 117.80 -42.60
Annual Electricity
" |Production MWh | 407 099 | -1413 | 2501 | 976 | 852
12 |CO2 Emissions Tons 2.78 754 -2.38 -6.02 17.56 11.88
SOx Emissions Tons 0.00 0.01 0.00 0.00 0.02 0.01
13 |NOxEmissions Tons 0.00 0.00 0.00 0.00 0.01 0.00
PM-10 Emissions Tons 0.00 0.00 0.00 0.00 0.00 0.00
Feeder Real Load kw 0.46 0.11 -1.61 -2.85 -1.11 0.97
21
Feeder Reactive Load | KVAR 0.30 1.26 3.03 5.44 4.05 2.23
29 [Distribution Losses % 0.00 0.00 0.00 0.00 0.00 0.00
Distribution Power
30 |Factor pf | 0000 | 0000 | 0000 | 0000 | 0.000 | 0.000
39 [CO2Emissions Tons 2.78 7.63 -2.53 -6.21 17.56 11.93
SOx Emissions Tons 0.00 0.01 0.00 0.00 0.02 0.01
40 [NOxEmissions Tons 0.00 0.00 0.00 0.00 0.01 0.00
PM-10 Emissions Tons 0.00 0.00 0.00 0.00 0.00 0.00
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Table 4.23: DLC impact metrics for region 3
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Hourly Customer
1 Electricity Usage kwh -0.61 -0.22 1.50 -1.76
Monthly Customer
2 Electricity Usage MWh | -0.44 -0.16 1.09 -1.29
Peak Generation kw 13340 | -422.98 39.52 2,286.35
Nuclear % 1.07 0.00 0.00 0.00
Solar % 0.00 0.00 0.00 0.00
Bio % 0.02 0.00 0.00 0.00
3 Wind % 0.40 0.00 0.00 0.00
Coal % 128 0.00 0.00 0.00
Hydroelectric % 0.82 -2.89 0.00 0.00
Natural Gas % -3.79 0.00 0.00 0.00
Geothermal % 0.15 -1.40 0.00 0.00
Petroleum % 2.16 -0.25 0.89 27.16
4 Peak Load kw 13340 | -422.98 39.52 | 2,286.35
Annual Electricity
" |Production MWh | 536 | -211 | 1333 | -1595
12 [CO2 Emissions Tons -5.45 3.65 7.66 2.37
SOx Emissions Tons 0.00 0.00 0.00 0.01
13 [NOxEmissions Tons 0.00 0.00 0.00 0.00
PM-10 Emissions Tons 0.00 0.00 0.00 0.00
Feeder Real Load kw -0.61 -0.24 1.52 -1.82
21  [Feeder Reactive
Load KVAR | 0.1 2.21 0.73 4.96
29 |Distribution Losses % 0.00 0.00 0.00 0.00
Distribution Power
30 |Factor pf | 0000 | 0000 | 0000 | 0.000
39 |CO2 Emissions Tons -5.48 3.61 7.80 247
SOx Emissions Tons 0.00 0.00 0.00 0.01
40 [NOxEmissions Tons 0.00 0.00 0.00 0.00
PM-10 Emissions Tons 0.00 0.00 0.00 0.00

96




Table 4.24: DLC impact metrics for region 4
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Hourly Customer
1 Electricity Usage kWh 0.23 -0.50 -0.48 -0.25
Monthly Customer
2 Electricity Usage MWh 0.17 -0.36 -0.35 | -0.18
Peak Generation kw 143.41 482.89 | 485.21 | 272.63
Nuclear % 1.67 0.00 -1.67 -1.67
Solar % 0.00 0.00 0.00 0.00
Bio % 0.03 0.00 -0.03 -0.03
3 Wind % -0.01 0.00 0.01 0.01
Coal % -1.08 0.00 1.08 1.08
Hydroelectric % 0.89 0.00 -0.89 | -0.89
Natural Gas % -1.35 0.00 1.35 1.35
Geothermal % 0.00 0.00 0.00 0.00
Petroleum % 3.45 10.06 23.30 | 29.04
4 Peak Load kw 143.41 482.89 | 485.21 | 272.63
Annual Electricity
7 |Production MWh | 201 | -459 | -427 | -221
12 [CO2 Emissions Tons 2.25 6.00 -1.17 -1.57
SOx Emissions Tons 0.00 0.01 0.00 0.00
13 |NOxEmissions Tons 0.00 0.00 0.00 0.00
PM-10 Emissions Tons 0.00 0.00 0.00 0.00
Feeder Real Load kw 0.23 -0.52 -0.49 -0.25
21 |Feeder Reactive
Load kVAR 0.24 2.12 1.34 0.60
29 |Distribution Losses % 0.00 0.00 0.00 0.00
Distribution Power
30 IFactor pf | 0000 | 0000 | 0.000 | 0.000
39 |CO2 Emissions Tons 2.25 6.12 -1.19 -1.60
SOx Emissions Tons 0.00 0.01 0.00 0.00
40 |NOxEmissions Tons 0.00 0.00 0.00 0.00
PM-10 Emissions Tons 0.00 0.00 0.00 0.00
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Table 4.25: DLC impact metrics for region 5
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Hourly Customer
1 Electricity Usage kWh 0.62 -0.81 0.07 - -0.99 -2.19 -2.98 -3.08
Monthly Customer
2 |Eectricity Usage | Mwh | o046 | -059 | o005 ; 072 | -160 | -218 | -225
Peak Generation kW 27550 | 1,207.79 | 73.07 - 1,163.83 | 2,538.50 | 3,678.70 | 3,435.60
Nuclear % 0.00 0.00 0.00 - 0.00 0.32 0.00 0.00
Solar % 0.00 0.00 0.00 - 0.00 0.00 0.00 0.00
Bio % 0.00 0.00 0.00 - 0.00 0.02 0.00 0.00
3 Wind % 0.00 0.00 0.00 - 0.00 -0.26 0.00 0.00
Coal % 0.00 0.00 0.00 - 0.00 -0.20 0.00 0.00
Hydroelectric % 0.00 0.00 0.00 - 0.00 -0.15 0.00 0.00
Natural Gas % 0.00 0.00 0.00 - 0.00 0.39 0.00 0.00
Geothermal % 0.00 0.00 0.00 - 0.00 0.00 0.00 0.00
Petroleum % 472 12.78 1.46 - 15.45 28.35 29.95 27.64
4 |Peak Load kW 27550 | 1,207.79 | 73.07 - 1,163.83 | 2,538.50 | 3,678.70 | 3,435.60
Annual Electricity
" IProduction Mwh | 55 | 730 | 053 ; 901 | 2013 | -2688 | 2752
12 |CO2 Emissions Tons 5.19 -14.14 -2.10 - -14.95 -27.47 -39.13 -40.07
SOx Emissions Tons 0.00 -0.01 0.00 - -0.01 -0.02 -0.02 -0.02
13 |NOxEmissions Tons 0.00 -0.01 0.00 - -0.01 -0.01 -0.02 -0.02
PM-10 Emissions Tons 0.00 0.00 0.00 - 0.00 -0.01 -0.01 -0.01
Feeder Real Load kW 0.63 -0.83 0.06 - -1.03 -2.30 -3.07 -3.14
21 [Feeder Reactive
Load kVAR 0.35 3.95 1.48 - 3.58 5.42 7.71 7.96
29 |Distribution Losses % 0.00 0.00 0.00 - 0.00 0.00 0.00 0.00
Distribution Power
30 [Factor pf | 0000 | 0000 | 0000 | - | 0000 | 0000 | 0000 | 0000
39 |CO2 Emissions Tons 5.22 -14.37 -2.19 - -15.32 -28.32 -39.82 -40.65
SOx Emissions Tons 0.00 -0.01 0.00 - -0.01 -0.02 -0.02 -0.03
40 |NOxEmissions Tons 0.00 -0.01 0.00 - -0.01 -0.01 -0.02 -0.02
PM-10 Emissions Tons 0.00 0.00 0.00 - 0.00 -0.01 -0.01 -0.01
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4.3 Additional Impact Metrics

Table 4.26: Additional TOU/CPP with technology impact metrics for region 1

—
o
G < o P N o
S N~ r~ r~ N~ o
i < < < < S
&y o o o o Te}
; — — — — I\
) ) (@) — — — — —
Index A Metric Units| o o o o o o
Instantaneous PeakLoad | \\y | 15g75| 7512 4904 -3014| -e457| 5279
1 Hour Peak Load KW 20.8| -14750| -411.9 41| 6176 -2172
*x

7* |6 Hour Peak Load KW 1929|  -8772| 2160  -227| -3743| -105.0
Flattened Peak Load KW 5348 -14835| -5486| -201.6| -12256| -278.2
Flattened Peak Load
including Rebound KW 4799| -13164| -4889| -1909| -1201.1| -254.9
Instaneous Peak Load % 321 -134| 216|336 171|261
1 Hour Peak Load % 04| 23 70 04 52 09

*

7* 16 Hour Peak Load % 39|  -3s| 119 23] -108] 50
Flattened Peak Load % 01| -202]  -208| 160|243 120
Flattened Peak Load
including Rebound % -9.0 -18.0 -18.3 -15.1 -23.8 -11.0
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Table 4.27: Additional TOU/CPP with technology impact metrics for region 2

AN
o
o 7 o P < i
Q ~ ~ ~ o o
. ~ ~ ~ o o
o o o o Te} T}
; — — — Y] ™
) . (@) N o~ o~ N N
Index A Metric Units| o o o o o o
Instantaneous Peak Load |\ | 1 6o75 15360| -1.2067| -3,0006| -5.6419| -2,0045
1 Hour Peak Load kw | 5668 -1194| -0838| -1.0401| 26423 872
*

7*  |6HourPeak Load kw | -1957|  -a24| -1816| -7854| s695| 940
Flattened Peak Load kw | -6768| -7314| -9147| -24845| -25313| -2338.1
Flattened Peak Load
including Rebound kw | -6600| -7314| -887.2| -2.3339| -2.3580| -2:338.1
Instaneous Peak Load % 314 261|581l w391 361 212
1 Hour Peak Load % -10.3 20| w402 246  -165 0.9

*

7* |6 Hour Peak Load % 47 a0 50 -143 41 10
Flattened Peak Load % 18| -116|  -356| 200 -150| -184
Flattened Peak Load
including Rebound % -11.5 -11.6 -34.6 -27.3 -14.0 -18.4
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Table 4.28: Additional TOU/CPP with technology impact metrics for region 3

(90)
o
o < o P
N S S S
N N N N
) . O ) ) ™
Index A Metric Units| o o o o
Instantaneous PeakLoad |\ | 3690| -27888| -1505.0| -2,0428
1 Hour Peak Load KW 524 1938 -4369| -7428
*

7* |6 Hour Peak Load KW 1736 6175 369 -2315
Flattened Peak Load kw | -1.0434| -12477| -6213| -14203
Flattened Peak Load
including Rebound kw -1,043.4| -1247.7] -621.2) -1,429.3
Instaneous Peak Load % -390 332 385 26.4
1 Hour Peak Load % 09 23 99 96

*

7 6 Hour Peak Load % 39 94 1.2 41
Flattened Peak Load % 58] 134 141 170
Flattened Peak Load
including Rebound % -15.8 -13.4 -14.1 -17.0
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Table 4.29: Additional TOU/CPP with technology impact metrics for region 4

<t
o
o <| o <
S| s | 5| 8
< S N &
) ) O < < <
Index A Metric Units| o o o o
Instantaneous Peak Load |\ | 51436] 19404| -011.4| -4624
1 Hour Peak Load kw | -a010| -6631| -4048| -109.4
*

7* |6 Hour Peak Load kw | 3053 -4562| 2325 559
Flattened Peak Load kw | 7a71| -11959| -6440| -3455
Flattened Peak Load
including Rebound kw -715.8| -1,047.7| -576.4| -308.2
Instaneous Peak Load % 380 446 466 553
1 Hour Peak Load % 67 157 a4 142

*

7 6 Hour Peak Load % 60 127 155 109
Flattened Peak Load % 120 249 299 366
Flattened Peak Load
including Rebound % -11.5 -21.8 -26.1 -32.6
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Table 4.30: Additional TOU/CPP with technology impact metrics for region 5

Lo
o
o < o P N L0 = <
'<\r ~ ~ ~ ~ ~ o o
- ~ ~ ~ ~ ~ S )
& o o o o o Te) T}
1 — — — — — (qV] (g0]
. . (@) LO O LO O O LO o)
Index A Metric Units| © o o o o o o o
Instantaneous Peak Load |\ | gsgol .3048.2| -1.878.2 - | -28485| -34628| -4917.1| -4679.4
1 Hour Peak Load kW | -2004| 23454 -9787 - | 21046| 30575 -3844.2| 38821
*

7 |8Hour Peak Load KW 2097| -8229| -1814 - 4875 -9888| -1.4836| -1,4403
Flattened Peak Load kw | 5862 -16330| -7753] - | -15585| -2379.1| -32140| -3.0083
Flattened Peak Load
including Rebound kw | -5310| -1,3333| -6636 - | -12234| -18205| -24788| -24015
Instaneous Peak Load % 342 379l 411 - 420 w33 -473|  -a46
1 Hour Peak Load % 54| 257 210 - 300  -364| 337 334

*

#* 16 Hour Peak Load % 56 -06 -40 - 74| 123 -136] 132
Flattened Peak Load % 4100  -173| 155 - 207 263  -262| -249
Flattened Peak Load
including Rebound % 200 -141] 133 - 62| 201 202 -193
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Table 4.31: Additional DLC with technology impact metrics for region 1

—
%
G <] o P N 5
S ~ ~ ~ r~ S
: ~ N ~ < o
a o o o o Lo
; — — — — Al
. ) @) — — — — —
Index A Metric Units| o o o o o o
Instantaneous Peak Load | |\ | 4o69| -19907| -7416] 603| -7005| -2558
1 Hour Peak Load kw | -2888| -16903| -5043| -718| -6252| -1526
*

7* |6 Hour Peak Load KW 653| -11669| -2463| 1153 -1307]  -580
Flattened Peak Load KW 2083| -20622| -7155| -150.4| -12528| -142.9
Flattened Peak Load
including Rebound KW | -2083| -12233| -4344| -147.4| -10422| -1428
Instaneous Peak Load % 101 31| -320| 58| 184 118
1 Hour Peak Load % 55| o248 108 62| 51| 66

*

7* |6 Hour Peak Load % 14| 90| 109 118 39| 30
Flattened Peak Load % 39| 281 268 -119| 248 62
Flattened Peak Load
including Rebound % -3.9 -16.7 -16.2 -11.7 -20.6 -6.2
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Table 4.32: Additional DLC with technology impact metrics for region 2

AN
o
NG G o P y <
q ~ ~ ~ o o
- ~ N ~ o o
a o o o Te} e}
5 — — — N ™
) ) (@) N N o~ N o~
Index A Metric Units| o o o o o o
Instantaneous Peak Load | .\ | a5l 1036| -12122| -26567| 26777 2437
1 Hour Peak Load kw | -4567| -180.1| -660.1| -1,754.1| -11405| -510.1
*

7* |6 Hour Peak Load KW 308 -249.1 81.7| -8029| -7503| -226.2
Flattened Peak Load KW 4746 7589 -1,051.4| -26400| -1,927.9| -1,688.1
Flattened Peak Load
including Rebound kw | -a746| -7589| -9565| -2.256.8| -1,839.9| -1,688.1
Instaneous Peak Load % 86| 187 513  344| 71| 25
1 Hour Peak Load % 81| ol w271 o217 2] a9

*

7|6 Hour Peak Load % 1.0 6.4 74|  -154 5.4 27
Flattened Peak Load % 83| 21| 409 310|114 133
Flattened Peak Load
including Rebound % -8.3 -12.1 -37.3 -26.4 -10.9 -13.3
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Table 4.33: Additional DLC with technology impact metrics for region 3

(q0)
o
o = oy P
3 ~ S >
< S S q
. . O ) o %
Index A Metric Units| o o o’ o
Instantaneous PeakLoad |\ | oe64l 15025  -5602| -2,095.9
1 Hour Peak Load kw | 2763 -3463| -2401| -1730.2
*

7* |6 Hour Peak Load kw | -1278]  s80| 1937 5437
Flattened Peak Load kW | -8032| -1,239.3| -4445| -1,9796
Flattened Peak Load
including Rebound kw -803.2| -1,239.3| -4445| -1,592.0
Instaneous Peak Load % 44 178 139 278
1 Hour Peak Load % 45 40 58 N5

*

7 6 Hour Peak Load % 29 10 6.9 96
Flattened Peak Load % 129 133 101 235
Flattened Peak Load
including Rebound % -12.2 -13.3 -10.1 -18.9
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Table 4.34: Additional DLC with technology impact metrics for region 4

<
o
) = oy =
S| s | 5| 8
N o o &
. . (@] < < <
Index A Metric units| o 04 o o
Instantaneous Peak Load KW 4353 -089.7 6448 2130
1 Hour Peak Load kw | -4257| -8259| -3353| 2737
*

7* |6 HourPeak Load kw | -2800] -455| 265 87
Flattened Peak Load kw | -5426| -865.8| -5531| -300.9
Flattened Peak Load
including Rebound kw -5426| -7920| -507.1] -279.1
Instaneous Peak Load % 75 295 27 260
1 Hour Peak Load % 69 172 166 290

*

7 6 Hour Peak Load % 54 13 19 16
Flattened Peak Load % 87 180 251 328
Flattened Peak Load
including Rebound % -8.7 -16.5 -23.0 -29.5
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Table 4.35: Additional DLC with technology impact metrics for region 5

Lo
4
o < o P N L0 = <
'<\r ~ ~ ~ ~ ~ o o
- ~ ~ ~ ~ ~ S )
& o o o o o Te) T}
1 — — — — — (qV] (g0]
. . (@) LO O LO O O LO o)
Index A Metric Units| © o o o o o o o
Instantaneous Peak Load | -, 363| -17019] -5995| - | -15220| -24044| -32538| -25142
1 Hour Peak Load KW 047| -g00| -2837] - -4483| -1,0044| -2.1628| -1929.2
*

7% |6 Hour Peak Load kW | -1485| -4102] 194 - 4719|6716 -7662| -1,147.4
Flattened Peak Load kw | 2025 12622 3849 - | -10617| -1809.4| 23552 -2.306.0
Flattened Peak Load
including Rebound kw | 2025 -1,0561| -3710 - 819.7| -1359.4| -1.755.1| -1,721.0
Instaneous Peak Load % 07 200 36| - 25| 288 205 233
1 Hour Peak Load % 16 96 58 - 62| <130 182  -162

*

7* |6 Hour Peak Load % 28 4.9 0.4 - 6.9 8.6 72l -107
Flattened Peak Load % 35| -134 a7 - 41| 2000 102|186
Flattened Peak Load
including Rebound % -3.5 -11.2 -7.4 - -10.9 -15.0 -14.3 -13.8
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5 Conclusions and Observations

The conclusions and observations for this report will be divided into two sections: overall and
technology specific. The overall conclusions and observations will address the analysis in
general, while the technology specific area will focus on the five individual technology cases
explored within the DR area.

5.1 Demand Response Observations and Conclusions

This report has discussed the results from simulations of various demand response programs
represented within the SGIG proposals on a nationally representative set of distribution feeders,
focusing on residential customers. This section will provide overall observations and
conclusions from this analysis. A brief summary of this section will also be presented in
Sections 5.2 and 5.3.

Demand response programs are designed to directly engage customers at the end-use level to
meet demand reduction goals at the utility level. However, the goals of a demand response
program can vary widely, from reducing exposure to wholesale or real-time energy prices to
localized capacity management to emergency management. Strategies for meeting these goals
vary just as widely; there is no “one size fits all” demand response strategy. Careful analysis of
not only the initial effects, but also the longer term response of the system, is critical to
understanding the actual benefits that can be realized from the program. From the evaluation of
the SGIG project proposals, it was determined that the main focus of the deployed DR programs
was peak demand reduction.

This study has looked at the effects of a large scale deployment of a few representative demand
response programs: TOU, TOU with CPP, and DLC. These were the most commonly proposed
methods within the SGIG proposals. In addition, the effects of adding technology designed to
aid customer involvement and automate response were simulated. To simulate these
deployments, this study used representative feeder and load information [5][29] and
representative consumer interactions [8][13]-[15] to give a conservative estimate of the benefits
associated with demand response programs. Information about the actual technologies being
deployed from the SGIG proposals was limited, and made it difficult to ascertain the actual
strategies used when this analysis was started. To that end, this analysis has tried to estimate the
minimum and maximum response levels available from demand response resources with and
without enabling technologies. The enabling technologies used are more advanced than will
more than likely be used in the SGIG projects, but are an attempt to represent the upper bound of
the amount of available response on a system.

It should be noted, that these results represent an approximation of the average response that
could be seen by customers on representative feeders with average loading. Actual results will
vary, dependent on load composition, weather conditions, and customer education and
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interaction, and as such, when deployed, should be analyzed on a case by case basis to determine
the actual benefits.

The results have shown that when properly coordinated and deployed, demand response
programs have the potential to significantly reduce the peak load. However, a common
occurrence with TOU, TOU/CPP, and DLC programs is a “rebound” effect, or increase in load
after the release of the DR signal. This can be exacerbated by synchronizing signals, such as
automated controls. Additionally, static control signals (such as a CPP price) tend to use the
resource unevenly across the time interval using more resource at the beginning with less and
less response as time progresses, leading to a less than ideal reduction in peak load. And the
more aggressively the resources is used, whether in how deep it is pushed or for how long, the
greater the potential for a large rebound or payback when the signal is released. It is assumed
that utilities investigated these interactions, and properly accounted for it within their operations,
as is commonly done. However, as the DOE metrics were designed in [2], the peak load metrics
could not fully capture the true benefits of these DR programs. To account for this, and to show
the true benefits of DR, an alternate set of metrics were presented in Section 2.4. In addition,
estimates were made from the available simulated data as to the potential of demand reduction
across various time horizons, regardless of the complex controls needed to make this occur.
These results and metrics are presented in Section 4.3.

From the simulation results, when the rebound was not properly accounted for, peak increases
of more than 25% in CPP and 60% in DLC were seen. Additionally, one feeder in region 5 was
unable to support the rapid change in load created by the release of the control signals, resulting
in voltage collapse on the system. However, when the rebound is properly accounted for in the
control system and the reduction is proportioned evenly across the desired time period (six hours
in this case as demonstrated in the alternate metrics), sustained peak reductions of 4% to 34%
with CPP and 4% to 37% with DLC, and instantaneous reductions of over 55%, can be seen.
While the addition of automated controls and other enabling technologies increases the
complexity of the system and the control schema required, on average, it increases the potential
peak reduction by nearly 14% over cases without enabling technologies, as customers are more
successfully engaged in the DR process.

The main advantage of TOU or TOU/CPP programs over that of DLC is the long term annual
shift in energy consumption; TOU programs encourage behavioral changes year round while
DLC is only employed 15 times per year. This leads to an average reduction in energy
consumption approaching 1% and as much as a 2% reduction in CO, emissions in TOU
programs, which is not seen in DLC programs.

Properly studied and deployed demand response programs are effective at reducing peak
demand. However, the response of loads to a common DR signal is not necessarily well
understood, and many considerations must be made to make the system behave to meet the
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design goals. This study should not be considered an exhaustive analysis of demand response
programs, but rather an exemplary approach to analyzing specific DR implementations and an
approximation of the potential benefits of standard TOU, TOU/CPP, and DLC programs. The
following sections will further summarize the observations made here.

5.2 Demand Response Observations and Conclusions Summary

The analysis presented in this report has shown that with a few exceptions, the benefits of the
DR technologies deployed in the SGIG projects can be quantified and tracked using the SGIG
metrics guidebook [2]. The information available from the SGIG proposals, however, made it
difficult to ascertain the actual strategies deployed for the various programs, including possible
“best practice” considerations. Additionally, the analysis did not take into account the secondary
effects of pricing programs, such as customers upgrading their equipment to reduce their bill or
the long term changes in customer participation and engagement. All conclusions are based on
these assumptions. From the analysis conducted, and the metrics tracked, the following
conclusions and observations can be made about DR technologies:

1) DR technologies are a customer centric approach to dealing with utility operational
issues by directly engaging end-use customers.

2) DR programs have the potential to provide a significant peak load reduction; however
deployments must take into account the effects on load diversity and the negative
consequences which may occur (e.g. peak rebounds) must be actively managed.

3) The goals of the DR program strongly affect the type of program that should be
employed, and careful consideration should be made to meet these goals. For example,
if the goal is to reduce exposure to wholesale prices, which are not necessarily
coincident with system peak, the implemented program will differ from other strategies.

5.3 Conclusions and Observations for Specific Technologies

The following subsections will give observations and concluding comments for the five
technology cases within the DR area.

5.3.1 Conclusions and Observations for TOU and TOU/CPP

From the analysis of TOU and TOU/CPP, the following conclusions and observations can be
made:

1) TOU and TOU/CPP can effectively reduce peak demand, but only during the time
window specified and only for a limited amount of time. Depending upon the DR
technology implemented the timing of the peak window and load composition, a
“rebound” effect can be seen, shifting, and possibly increasing, the overall peak
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2)

3)

4)

5)

6)

demand when viewed from the perspective of the individual feeder. However, when
the requisite controls are properly accounted for, load can be flattened across a peak
with a reduction between 4% and 34%.

Employment of automated controls, In-Home Displays, and Home Energy
Management systems increases the potential for peak reduction by TOU and TOU/CPP
by increasing the participation of the customer through equipment interaction, but can
also exacerbate the rebound effect. When properly implemented, the increase in peak
demand reduction is on average 14% greater when using enabling technologies.

TOU and TOU/CPP can reduce energy consumption, but on the order of less than 1%.
This is understandable, as the systems are mainly designed to manage peak demand or
shift energy usage.

TOU and TOU/CPP consistently reduce losses on the system; however, the loss
reduction is typically less than 2% of total losses or approximately 0.05% of total
energy consumption.

The effects on CO, (and other pollutant) emissions are highly dependent on the
generation mixture during peak and rebound periods, but typically reduce overall CO,
emissions by moving demand from more carbon intensive generation to less carbon
intensive generation. Reduction of CO, emissions can be as great as 5%, but typically
range from a 1% increase to a 2% decrease in emissions, depending upon generation
mix.

There are a number of DR control strategies available for implementation, but there is
no “one size fits all” strategy. Secondary effects should be expected with each, but the
consequences can be reduced with proper study and diversification.

5.3.2 Conclusions and Observations for DLC
From the analysis of DLC, the following conclusions and observations can be made:

1)

2)

DLC can effectively reduce peak demand during the control period. Because of the
direct control by the utility, the potential for reduction is greater than with TOU or
CPP. However, because reduction is greater, the peak “rebound” can also be greater
than that seen in the TOU or CPP cases. When the rebound is properly accounted for
through a proper control strategy and the peak is flattened across the six hour period,
peak reductions between 4% and 37% can be achieved.

DLC has little to no effect on annual energy consumption (less than +/- 0.1%) and little
effect on system losses (less than -0.15%). TOU programs have a continuous effect by
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3)

4)

shifting load all year long, while the DLC and CPP signals are only applied 15 days per
year, minimizing the effects on energy consumption and losses.

DLC had minor effects on CO; (and other pollutant) emissions. Changes were less
than +/- 0.5%. By moving demand from more carbon intensive generation to less
carbon intensive generation, some reduction was seen, but this only occurs 15 days per
year.

Similar to DR, there is no “one size fits all” strategy for DLC. Careful simulation and
observation should be made about the system it is to be implemented on.
Consequences such as rebound should be mitigated with a combination of plans or
diversification of the control signal.
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Appendix A: SGIG Program Impact Metrics

An important component of the SGIG projects is the transfer of information from the
individual projects to the broader industry audience. The aim of this transfer is to allow
individuals, research organizations, and utilities to better understand the performance of the
various technologies deployed on the various projects. Due to the large amount of potential data,
it is not feasible for each grant recipient to provide all of the available raw data. To address the
issue of data collection, the “Guidebook for ARRA Smart Grid Program Metrics and Benefits”
[2] was developed as a starting point for the discussion of data collection and impact categories.
Specifically, the document contained a table of impact metrics against which each project could
be evaluated; it is these metrics that are used in the 4 technical reports in this series to evaluate
the impact of the various technologies. Table A.1 is a complete list of all 74 metrics listed in the
Guidebook and is included in this appendix as a reference. Not every metric is used for each
technology, only those that are relevant to the specific technology are examined in Section 2.

Table A.1: SGIG program impact metrics from guidebook

Project System
# Metric Value Value Remarks

A 2.1 IMPACT METRICS: AMI and Customer Systems
Metrics Related Primarily to Economic Benefits

Hourly electricity consumption information (kWh)

1 Hourly Customer kWh Not and applicable retail tariff rate. Nature of this data will
Electricity Usage $/kWh Applicable | be negotiated with DOE
Monthly electricity consumption information (kwWh)
2 ggg:::!:)i/tCLgstng;er $'\//Ikvv\\//r;1 A '\Ili(():;ble and applicable retail tariff rate. The nature of this data
yCsag hp will be negotiated with DOE
3 Peak Generation and MW MW Specify intermittent generation by type and amount
Mix Mix Mix
. Specify controllable load by type
4 | Peak Load and Mix MW MW pecify yyp
Mix Mix
Annual Generation Total cost of generation to serve load
5 Cost $ $
6 ggéjtrly Generation $/MWh $/MWh Aggregate or market price of energy in each hour
7 Annual _Electrlcny MWh MWh Total electricity produced by central generation
Production
Ancillary Services Total cost of Ancillary services
8 Cost $ $
9 Meter Operations $ Not Includes operations, maintenance, reading and data
Cost Applicable | management
10 | Truck Rolls Avoided 4 Not Could include trips for meter reading,

Applicable | connection/disconnection, inspection and maintenance

Metrics Related Primarily to Environmental Benefits
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Meter Operations . Not Total miles accumulated related to meter operations
11 T e Miles .
Vehicle Miles Applicable
12 | CO2 Emissions Tons Tons Could be modeled or estimated
13 | Pollutant Emissions Tons Tons Could be modeled or estimated
(SOx, NOx, PM-10)
Metrics Related Primarily to AMI System Performance
14 | Meter Data o Not Portion of meters that are online and successfully
Completeness ° Applicable | reporting in
15 | Meters Reported o Not Portion of meter reads received by 2AM the following
Daily by 2AM ° Applicable | day

A 2.2 Impact Metrics: Electric Distribution Systems
Metrics Related to Economic Benefits

16 Hourly Customer kWh Not Hourly electricity consumption information (kWh)
Electricity Usage* $/kWh Applicable | and applicable retail tariff rate.
17 Annual Storage KWh Not Total number of hours that storage is dispatched for
Dispatch* Applicable | retail load shifting
18 Average Energy Y Not Efficiency of energy storage devices installed
Storage Efficiency™ 0 Applicable
Monthly Demand $/IkW- Not Average commercial or industrial demand charges
19 .
Charges* month Applicable
Distribution Feeder The total time during the reporting period that feeder
20 | or Equipment # Not or equipment loads exceeded design ratings
: Applicable
Overload Incidents
S Real and reactive power readings for those feeders
21 Distribution Feeder Mw N.Ot involved in the project. Information should be based
Load MVAR Applicable
on hourly loads
Deferred The value of the capital project(s) deferred, and the
29 Distribution $ Not time of the deferral
Capacity Applicable
Investments
23 Equipment Failure Not Incidents of equipment failure within the project
Incidents # Applicable | scope, including reason for failure
Distribution Activity based cost for distribution equipment
: Not . - - .
24 | Equipment $ . maintenance during the reporting period
. Applicable
Maintenance Cost
25 Distribution $ Not Activity based cost for distribution operations during
Operations Cost Applicable | the reporting period
Distribution Feeder Not Activity based cost for feeders switching operations
26 | Switching # - during the reporting period
. Applicable
Operations
Distribution Not Activity based cost for capacitor switching operations
27 | Capacitor Switching $ licabl during the reporting period
Cost Applicable
28 Distribution $ Not Total cost for distribution restoration during the
Restoration Cost Applicable | reporting period
o Not Losses for the portion of the distribution system
29 | Distribution L osses % Applicable | involved in the project. Modeled or calculated.
30 Distribution Power f Not Power factor for the portion of the distribution system
Factor P Applicable | involved in the project. Modeled or calculated.
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Not Estimate of the number of times a crew would have
31 | Truck Rolls Avoided # . been dispatched to perform a distribution operations
Applicable . .
or maintenance function
Metrics Related Primarily to Reliability Benefits
32 | SAIF Ind Not As defined in IEEE Std 1366-2003, and do not
naex Applicable | include major events days. Only events involving
Not infrastructure that is part of the project should be
33 | SAIDI/CAIDI Index Applicable included.
Not
34 | MAIFI Index Applicable
Outrage Response . Not Time between outage occurrence and action initiated
35 . Minutes .
Time Applicable
Information should including, but not limited to
. project infrastructure involved (transmission lines,
36 :\:?cj)(r)rrnii/grr:t StE\Yi(;?it:s A ’\Ili(():;ble substations and feeders), cause of the event , number
PP of customers affected, total time for restoration, and
restoration costs.
Number of High Faults cleared that could be designed as high
Not . .
37 | Impedance Faults # - impedance or slow clearing
Applicable
Cleared
Metrics Related Primarily to Environmental Benefits
Distribution Not Total miles for distribution operations and
38 | Operations Vehicle Miles licabl maintenance during the reporting period
Miles Applicable
39 | CO2 Emissions Tons Tons Could be modeled or estimated
40 Pollutant Emissions Tons Tons Could be modeled or estimated
(SOx, NOx, PM-10)

2.3 Impact Metrics: Electr
Metrics Related Primarily

ic Transmission Systems
to Economic Benefits

Annual Storage

Total number of hours that storage is dispatched for

41 - MWh MWh
Dispatch™ wholesale energy markets or Ancillary services
Capacity Market
42 Value* MW MW Capacity value
43 Ar}cnliry Services $/MWh $/MWh AnC|II_ary service price during hours when Storage
Prices was dispatched
a4 Annual Generation Not $
Cost Applicable Total cost generation to serve load
Hourly Generation Not
45 - /MWh . .
Cost Applicable $ Aggregate or market price of energy in each hour
6 Peak Generation and Not MW
Mix Applicable Mix Specify intermittent generation by type and amount
. Not MW
47 | Peak Load and Mix - : .
Applicable Mix Specify controllable load by type
48 Annual Generation Not MW
Dispatch Applicable Mix Total electricity produced by central generation
49 Ancillary Services Not $
Cost Applicable Total cost of Ancillary services
50 | Congestion Cost MW N_Ot Total @ransmi_ssion congestion cost during the
Applicable | reporting period
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Transmission Line or

. Not . . . . .
51 | Equipment Overload # Applicable | The total time during the reporting period that line
Incidents loads exceeded design ratings
. . Real and reactive power readings for those lines
52 Transmission Line MW N.Ot involved in the project. Information should be based
Load MVAR Applicable
on hourly loads
Deferred
53 Transmission $ Not
Capacity Applicable | The value of the capital project(s) deferred, and the
Investments time of the deferral
54 | EQuipment Failure 4 Not Incidents of equipment failure within the project
Incidents Applicable | scope, including reason for failure
Transmission Not
55 | Equipment $ Applicable Activity based cost for transmission equipment
Maintenance Cost PP maintenance during the reporting period
56 Transmission $ Not Activity based cost for transmission operations during
Operations Cost Applicable | the reporting period
57 Transmission $ Not Total cost for transmission restoration during the
Restoration Cost Applicable | reporting period
Not Losses for the portion of the transmission system
58 | Transmission Losses % - involved in the project. Could be modeled or
Applicable
calculated.
Transmission Power Not Power factor for the portion of the transmission
59 pf - system involved in the project. Could be modeled or
Factor Applicable
calculated.
Metrics Related Primarily to Transmission Reliability
BPS Transmission BPS Transmission Related Events Resulting in Loss
Related Events Not of Load (NERC ALR 1-4)
60 | Resulting in Loss of # Applicable
Load (NERC ALR PP
1-4)
Energy Emergency Not Energy Emergency Alert 3 (NERC ALR-6-2)
61 | Alert 3(NERC ALR # -
Applicable
6-2)
Metrics Related Primarily to Environmental Benefits
Transmission Not
62 | Operations Vehicle Miles - Total mileage for transmission operations and
- Applicable . - . .
Miles maintenance during the reporting period
63 | Co, Emissions tons tons Could be modeled or estimated
64 Pollutant Emissions tons tons
(SOx, NOx, PM-10) Could be modeled or estimated
Metrics Related Primarily to Energy Security Benefits
Events Causes could include line trips, generator trips, or
65 lgl.umber, Type, and Cause A ’\I'_Ot ol other large disturbances
1z€ Load Lost pplicable
. Minutes/ Not
66 | Duration Hours Applicable
. Not From related PMU's
67 | PMU Dynamic Data PMU Data -
Applicable
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. L Application that detected the event
68 | Detection Application N.Ot ppiicatl v
Applicable
69 | Events Prevented 4 N_ot Include reason for prevention
Applicable
Metrics related primarily to PMU/PDC System Performance
20 PMU Data % Not Portion of PMU that are operational and successfully
Completeness ° Applicable | provided data
Network Not Portion of PMUs networked into regional PDCs
71 % -
Completeness Applicable
72 PMU/PDC Reliability Not
Performance Quality Applicable
Communications - Not
& Performance Availability Applicable
Application o Not _Usefulness of applications, mcludmg reliability
74 Description - improvements, markets and congestion management,
Performance Applicable - -
operational efficiency

The metrics shown in Table A.1 were developed for field demonstrations and were not
originally intended for simulations. To address this issue, definitions of the metrics in Table A.1
as implemented in the analysis will be given. Because the simulations in this report only
examine impacts at the distribution level, transmission level impact metrics will not be
examined. Of the distribution metrics, many will not be used because are associated with a
monetary cost that would require information from a specific utility. For example, meter
operation costs.

The metrics will be presented in two separate places in this report. Appendix E will contain
the metric values for each technology on each feeder. These values are individual to a single
technology. Section 4.1, 4.2, and 4.3 will show the difference in metric values between the base
case and the specific technology, for each feeder.

1) Hourly customer electricity usage: Instead of reporting a time series of values for an
entire year this metric will report the average hourly end-use consumption.

2) Monthly customer electricity usage: Instead of reporting a time series of values for an
entire year this metric will report the average monthly end-use consumption.

3) Peak generation and mix: This metric will report the peak generation as well as the
percentages for generation composition. This is the generation that is required to supply
the demand as measured at the substation. The generation composition will include the
breakdown of central generation as well as distributed resources on the distribution system.
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4) Peak load and mix: This is the maximum annual end-use demand as consumed by the
end-use customers. This is the load that the utilities meter and charge for. The percent of
load that is controllable will also be included.

5) Annual generation cost: Because this is dependent on the business structure of specific
utilities, this metric will not be used in evaluating the simulation results.

6) Hourly generation cost: Because this is dependent on the business structure of specific
utilities, this metric will not be used in evaluating the simulation results.

7) Annual electricity production: This metric reports the total energy that is required to
supply the demand as measured at the substation

8) Ancillary services cost: Because this is dependent on the business structure of specific
utilities, this metric will not be used in evaluating the simulation results.

9) Meter operations cost: Because this is dependent on the business structure of specific
utilities, this metric will not be used in evaluating the simulation results.

10) Truck rolls avoided: Because this is dependent on the operational procedures of specific
utilities, this metric will not be used in evaluating the simulation results.

11) Meter operations vehicle miles: Because this is dependent on the operational procedures
of specific utilities, this metric will not be used in evaluating the simulation results.

12) CO2 emissions: This metric measures the CO, emissions required to supply the electricity
to the end-use load.

13) Pollutant emissions: This metric measures SOx, NOx, and PM-10 emissions required to
supply the electricity to the end-use load.

14) Meter data completeness: Because this is dependent on the operational procedures of
specific utilities, this metric will not be used in evaluating the simulation results.

15) Meter reported daily by 2 a.m.: Because this is dependent on the operational procedures
of specific utilities, this metric will not be used in evaluating the simulation results.

16) Hourly customer electricity usage: For the purposes of this work, this metric is identical
to metric 1, and will not be used.

17) Annual storage dispatch: This metric examines the total number of hours that energy
storage is dispatched.

18) Average energy storage efficiency: This is the average round trip efficiency for all
energy storage units on a feeder.
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19) Monthly demand charge: Because this is dependent on the business structure of specific
utilities, this metric will not be used in evaluating the simulation results.

20) Distribution feeder or equipment overloads incidents: Because the taxonomy of
prototypical feeders is used for analysis there are not overloads included. This is because
the average distribution feeder does not normally have overload conditions. As a result,
this metric will not be used.

21) Distribution feeder load: This metric gives the annual average hourly load as measured at
the substation. Both real and reactive powers are examined.

22) Deferred distribution capacity investment: Because this is dependent on the business
structure of specific utilities, this metric will not be used in evaluating the simulation
results.

23) Equipment failure incidents: Because the conducted analysis uses representative
technologies there is no information associated with equipment failure. The only failures
are faults included for the analysis of FDIR. As a result this metric will not be used.

24) Distribution equipment maintenance cost: Because this is dependent on the business
structure of specific utilities, this metric will not be used in evaluating the simulation
results.

25) Distribution operations cost: Because this is dependent on the business structure of
specific utilities, this metric will not be used in evaluating the simulation results.

26) Distribution feeder switching operations: Because this is dependent on the operational
procedures and business structure of specific utilities, this metric will not be used in
evaluating the simulation results.

27) Distribution capacitor switching costs: Because this is dependent on the operational
procedures and business structure of specific utilities, this metric will not be used in
evaluating the simulation results.

28) Distribution restoration cost: Because this is dependent on the business structure of
specific utilities, this metric will not be used in evaluating the simulation results.

29) Distribution losses: This metric measures the distribution losses; both series and shunt
losses are included. Series losses due to overhead lines, underground lines, transformers,
and triplex lines are included. Shunt losses due to underground lines and transformers are
included. For the purposes of this metric all losses are combined into a single value but
some plots will be provided that break the losses into the various components.
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30) Distribution power factor: The distribution power factor is the power factor as calculated
at the substation.

31) Truck tolls avoided: Because this is dependent on the operational procedures of specific
utilities, this metric will not be used in evaluating the simulation results.

32) SAIFI: As defined in IEEE standard 1366 SAIFI is the system average interruption
frequency index. SAIFI indicated how often the average customer experiences a sustained
interruption and is calculated by dividing the sum of the total number of customers
interrupted by the total number of customers served.

33) SAIDI/CAIDI: As defined in IEEE standard 1366 SAIDI is the system average
interruption duration index. SAIDI indicates the total duration of interruption for the
average customers and is calculated by dividing the sum of the customer interruption
durations by the total number of customers served. As defined in IEEE standard 1366
CAIDI is the customer average interruption duration index. CAIDI represents the average
time required to restore service and is calculated by dividing the sum of the customer
interruption durations by the total number of customers interrupted.

34) MAIFI: As defined in IEEE standard 1366 MAIFI is the momentary average interruption
frequency index. MAIFI is the average frequency of momentary interruptions and is
calculated by dividing the sum of the total number of customer momentary interruptions by
the total number of customers served.

35) Outage response time: When a fault occurs on the system there are several important
times. How long to identify the existence of a fault, how long to locate the fault, and how
long to repair the fault. The outage response time is the time between the occurrence of the
fault and the time to identify the existence of the fault.

36) Major event information: Major events generally impact a large geographic area which
includes multiple distribution substations and the interconnecting transmission or sub-
transmission system. Since this report is looking primarily at individual feeders this metric
will not be used.

37) Number of high impedance faults cleared: This metric is based on the occurrence of
high impedance faults in a specific system. The occurrence of faults is only handled in the
fault detection identification and restoration technology; high impedance faults are not
specifically examined.

38) Distribution operations vehicle miles: Because this is dependent on the operational
procedures of specific utilities, this metric will not be used in evaluating the simulation
results.
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39) CO; emissions: This metric measures the CO, emissions required to supply the demand as
measured at the substations.

40) Pollutant emissions: This metric measures the SOx, NOx, and PM-10 emissions required
to supply the demand as measured at the substations.
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Appendix B: Taxonomy of Prototypical Distribution Feeders

As part of the DOE-OE Modern Grid Initiative (MGI) efforts in 2008, a Taxonomy of
Prototypical Distribution Feeders was developed [4]. 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. To construct these
representative feeder models, actual feeder models were obtained from utilities across the
country and their fundamental characteristics were examined. A detailed statistical analysis was
conducted to determine the optimal subset of feeders that could effectively represent the entire
data set. The development of the complete Taxonomy of feeder was an extensive process and is
fully documented in the report titled “Modern Grid Initiative Distribution Taxonomy Final
Report” [4].

Because climate and energy consumption are closely coupled, the prototypical feeders were
divided into five climate regions, Figure B.1, based on the U.S DOE handbook (1980) providing
design guidance for energy-efficient small office buildings [17].
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Figure B.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 B.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 SGIG project analysis is slightly different than the original values from the
2008 report. The difference in peak load is due to improved modeling methods used to represent
end-use load. These methods will be discussed in Sections B.2.1 and B.2.2.
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Table B.1: Summary of prototypical feeders

Feeder I?gs}e Peak kKVA Description
R1-12.47-1 12.5 4,300 | Moderate suburban and rural
R1-12.47-2 12.47 2,400 | Moderate suburban and light rural
R1-12.47-3 12.47 1,800 | Small urban center
R1-12.47-4 12.47 4,900 | Heavy suburban
R1-25.00-1 24.9 2,300 | Light rural
R2-12.47-1 12.47 6,700 | Light urban
R2-12.47-2 12.47 6,700 | Moderate suburban
R2-12.47-3 12.47 4,800 | Light suburban
R2-25.00-1 24.9 21,300 | Moderate urban
R2-35.00-1 34.5 6,900 | Light rural
R3-12.47-1 12.47 11,600 | Heavy urban
R3-12.47-2 12.47 4,000 | Moderate urban
R3-12.47-3 12.47 9,400 | Heavy suburban
R4-12.47-1 13.8 6,700 | Heavy urban with rural spur
R4-12.47-2 125 2,100 | Light suburban and moderate urban
R4-25.00-1 24.9 1,000 | Light rural
R5-12.47-1 13.8 10,800 | Heavy suburban and moderate urban
R5-12.47-2 12.47 4,200 | Moderate suburban and heavy urban
R5-12.47-3 13.8 4,800 | Moderate rural
R5-12.47-4 12.47 6,200 | Moderate suburban and urban
R5-12.47-5 12.47 8,500 | Moderate suburban and light urban
R5-25.00-1 22.9 9,300 | Heavy suburban and moderate urban
R5-35.00-1 345 12,100 | Moderate suburban and light urban
GC-12.47-1 12.47 5,400 | 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 the SGIG projects, it was necessary to model the end-use load in
the appropriate level of detail as was done for the 2010 report on Conservation Voltage
Reduction [19].

B.1 End-use Load Models

The taxonomy of prototypical feeders accurately represents the electrical infrastructure of the
distribution feeders, but not the end-use loads. Since it is the end-use loads that consume the
majority of the energy on a distribution feeder, it is critical to accurately represent their
operation.
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For the taxonomy of feeders to be of use the end-use loads are classified into various
categories. In 2010 an analysis of conservation voltage reduction was conducted in GridLAB-D
that classified loads as shown in Table B.2 [19]. Because the analysis of the SGIG projects
includes technologies other than conservation voltage reduction, a more complete handling of
end-use load classifications is necessary and will be discussed in detail in section B.2. This is
especially true of technologies such as demand response where the physical characteristics of the
buildings are fundamental.

Table B.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 >35 kVA
Commercial 2 <35 kVA
Industrial All Industrial

Regardless of how end-use loads are classified, the component end-use loads are modeled as a
combination of ZIP models and multi-state physical models. The ZIP load model and the multi-
state model are described in the following sections.

B.1.1 ZIP Loads

ZIP models are two state models, energized and de-energized. When energized there is only a
single operational state and the energy consumption can be determined using (B1) for real
power, (B2) for reactive power, and (B3) as a constraint [18].

) Va

P = sz [S, |- Zy, - cos(z [an 1S,] 1y -cos(l,)+|S,|- P, -cos(P,) (B1)
2

Q = Kaz |8, |- Z4, -sin(Z, Kag 1S,| - 1y, -sin(1,)+|S,| - Py -sin(P,) (B2)

100=Z,, +1,, + P, (83)
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P;: real power consumption of the i load

Q:i:  reactive power consumption of the i" load

V.. actual terminal voltage

Vn:  nominal terminal voltage

S,:  apparent Power consumption at nominal voltage
Zy:  percent of load that is constant impedance

l,:  percent of load that is constant current

Py:  percent of load that is constant power

Zy.  phase angle of constant impedance component
ly: phase angle of constant current component

Pos:  phase angle of constant power component

In a time-variant load representation, the coefficients of the ZIP model, Vp, Sy, Zo, log, Pos,
Zy, lp, and Py, remain constant, but the power consumption, Pj anq Qj, of the i™ load varies with
the actual terminal voltage, V4. The ZIP model is similar to the polynomial representation used
in many commercial software packages. In the polynomial representation of the ZIP load, the
constant coefficient is equivalent to Pos,, the linear coefficient is equivalent to lg,, and the

quadratic coefficient is equivalent to Zos,. The ZIP model only varies the power consumption as
a function of actual terminal voltage, V3.

In (B1) and (B2), there are six constants that define the voltage dependent behavior of the ZIP
load: Zo,, Io,, Py, Zg, I, and P,. Because the actual value of the distribution feeder voltage
continually changes, it is critical to understand how the energy consumption of end-use loads
will vary. Specifically, what are the six constants that accurately reflect various end-use loads?
For loads such as a heating element, it is clear that the load is 100% Z, but for more complicated
loads such as a Liquid Crystal Display (LCD) or Compact Florescent Light (CFL), the proper
ratios are not as apparent.

As part of the 2010 report on conservation voltage reduction a number of laboratory tests were
conducted to determine the six constants for various end-use loads; these values have been
incorporated into the end-use load models for this study. Figure B.2 is an example of the
laboratory testing that was conducted on a 13W compact florescent light bulb.

126



Real Power Comparison Reactive Power Comparison

14

12 & 000

>33044nﬁt£!“"""‘$vkv
10 4

Watts
VAR

—Pe

¢ Pm

o Udh bbbl b o

o N B O ®

!LG&‘—#O—O—.—.—Q* ¢ Qm
.o eyt Jo o

100 105 110 115 120 125 100 105 110 115 120 125

Volts Volts

Figure B.2: Voltage dependent energy consumption of 13W CFL

ZIP Values
Z-% 1-% P-% Z-pf | I-pf | P-pf
\ CFL-13W 40.85% 0.67% 58.49% -0.88 | 0.42 -0.78

In traditional distribution analysis ZIP models are generally not developed for every individual
load, instead models are developed for load classes such as residential, commercial, and
industrial. Every load within a given load class then uses the same ZIP values with the exception
of the apparent power consumption at nominal voltage, S,. The value of S, for each load may
change at 1-hour intervals to generate a daily load profile at the feeder level. The use of similar
ZIP values for each load class, which only change at 1-hour intervals, is not able to represent
coincidental load peaks that occur at the distribution level.

B.1.2 Single-State Detailed Physical Models

When the energy consumption of an end-use load is a function of variables other than terminal
voltage, the use of a ZIP model is not adequate. This is true of any load with an external control
system or an internal control loop. To illustrate this issue, the air conditioning system of a single
family residence will be examined while in the cooling mode. As with the ZIP model, an air
conditioning system is a two state model (ON or OFF), but only has a single operational state.

Because a cooling system operates to maintain internal air temperature within a band,
parameters such as near term history of operation, time of year, outside air temperature, building
construction, and terminal voltage will impact the instantaneous power consumption, as well as
the energy consumption. To examine these issues, a physical model of the cooling system and
the structure of the building, is constructed using an equivalent thermal parameter (ETP) model
[18]. Because the ETP model has been shown to be an accurate representation of residential and
small commercial building instantaneous power draw, as well as energy consumption, it will be
used for the formulation of the physical model.
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Figure B.3 is a diagram showing the heat flow for the ETP model of a single family residence,
i.e., a house. While the heating/cooling system can be one of any numerous types, for the
purposes of this paper, it is assumed that the system is a heat pump in the cooling mode. In
addition to the heat removal of the heat pump while cooling and the heat gain through the
building exterior, there are two additional significant flows of heat within a house: incident solar
radiation and internal gains from waste heat generated by end-use loads. These sources and
sinks of heat constitute the total heat energy exchange in the house. This flow of heat is then
divided between the air in the house and the mass of the house, i.e., walls and furniture. A
portion of the incident solar energy shining through a window will heat the interior air of the
house, while the remaining incident energy will be absorbed by the walls, floors, and furniture.
The same division occurs with the waste heat from end-use loads. The internal air temperature
of the house is thermally coupled to the internal mass temperature, and the internal air
temperature is then thermally coupled to the outside air temperature through the thermal
envelope of the house.

i

Cair Cmass

Figure B.3: The ETP mode of a residential heating/cooling system

where,

Cair: air heat capacity (Btu/°F)

Crass. mass heat capacity (Btu/°F)

UAcn: external gain/heat loss coefficient (Btu/°F-h)
UAnass: internal gain/heat loss coefficient (Btu/°F-h)
Tout: air temperature outside the house (°F)
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Tar: air temperature inside the house (°F)

Tass: mass temperature inside the house (°F)

Teet: temperature set points of HVAC system (°F)

Quair: heat rate to house air (Btu/h)

Qugains: heat rate from appliance waste heat (Btu/h),
hvac. heat rate from HVAC system (Btu/h),

Qnass: heat rate to house mass (Btu/h), and

Qsolar: heat rate from solar gains (Btu/h).

Equation (B4) is the second order differential equation that describes the heat flows shown in
Figure B1 [18]. Its solution determines the time-varying temperature of the house, both air and
mass, given the thermal inputs. With the inside air temperature, T, known, the thermal
behavior of the heat pump system in response to the defined thermostatic set point, Ts, can be
determined.

d4T. dT..
a—2 +p—2a +cT. =d
dt2 dt alr (B4)

Where,

Chass - C

— mass air
a=-—™mas ar

UA’nass

_ Cmass : (UAenv + UAmass) +C..
UAmass "

C - UA\énv

d= Qmass + Qair + (UA\env °Tout)

With the temperature of the house known from (B4) and the occupant-controlled set point
fixed, the operation of the cooling system can be determined. Based on these values, the cooling
system will operate long enough to remove the heat necessary to maintain the inside air
temperature, T, Within the desired range. The electrical input energy to the motor, Scomp-motor,
necessary to provide the thermal heat energy is a function of two elements: the heat flow through
the cooling unit, Qnyac, and the electrical losses of the compressor motor, Sigsses, 8S shown in (B5)
[18].
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Scomp—motor = [thac (Tout ’VT ' COP)+ SIosses (VT )] (BS)

The coefficient of performance (COP) is a scalar value that relates the cooling rate of the heat
pump unit to the mechanical power delivered by the compressor as a function of temperature and
operation time. A higher value of COP indicates less electrical power is necessary to remove a
given amount of heat from the air. Vr is the terminal voltage of the system compressor motor.
Additionally, it should be noted that Qnyac IS expressed in terms of British thermal units (Btu)
consistent with the conventions of the heating/cooling industry in the United States and the
derivation of the ETP model of [18], while Sjosses 1S €xpressed in Sl units. As a result, the two
terms of (B5) must be converted using the conversion of 1.0 Btu/h =0.2931 W.

Because both of the elements of (B5) are voltage dependent, changes in line voltage will cause
a change in power consumption. The cooling system's heat removal rate, Qnvac, Can be solved
using heat transfer equations based on the available mechanical torque of the compressor [18].
The motor losses, Sisses, Can be determined using the traditional split-phase motor model of [20]
and [21]. When (B5) is implemented in a time series simulation, the result is a model that
determines the energy consumption, both real and reactive, of the cooling system as a function of
the outside air temperature, the inside air temperature, equipment parameters, terminal voltage,
and occupant-controlled set point.

Unlike ZIP models that apply the same values to each load in a given load class, physical
models are specific to each individual load. The values of physical models vary on a 1 second or
1 minute basis to capture the true time-variant nature of the end-use load.

The previous example of a physical model has examined a heat pump in the cooling mode,
which is one of multiple operational states. Because of the design of heat pumps, their energy
consumption varies according to their current operational state. To properly capture the energy
consumption it is necessary to construct a multi-state load model.

B.1.3 Multi-State Detailed Physical Models

A multi-state time-variant load model uses more than one state to describe the energy
consumption of an end-use load. Each state is governed either by a ZIP model and/or a physical
model, with transitions between states determined by either internal state transition rules or
external signals. For example, a typical heat pump has four normal operating states: State 1 (off),
State 2 (cooling), State 3 (heating-normal), and State 4 (heating-emergency). State 2 operates as
described in the previous section, and State 3 follows a similar description but with different
values that represent the change in the heating cycle, i.e., heat is added instead of removed. State
4 operates as State 3, except that the COP is 1.0 and the load is a ZIP model. There are other

abnormal states such as “stalled compressor motor” or "low refrigerant charge”, but they will not
130



be examined in this paper. Additionally, there are numerous heat pump types and many differing
thermostatic controllers that are commercially available, but this paper will discuss a “typical”
design. Because a heat pump has two heat-flow configurations, the value of T must be split
into a heating set point, Tow, and a cooling set point, Thigh. These set points determine the mode
of operation of the heat pump system at any given time: off, cooling, heating-normal, or heating-
emergency, as shown in Figure B.4.

For a simple single state simulation, the heat pump system would be operating to either heat or
cool the house, as discussed in the previous section. For a time-series simulation, the multi-state
model captures the transitions between states. While a heat pump system may not transition
through all operational states in a single day, it is likely that it will transition through more than
one state in any given day. For example, on a mild autumn night, the heat pump may operate to
heat the house, then as the sun heats the house during the day, it may be necessary to switch to
cooling.

State 1: P State 2:
Off e Cooling
A
\ 4
State 3: -~ State 4:
Heating-Normal " | Heating Emergency

Figure B.4: Multi-state load model

To be in States 2, 3, or 4, the heat pump unit must be turned “on” with defined set points, both
occupant-controlled and internal. The occupant-controlled set points are Thigh and Tiow. If the
internal air temperature Tair rises above Thign plus a dead band, DBign, then the heat pump will
start cooling. If Ty decreases below T, minus a dead band, DB, then the heat pump will start
heating normally. If Ty decreases to a temperature, Taux, Where the heat pump efficiency
becomes too low to effectively heat the home, the system will start heating in the emergency
state using resistive heating elements. In addition to the internal control parameters of Ty, the
DBiow and DBpigh are internal parameters that are not occupant-controlled, but are included to
prevent the heat pump from cycling excessively. Table B.3 gives the logic for the allowable
state transitions shown in Figure B.4.
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Table B.3: Heat pump state transition logic

From State To State Transition Rule
1 2 Tair > (Thigh + DBhign)
1 3 Tair < (Tiow = DBiow)
1 4 Tair < (Tiow = DBiow) & Tout <
Taux
2 1 Tair < (Thigh — DBhigh)
3 1 Tair > (Tiow + DByow)
3 4 Tout < Tau
4 1 Tair > (Tiow + DByow)

Each of the four discrete states of operation has a different set of characteristics that determine
the instantaneous power consumption. In State 1, there is no power draw because the system is
off. In State 2 and State 3, there is an electric fan motor plus a compressor motor. Similar to
State 3, State 4 provides heating with an associated electric fan for ventilation but with the
difference that heating is provided by resistive heating elements and not a heat pump. The
instantaneous power draw of the four states shown in Fig. 2 is given by (B6)-(B9).

State 1: Off

Stvac =0 (B6)

State 2: Cooling

Stvac =S +3

fan—motor comp—motor (87)

State 3: Heating-Normal

SHVAC = Sfan—motor + Scomp—motor (88)

State 4. Heating-Emergency
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V2

S HVAC — S fan-motor T R (B9)
elements
where,
Stan-motor- apparent power of ventilation fan motor (VA)
Scomp-motor- apparent power of compressor motor (VA)
V7 terminal voltage of the heat pump unit (V)
Relements: resistance of the heating coil elements (€2)

While the power consumption for State 2 and State 3, given by (B7) and (B8) respectively
appear to be the same, there are different internal models for Qnyac, particularly with respect to
the COPs. With the instantaneous power draw determined by (B6)-(B9), the time necessary to
heat or cool the house to within the occupant-controlled set points is determined by the solution
to (B4). The result is that variations in temperature, voltage, and efficiency are translated into a
variable duty cycle of the heat pump. This information can then be used to determine the
instantaneous power demand and the energy consumption of the heat pump over time.

B.2 Model Extraction and Population

Section B.1 discussed the physical infrastructure of the distribution feeders and gave an
overview of the level of detail that is modeled at the end-use. This section describes how the
detailed end-use models are populated onto the prototypical distribution feeders.

The taxonomy of prototypical feeders was originally populated with a series of spot loads
representing a standard peak load study. Each spot load was classified as residential,
commercial, agricultural, or industrial. In this analysis, due to the broad nature of industrial and
agricultural loads and the difficulty in accurately representing these loads, each of these loads
was re-classified as commercial, leaving only residential and commercial loads. Each load was
replaced with building models appropriate to the region of the United States where the
prototypical feeder was located. The representative commercial and residential models will be
described here.

B.2.1 Residential Loads

At each triplex node, the residential spot load was replaced with a number of residential house
models, which under peak conditions approximately matched the original spot load. The number
of house models replacing the original peak load depended upon a scaling factor unique to each
taxonomy feeder model and was used to calibrate the populated feeder model to the peak load
study. For example, if the original spot load was 10 kVA and the feeder scaling factor was
determined to be 5 kVA / house, the spot load would be replaced with two house models. In all
cases, the number of homes was rounded to the nearest integer, while the residual from the
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rounding was used as a weighting factor. For example, if the same 10 kVA load was used with a
scaling factor of 5.5 kVA / home, the number of homes would be 1.82. The number was
rounded to two homes and the difference of 0.18 was used as a weighting factor on the square
footage of the homes populated at that location, creating two house models with a slightly lower
than the average square footage. The scaling factor was used to calibrate the new feeder model
to the peak load study. Multiple annual simulations were run on each feeder until the peak load
for the annual simulation approximately equaled that of the peak load study.

The parameters of each home were determined by the climate region the feeder was located in.
Data from the Energy Information Administration’s (EIA) 2005 Residential Energy
Consumption Survey [6] was used to create a population of homes for each feeder which
contained the average characteristics from that region. The EIA divides the country into ten
regions, while the U.S. DOE Handbook providing design guidance for energy-efficient small
office buildings [22], which was used to create the taxonomy feeders, only uses five.

Table B.4 shows the weighting factors used to map the characteristics between the two sets of
regional data.

Table B.4: Table of weighting factors for mapping regional parameters

Taxonomy Feeder Climate Regions | Building Survey Climate Region Weighting

1 West Coast 1 Pacific
0.5 Mountain
1 W N Central
2 Northern 1 E N Central
1 Mid Atlantic
1 New England

0.5 Mountain
0.33 W S Central
0.33 W S Central

3 Southwest

4 Mid-Atlantic 0.5 E S Central
0.5 S Atlantic
0.33 W S Central

5 Southern 0.5 E S Central
0.5 S Atlantic

From the EIA data and the weighting factors, a set of key, average building parameters were
created as a basis for the population of each feeder. The residential building models were broken
into three types: single family homes, apartments, and mobile homes. The age of the home was
used to create a set of thermal integrity levels for each housing age and type, from poorly
insulated to well insulated, and key parameters were assigned by region and age of home.

Table B.5 shows the average thermal integrity properties by age of the single family homes,
apartments, and mobile homes. Each of these parameters was then randomized, where
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appropriate, around the average value with either a normal or uniform distribution to create a
diversified population which approximately represents the average household characteristics in
that region. More details on the randomizations used can be found in the feeder generator script
found on the open source repository [3]. Table B.6, Table B.7, and Table B.8 provide a
breakdown of the percentage of single family homes, apartments, and mobile homes, and their
corresponding ages, used in creating the randomized population of buildings per region. In
addition, other average parameter values were extracted from the EIA documentation, including
square footage, cooling and heating set points, heating type, air conditioning penetration, electric
water heater penetration, and pool pump penetration. These are listed in Table B.9 through
Table B.11.

Table B.5: Residential thermal integrity values by age of home

R R R Glass | Glass Glazing Window R Air COP | COP
Roof | Wall | Floor | Layers | Type | Treatment Frame Door | Infiltration | High | Low
Single Family
Pre-1940 16 10 10 1 Glass Clear Alum. 3 0.75 2.8 24
1940-1949 19 11 12 2 Glass Clear Alum. 3 0.75 3.0 2.5
1950-1959 19 14 16 2 Glass Clear Alum. 3 0.50 3.2 2.6
1960-1969 30 17 19 2 Glass Clear B 3 0.50 3.4 2.8
1970-1979 34 19 20 2 Glass Clear B 3 0.50 3.6 3.0
1980-1989 36 22 22 2 Low-e Clear B 5 0.25 3.8 3.0
1990-2005 48 28 30 3 Low-e Abs. Ins. 11 0.25 4.0 3.0
Apartment
Pre-1960 13 12 9 1 Glass Clear Alum. 2 0.75 2.8 1.9
1960-1989 20 12 13 2 Glass Abs. B 3 0.25 3.0 2.0
1990-2005 29 14 13 2 Low-e Refl. Ins. 6 0.13 3.2 2.1
Mobile Home
1960-1989 13 9 12 1 Glass Clear Alum. 2 0.75 2.8 1.9
1990-2005 24 12 18 2 Low-e Clear B 3 0.75 35 2.2

Note 1: R is in units of °F.sf.h/BTU, air infiltration is in units of air changes / hour, COP is in units of BTU/kWh
Note 2: Low-e refers to low emissivity glass, Abs. refers to absorptive glass, Refl. refers to reflective glass, Alum. refers to an
aluminum frame, TB refers to thermal break insulation, Ins. refers to insulated

Table B.6: Percentage of single family homes in total population by age and region

Pre-1940 | 1940-1949 | 1950-1959 | 1960-1969 | 1970-1979 | 1980-1989 | 1990-2005
Region 1 8.05 7.24 10.90 8.67 13.84 12.64 12.97
Region 2 15.74 7.02 12.90 9.71 9.41 7.44 15.32
Region 3 4.48 2.52 8.83 8.43 11.85 13.15 24.11
Region 4 5.26 3.37 8.06 8.27 10.81 12.49 25.39
Region 5 5.26 3.37 8.06 8.27 10.81 12.49 25.39
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Table B.7: Percentage of apartments in total population by age and region

Pre-1960 1960-1989 | 1990-2005
Region 1 3.56 12.23 2.56
Region 2 4.81 8.87 3.03
Region 3 1.98 11.59 4,78
Region 4 217 10.91 5.02
Region 5 217 10.91 5.02

Table B.8: Percentage of mobile homes in total population by age and region

1960-1989 | 1990-2005
Region 1 5.54 1.81
Region 2 8.87 3.03
Region 3 5.24 3.02
Region 4 491 3.33
Region 5 491 3.33

Table B.9: Percentage of key building parameters by region

Heating Fuel Type With Air With Electric | With Pool | One-Story
Non-Electric | Heat Pump | Resistance | Conditioner | Water Heater Pump* Home*
Region 1 70.51 3.21 26.28 43.48 25.45 9.04 68.87
Region 2 89.27 1.77 8.96 75.28 25.15 5.91 52.10
Region 3 67.23 5.59 27.18 52.59 34.80 8.18 77.45
Region 4 44.25 19.83 35.92 96.73 64.28 6.57 70.43
Region 5 44.25 19.83 35.92 96.73 64.28 6.57 70.43

*Note: Percentage with pool pumps and one-story homes was only applied to single family homes.
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Table B.10: Percentage of nighttime heating and cooling set points by housing type

Single Family Apartment Mobile Home
Set point (°F) Cooling
65-69 9.8 15.5 13.8
70-70 14.0 20.7 17.2
71-73 16.6 10.3 17.2
74-76 30.6 31.0 27.6
77-79 20.6 15.5 13.8
80-85 8.4 6.9 10.3
Heating
59-63 14.1 8.5 12.9
64-66 20.4 13.2 17.7
67-69 23.1 14.7 16.1
70-70 16.3 27.9 27.4
71-73 12.0 10.9 8.1
74-79 14.1 24.8 17.7

Table B.11: Average square footage by building type and region

Single Family Apartment Mobile Home
Region 1 2209 820 1054
Region 2 2951 798 1035
Region 3 2370 764 1093
Region 4 2655 901 1069
Region 5 2655 901 1069

Of note is the cooling and heating set points found in Table B.10. Heating and cooling set
points bins were chosen randomly and independently, except to require that the heating set point
be below the cooling set point. Within each bin a uniform distribution was used to determine the
actual nighttime set point for each home. Additionally, data from the surveys showed average
daytime versus nighttime offsets. Offsets were uniformly distributed between zero and twice the
average offset, and the time at which the offsets occurred was randomized across the population.
Figure B.5 provides a few examples of the diversity of cooling set points established through this
methodology, while Figure B.6 shows the average cooling set point on a summer day of all the
residential homes within the R1-12.47-2 feeder.
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Figure B.5: Exemplary cooling set points diversified with time and daytime and nighttime offsets
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Figure B.6: Average cooling set points of entire population of R1-1247-2

It is important to note that the populated building models were not designed to represent any
particular feeder circuit or city in the United States, but rather as a blended average of large
climate regions within the United States. While this will not perfectly capture the behavior of
any particular city or utility, it is designed as a representative analysis. Additional methods exist
where a utility can provide very specific load data which is much more representative of the local
population, and design an analysis which is much more suited to that particular application.
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The parameter values, in conjunction with estimated demand, were used to describe the state
models of the hot water heater, HVAC system, and pool pump. However, additional loads were
represented as scheduled ZIP loads. “Appliances” such as refrigerators and lights were divided
into two categories: responsive and unresponsive loads. Responsive loads indicate that the
customer is able to modify the behavior of the appliance due to a price signal, while
unresponsive loads indicate that the customer is typically not willing or able to modify the
behavior without investment in additional technologies (e.g. demand response enabled
appliances). Responsive loads included lights, plug loads, clothes washers, clothes dryers,
dishwashers, cooking ranges, and microwaves, while unresponsive loads included refrigerator
and freezer loads. These were divided in anticipation of demand response studies and the shift of
customer behavior that is associated with Time-of-Use or Critical Peak pricing. ELCAP load
data [23] was used to create a base hourly load profile for responsive and unresponsive loads,
with adjustments made for 20 years of increased efficiency and increased or decreased demand,
and included seasonal and weekday versus weekend effects, as shown in Figure B.7 and Figure
B.8. Additionally, loads were scaled as a function of square footage using a regression, again
using ELCAP data. The proper scalar from the regression is shown in (B10):

k =324.9* floor area ****1000/8760 (B10)

The scalar was then randomized +/- 20% over a uniform distribution. While this provided no
single home with a load shape representative of a time series of an actual home, the aggregate
load shape was representative of an entire population of homes, and internal loading of each
home provided internal heat gains appropriate to that size of home.
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Figure B.7: Average energy consumption of responsive loads
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Figure B.8: Average energy consumption of unresponsive loads
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B.2.2 Commercial Loads

At this time, a fully implemented, multi-zone commercial building model is not available
within GridLAB-D. However, to represent the “zones” of a commercial building, multiple house
models were created to represent the commercial load. These loads were created using very
generic commercial building characteristics and load patterns. The commercial loads (and the
re-classified industrial and agricultural loads) were divided into three types: office buildings,
large retail “box” buildings, and small retail strip malls. The key characteristics of these models
were developed through federally-supported building codes and end-use metering studies, and
are not based on regional differences as the residential models were [24][25]. Population of the
prototypical feeders and the three types of buildings was performed by size of the original load
and the number of phases the load was attached to. Similar to the residential loading, a scalar
was used to calibrate the loading on each feeder model, modifying the number of loads and size
of each load.

Office buildings were represented by a three-story, fifteen-zone model as shown in Figure B.9.
These replaced loads within the taxonomy feeder that were three-phase and “larger”, as defined
by the scaling factor. The average square footage was 40,000 sf., with a uniform deviation of
50%, while maintaining the geometrical relationship of each zone. Each of the zones has
identical parameter values, except square footage, aspect ratio, external wall area, external floor
area, and external ceiling area. Assumptions are made in this model to better represent the zonal
attributes of a commercial building. It is assumed that the adjacent zone has approximately the
same air and mass temperature as the current zone, so that there is no heat transfer across the
boundaries. This means that the internal wall, ceiling, or floor areas do not lose or gain heat
from adjacent zones, and can therefore be ignored when defining the thermal envelope of the
building. For example, Zone 5 on the second floor in Figure B.9 will have an external wall area
of 0 sf., an external floor area of 0 sf., and an external ceiling area of 0 sf. This zone would only
have heat added (or removed) through end-use loads and the HVAC system. Zone 2 on the third
floor will have an external wall area equal to one-half its total wall area, and external floor area
also equal to O sf., and an external ceiling area equal to its floor area, allowing additional heat
flows across the external boundaries. By defining each zone within the constraints of the
geometrical model, then defining where heat transfer across boundaries is allowed and not
allowed, a zonal model can be roughly represented. Notice that Figure B.9 contains a variable
‘x”. This variable would be adjusted by the randomly chosen square footage so that 3*1.5*x?
equaled the total square footage, while all other parameters except for the widths of Zones 1-4
adjusted within the geometrical constraints. The other building type zones were defined in a
similar manner. Table B.12 shows the key parameters used to define the office building zones.
Additionally, since the office building is considered a larger, single owner, customer billing was
performed as an aggregate of all the “zones”.
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Figure B.9: Office zonal floor plan representing 1 of 3 identical floors

Table B.12: Key parameters for commercial buildings

Office Big Box Strip Mall
Square Footage 40,000 +/- 50% 20,000 +/- 50% 2400 +/ 30%
Ceiling Height 13 14 12
Air Infiltration 0.69 15 1.76

R Roof 19 19 19
R Wall 18.3 18.3 18.3
R Floor 46 46 40
R Door 3 3 3
Glazing Layers 2 2 2
Glass Type Glass Glass Glass
Glazing Treatment* Low S Low S Low S
Window Frame None None None
No. of Doors* 0 0/1/24 1
Window to Wall Ratio 0/0.33 0/0.76 0.03/0.05
Internal Gains (W/sf) 3.24 3.6 3.6
Cooling COP 3 +/-20% 3 +/-20% 3 +/-20%
*Note: Low S refers to low solar glazing.

*Note: Number of doors refers to the number of doors externally exposed, and is translated into a wall area used

by the doors - 24 doors refers to the surface area used by 24 doors. Office accounts for door area in the
window area.
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Big box retail buildings were represented as a one-story, six-zone model as shown in Figure
B.10, and were used to replace “larger” two-phase loads and “smaller” three-phase loads, as
defined by the scaling factor. The overall square footage was defined as 20,000 sf., with a
uniform deviation of 50%. Table B.12 shows the key parameters used to define the retail big
box building zones. Again, this building was considered a single occupant and customer billing
was performed on the aggregate of all the “zones”.

Zone 1 Zone 2 Zone 3
k]
><
v Zone 4 Zone 5 Zone 6
o
0333y
y=1283x

Figure B.10: Retail “big box” zonal floor plan

A retail strip mall model was used to represent all other loads, including all one-phase loads
and “smaller” two- or three-phase loads. These were represented by one-story, single-zone
models connected in series as shown in Figure B.11. Individual zones were defined as 1200 or
2400 sf., with a uniform deviation of 30%. Table B.12 shows the key parameters used to define
the retail strip mall building zones. In this case, ownership was considered on a per-zone basis,
so customer billing was also performed on a per-zone basis.
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Figure B.11: Retail strip mall zonal floor plan with N zones depending upon scaling factor

Additionally, it was assumed that all commercial buildings had both heating and cooling
systems and heating was always represented by a gas heating unit rather than a heat pump or
resistive heat unit. Again, internal loads are very important drivers for both heating and cooling
of the space, displacing heating load while adding cooling load. Commercial building load is
highly occupant driven, and is typically very recurring. Data from end-use metering projects was
used to create average end-use load shapes for weekdays and weekends [25]. Again, certain
loads were slightly scaled up or down to reflect changes in efficiencies or standard usage.
Weekdays are assumed to be Mon-Fri for office buildings, Mon.-Sun. for big box buildings, and
Mon.-Sat. for strip malls. Average load shapes are shown in Figure B.12 through Figure B.15.
Notice that the y-axis is in units of W/sf. The load shape applied to each zone is scaled as a
function of square footage then randomized on a zonal basis by +/- 20% over a uniform
distribution. In addition to the magnitude randomization, the load shape was also randomly
“skewed” in time. Each of the zones within the building were considered to be on the same
schedule, however, across the population of buildings, not all started and ended at the same time.
The load shapes were temporally shifted from those shown in Figure B.12 through Figure B.15
in 30-minute blocks using a normal distribution of average of 0 minutes and standard deviation
of 30 minutes. This produced a more diversified load across the entire population.
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Figure B.12: Average office end-use load shape (weekday)
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Figure B.13: Average office end-use load shape (weekend)
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Figure B.14: Average big box and strip mall end-use load shape (weekday)
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Figure B.15: Average big box and strip mall end-use load shape (weekend)
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Finally, there were a number of loads on the prototypical feeders that were far smaller than
could be described by a building model at peak load, often less than 1 kVA. While there are a
number of options for representation of these loads, such as traffic lights or a small espresso
stand, it was determined that without data to indicate what these loads represented they would be
best represented by street lighting loads. These small loads were converted to a scheduled one-,
two-, or three-phase load, depending on the original load and the full rated load was applied
during dark hours and zero load was applied during daylight hours. While it is understood that
this is not an accurate representation of true street light loading and operation, the loads were
small enough and infrequent enough that a simple scheduled load had little to no effect on the
overall operation of the feeder circuits.

B.3 Taxonomy Feeder Emission Profiles

Increasing operational efficiency of the electrical power system can lead to a reduction in
pollutant emissions. Peak load reduction or peak shifting has been shown to reduce emissions,
mainly due to reducing the need to use “peaker” units. These are typically older, less efficient
generators, designed for quick start-up and shutdown, and are often single cycle natural gas
turbine generators or petroleum fired plants. Reduction in overall energy consumption or
shifting of production to more efficient energy sources can also reduce emissions by reducing the
amount of fuel burned for electricity production. Solutions for the amount of emissions created
are traditionally performed at the transmission level, using optimal power flow and economic
dispatch, and are typically not well-suited for distribution level simulation. The following
section is a brief description of how GridLAB-D estimates emissions impacts at the distribution
level.

To capture the emissions level benefits to the system, generation mixes were assumed in each
region and the nine most heavily consumed fuels for electrical generation in the U.S. were used.
In each region, the fuels are dispatched in order from first to last by capacity factor, as shown in
Table B.13. Exceptions are made for a number of the renewable resources, such as wind, solar,
and biomass, as they are assumed to be dispatched when available. The level of penetration by
each fuel type was determined for each region by month as shown in Tables B.13-B.18. These
values were determined from the EIA’s Annual Electric Generator Report [6], utilizing state-by-
state breakdowns of annual energy production.
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Table B.13: Dispatch order of fuel by region

Region 1 2 3 4 5
Nuclear Nuclear Nuclear Nuclear Nuclear
Solar Solar Solar Solar Solar
Biomass Biomass Biomass Biomass Biomass
Wind Wind Wind Wind Wind
Hydroelectric Coal Coal Coal Natural Gas
Order of
dispatch Natural Gas Natural Gas Natural Gas Natural Gas Coal
Coal Hydroelectric | Hydroelectric | Hydroelectric | Hydroelectric
Geothermal Geothermal Geothermal Geothermal Geothermal
Petroleum Petroleum Petroleum Petroleum Petroleum

Table B.14: Percent of energy consumed, broken down by fuel type and month in region 1

Region 1 Jan | Feb | Mar | April | May | June | July | Aug | Sept | Oct | Nov | Dec
Nuclear 9.86 | 8.68 | 11.47 | 13.08 | 10.63 | 9.73|10.68 | 893 |10.09| 85| 9.83 | 10.41
Solar 0.01| 008| 018 | 023| 025| 024| 025| 024 | 021 | 0.15| 0.09| 0.04
Biomass 058 | 078 077 | 072| 0.73| 073 | 0.67| 065| 0.72| 0.82| 0.81| 0.73
Wind 237 | 1.86| 439 | 457 | 463| 544 | 407 | 4.66| 355| 3.64| 3.17| 1.44
Hydroelectric | 43.43 | 37.29 | 38.84 | 49.88 | 56.78 | 58.39 | 36.88 | 29.63 | 26.32 | 31.09 | 36.02 | 36.29
Natural Gas | 34.61 | 41.6 |34.96| 256 |22.89 | 21.1|41.38|48.31 |51.24 | 45.88 | 42.02 | 42.13
Coal 5.44 | 577 | 542 | 214| 045| 086 | 2.88| 4.09| 4.38| 5097 4| 514
Geothermal 329 | 349| 351 | 335| 329| 31| 2.84| 3.09| 311 | 354 | 3.63| 3.35
Petroleum 043 | 045| 045| 043| 035| 041 036| 038| 039| 04| 044 047
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Table B.15:

Percent of energy consumed, broken down by fuel type and month in region 2

Region 2 Jan | Feb | Mar | April | May | June | July | Aug | Sept | Oct | Nov | Dec
Nuclear 26.47 | 26.9|27.74 | 25.27 | 28.52 | 27.95 | 26.33 | 24.75 | 27.04 | 25.09 | 25.63 | 25.42
Solar 0 0| 001| 001] 001| 001 0.01| 0.01| 0.01] 0.01 0 0
Biomass 0.64 | 0.72| 0.82 09| 092| 084 | 082| 0.76| 083| 0.85| 0.89| 0.75
Wind 223 | 271 29| 334 279 17| 141 16| 173 ] 282| 322 | 299
Coal 49.62 | 49.36 | 46.7 | 46.31 | 44.39 | 45.54 | 47.18 | 46.33 | 46.05 | 49.04 | 49.05 | 50.69
Natural Gas 12.31 | 13.49 | 14.19 | 14.67 | 13.43 | 14.47 | 16.33 | 19.87 | 17.97 | 15.73 | 14,51 | 13.22
Hydroelectric | 6.11 | 5.99 | 6.92 9.11| 951 | 9.05| 742 | 6.08| 598 | 6.13| 6.34| 6.43
Geothermal 0.07| 007| 0.08| 0.08| 0.08| 0.07| 0.07| 0.07| 0.08| 0.07| 0.08| 0.08
Petroleum 255| 074| 0.64| 032| 034| 037| 043 06| 033| 0.27| 0.28] 0.43
Table B.16: Percent of energy consumed, broken down by fuel type and month in region 3
Region 3 Jan | Feb | Mar | April | May | June | July | Aug | Sept | Oct | Nov | Dec
Nuclear 9.82 | 8.88 | 10.24 11.6 | 10.83 | 9.72 | 8.65 85| 713 | 8.62| 9.63| 9.38
Solar 001] 005| 013| 0.16| 017] 013] 0.13| 014 ] 0.13 01| 0.06| 0.03
Biomass 022 | 028| 029| 029| 025| 025| 0.23| 021| 025| 0.27| 0.29 | 0.26
Wind 213 | 3.08| 3.26 3.77 28| 245 | 2.05 22| 234 | 355| 3.02| 2.77
Coal 50.18 | 43.95 | 41.77 | 42.34 | 43.59 | 41.52 | 40.24 | 4142 | 43.7 | 47.9 | 49.94 | 46.58
Natural Gas | 32.79 | 37.12 | 37.34 | 33.17 | 33.92 | 37.88 | 41.67 | 41.48 | 40.32 | 33.07 | 31.29 | 34.43
Hydroelectric | 2.89 | 4.75| 4.95 6.72 | 6.68 6.4 | 558 | 459 | 447 | 474 | 3.76 4.6
Geothermal 163 | 1.62 1.7 167 | 1.53 14| 125| 126 | 142 | 152 | 1.79 1.7
Petroleum 032 026| 032| 0.28| 0.24| 0.25 0.2 02| 022| 024| 022 0.24
Table B.17: Percent of energy consumed, broken down by fuel type and month in region 4
Region4 |Jan |Feb | Mar | April | May | June | July | Aug | Sept | Oct | Nov | Dec
Nuclear 23.16 | 2397 | 23.95| 2442492 | 2245 | 23.15 | 21.91 | 23.58 | 24.33 | 23.99 | 22.77
Solar 0 0 0 0 0 0 0 0 0 0 0 0
Biomass 0.21| 019]| 0.21 025| 021| 0.18| 0.18| 0.18 | 0.21| 0.22| 0.22| 0.18
Wind 069 | 088| 1.03| 116| 0.78| 0.64| 0.53 06| 059| 1.13| 118 | 1.04
Coal 61.55 | 60.14 | 57.45 | 58.24 | 57.41 | 56.92 | 56.89 | 57.14 | 56.06 | 58.36 | 58.48 | 59.96
Natural Gas 9.98 | 11.44 | 12.86 | 11.25 | 11.38 | 16.04 | 16.75 | 17.49 | 16.14 | 10.51 | 9.83 | 10.19
Hydroelectric | 3.37 | 2.67 | 3.71 421 473| 332 | 2.05 22| 309| 509 | 59| 551
Geothermal 0 0 0 0 0 0 0 0 0 0 0 0
Petroleum 1.04 | 0.71 0.8 049 | 056| 045| 045| 048 | 036 | 0.36| 0.34| 0.36
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Table B.18: Percent of energy consumed, broken down by fuel type and month in region 5

Region 5 Jan | Feb | Mar | April | May | June | July | Aug | Sept | Oct | Nov | Dec
Nuclear 18.26 | 18.55 | 18.53 | 17.36 | 14.67 | 13.53 | 13.74 | 13.85 | 13.65 | 12.7 | 14.94 | 16.41
Solar 0 0 0 0 0 0 0 0 0 0 0 0
Biomass 046 | 045| 048 | 046| 03| 031| 031| 033| 034| 039| 046 | 046
Wind 214 | 26| 27| 295| 191 | 174| 144| 148 | 143 | 252 | 263 | 2.26
Natural Gas 38.8 | 41.01 | 45.26 | 44.78 | 47.26 | 51.29 | 51.75 | 51.68 | 51.03 | 47.55 | 43.83 | 41.73
Coal 37.3 | 34.53 | 29.66 | 30.82 | 32.04 | 30.37 | 30.38 | 30.17 | 30.72 | 33.46 | 35.06 | 35.97
Hydroelectric | 1.42 | 086 | 157 | 151 | 161| 0.78| 058 | 063 | 099 | 1.75| 212 | 235
Geothermal 0 0 0 0 0 0 0 0 0 0 0 0
Petroleum 1.62 2| 179] 212| 22| 196| 18| 1.86| 1.84| 162 095| 0.82

At each 15-minute measurement interval, the energy consumed over the previous interval is
used to determine the amount of energy delivered by each fuel source. The peak load of the base
case for each month is used to scale the percentages. Figure B.16 shows an example of how this
is performed in GridLAB-D using June in Region 3. It can be seen that the peak load for that
month would utilize all the generation fuels at the levels shown in Table B.16. At the shown 15-
minute period, the base case load is approximately 95% of the peak for June for this particular
feeder. During the same 15-minute period, the representative technology case is only 87% of the
base case peak feeder loading. This results in a reduction of generation by approximately 3% for
hydroelectric and 5% for natural gas. This calculation is performed at every 15-minute interval
to determine the energy consumed by each fuel type over the course of the entire annual
simulation of 1-minute intervals.
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Figure B.16: Exemplary 15-minute interval comparing fuel dispatch for the peak load versus the base case load
versus a technology modified load.

Assumed average thermal efficiencies are then used to convert the energy delivered to the
amount of fuel used, where applicable. The values used are shown in Table B.19. Finally,
assumed average values for conversion efficiencies are used to convert from fuel used to
emissions levels for carbon dioxide, sulfur dioxide, and nitrous oxides. The conversion values
assumed are shown in Table B.20. These values are not indicative of any single plant, but rather
broad averages across the U.S. While this is a very simplified means of dispatching and
assigning generation, ignoring complex issues such as inefficiencies due to warm-up cycles,
maintenance periods, and economic or optimal dispatching, it should provide a general indication
of how changes in operation of a distribution circuit can reduce pollutant emissions.
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Table B.19: Average thermal efficiencies by fuel type.

MBTUs / MWh
Nuclear 10.46
Solar N/A
Biomass 12.93
Wind N/A
Natural Gas 8.16
Coal 10.41
Hydroelectric N/A
Geothermal 21.02
Petroleum 11

Table B.20: Pollutant production per BTU of fuel (Ibs./MBTU)

COz SOz NOXx PM-10
Nuclear 0 0 0 | 0.017157
Solar 0 0 0 0.03
Biomass 195 0 0.08 0.0232
Wind 0 0 0 0
Natural Gas 117.08 0.001 0.0075 0
Coal 205.57 0.1 0.06 0
Hydroelectric 0 0 0 0
Geothermal 120 0.2 0 0
Petroleum 225.13 0.1 0.04 0

B.4 Taxonomy Feeder Descriptions

The previous sections have described the details of how each of the prototypical feeders is
populated with end-use loads. This section is a reproduction of the individual prototypical feeder
descriptions from [3] which describes the characteristics of the primary distribution system.

B.4.1 Feeder 1: GC-12.47-1

This feeder is representative of a single large commercial or industrial load, such as a very
large shopping mall or a small lumber mill. These feeders may supply the load through a single
large transformer or a group of smaller units. While there may be a couple of smaller loads the
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behavior of the feeder is primarily determined by the single large customer. This is a 12.47 kV
feeder with a peak load of approximately 5,400 kVA.

B.4.2 Feeder 2: R1-12.47-1

This feeder is a representation of a moderately populated suburban and rural area. This is
composed mainly of single family residences with small amounts of light commercial.
Approximately 60% of the circuit-feet are overhead and 40% are underground. It would be
expected that this feeder is connected to adjacent feeders through normally open switches. For
this reason it would be common to limit the feeder loading to 60% to ensure the ability to
transfer load from other feeders, and vice versa. The majority of the load is located relatively
near the substation. This isa 12.5 kV feeder with a peak load of approximately 4,300 kVA.

B.4.3 Feeder 3: R1-12.47-2

This feeder is a representation of a moderately populated suburban and lightly populated rural
area. This is composed mainly of single family residences with small amounts of light
commercial. Approximately 70% of the circuit-feet are overhead and 30% underground. It
would not be expected that this feeder is connected to adjacent feeders through normally open
switches. Even though there are not adjacent feeders for transferring the load, the total feeder
loading is low because of the sparse rural loading. In this model an urban substation is feeding a
rural load through a long primary circuit. The majority of the load is located relatively distant
with respect to the substation. This is a 12.47 kV feeder with a peak load of approximately 2,400
kVA.

B.4.4 Feeder 4: R1-12.47-3

This feeder is a representation of a moderately populated urban area. This is composed mainly
of mid-sized commercial loads with some residences, mostly multi-family. Approximately 85%
of the circuit-feet are overhead and 15% underground. It would be expected that this feeder is
connected to adjacent feeders through normally open switches. For this reason it would be
common to limit the feeder loading to 60% to ensure the ability to transfer load from other
feeders, and vice versa. Since this is a small urban core the loading of the feeder is well below
60%. The majority of the load is located relatively near the substation. This is a 12.47 kV feeder
with a peak load of approximately 1,800 kVA.

B.4.5 Feeder 5: R1-12.47-4

This feeder is a representation of a heavily populated suburban area. This is composed mainly
of single family homes and heavy commercial loads. None of the circuit-feet are overhead and
100% are underground. It would be expected that this feeder is connected to adjacent feeders
through normally open switches. The majority of the load is located relatively near the
substation. Thisisa 12.47 kV feeder with a peak load of approximately 4,900 kVA.
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B.4.6 Feeder 6: R1-25.00-1

This feeder is a representation of a lightly populated rural area. This is composed of a mixture
of residential, light commercial, industrial, and agricultural loads. Approximately 60% of the
circuit-feet are overhead and 40% underground. It would be expected that this feeder is not
connected to adjacent feeders through normally open switches. Due to rural location and low
population density the feeder is not heavily loaded. The low population density and wide are
covered are why this feeder is operated at 24.9 kV. The majority of the load is located relatively
distant with respect to the substation. This is a 24.9 kV feeder with a peak load of approximately
2,300 kVA.

B.4.7 Feeder 7: R2-12.47-1

This feeder is a representation of a lightly populated urban area. This is composed of single
family homes, moderate commercial loads, light industrial loads, and some agricultural loads.
This feeder supplies a college and an airport. Approximately 25% of the circuit-feet are
overhead and 75% underground. It would be expected that this feeder is connected to adjacent
feeders through normally open switches. For this reason it would be common to limit the feeder
loading to 60% to ensure the ability to transfer load from other feeders, and vice versa. The
majority of the load is located relatively near the substation. This is a 12.47 kV feeder with a
peak load of approximately 6,700 kVA.

B.4.8 Feeder 8: R2-12.47-2

This feeder is a representation of a moderately populated suburban area. This is composed
mainly of single family homes with some light commercial loads. Approximately 80% of the
circuit-feet are overhead and 20% underground. It would be expected that this feeder is
connected to adjacent feeders through normally open switches. For this reason it would be
common to limit the feeder loading to 60% to ensure the ability to transfer load from other
feeders, and vice versa. The majority of the load is located relatively near the substation. This is
a 12.47 kV feeder with a peak load of approximately 6,700 kVA.

B.4.9 Feeder 9: R2-12.47-3

This feeder is a representation of a lightly populated suburban area. This is composed of single
family homes, light commercial loads, light industrial loads, and some agricultural loads.
Approximately 20% of the circuit-feet are overhead and 80% underground. It would be expected
that this feeder is connected to adjacent feeders through normally open switches. For this reason
it would be common to limit the feeder loading to 60% to ensure the ability to transfer load from
other feeders, and vice versa. The majority of the load is located relatively near the substation.
This is a 12.47 kV feeder with a peak load of approximately 4,800 kVA.
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B.4.10 Feeder 10: R2-25.00-1

This feeder is a representation of a moderately populated suburban area. This is composed
mainly of single family homes with some light and moderate commercial loads. Approximately
60% of the circuit-feet are overhead and 40% underground. It would be expected that this feeder
is connected to adjacent feeders through normally open switches. For this reason it would be
common to limit the feeder loading to 60% to ensure the ability to transfer load from other
feeders, and vice versa. This is a heavily loaded feeder, well over 60%, with the majority of the
load is located relatively near the substation. This is a 24.9 kV feeder with a peak load of
approximately 21,300 kVA.

B.4.11 Feeder 11: R2-35.00-1

This feeder is a representation of a lightly populated rural area. This is composed mainly of
single family homes with some light and moderate commercial loads. Approximately 90% of
the circuit-feet are overhead and 10% underground. It would be expected that this feeder is
connected to adjacent feeders through normally open switches. But due to the long distances
significant portions of the load cannot be shifted to adjacent feeders. In this model a single
substation is serving a large geographic area, this is the reason for the higher voltage level;
voltage regulators are used on this system. The majority of the load is located relatively distant
with respect to the substation. This is a 34.5 kV feeder with a peak load of approximately 6,900
kVA.

B.4.12 Feeder 12: R3-12.47-1

This feeder is a representation of a heavily populated urban area. This is composed of single
family homes, heavy commercial loads, and a small amount of light industrial loads.
Approximately 25% of the circuit-feet are overhead and 75% underground. It would be expected
that this feeder is connected to adjacent feeders through normally open switches. Due to the
heavy commercial loads it would be expected that this feeder would be loaded to a high
percentage of its rating. The majority of the load is located relatively near the substation. This is
a 12.47 kV feeder with a peak load of approximately 11,600 kVA.

B.4.13 Feeder 13: R3-12.47-2

This feeder is a representation of a moderately populated urban area. This is composed of
single family homes, light commercial loads, and a small amount of light industrial loads.
Approximately 33% of the circuit-feet are overhead and 67% underground. It would be expected
that this feeder is connected to adjacent feeders through normally open switches. For this reason
it would be common to limit the feeder loading to 60% to ensure the ability to transfer load from
other feeders, and vice versa. The majority of the load is located relatively near the substation.
This is a 12.47 kV feeder with a peak load of approximately 4,000 kVA.
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B.4.14 Feeder 14: R3-12.47-3

This feeder is a representation of a heavily populated suburban area. This is composed mainly
of single family homes with some light agricultural loads. Approximately 75% of the circuit-feet
are overhead and 25% underground. It would be expected that this feeder has limited
connections to adjacent feeders through normally open switches. For this reason it would be
common to limit the feeder loading to 75% to ensure the ability to transfer some loads from other
feeders, and vice versa. Due to the low density of suburban loads the majority of the load is
located relatively distant with respect to the substation. This is a 12.45 kV feeder with a peak
load of approximately 9,400 kVA.

B.4.15 Feeder 15: R4-12.47-1

This feeder is a representation of a heavily populated urban area with the primary feeder
extending into a lightly populated rural area. In the urban areas the load is composed of
moderate commercial loads with single and multi-family residences. On the rural spur the load
is primarily single family residences. Approximately 92% of the circuit-feet are overhead and
8% underground. This feeder has connections to adjacent feeders in the urban area, but limited
connections in the rural areas. For this reason it would be common to limit the feeder loading to
50% to ensure the ability to transfer most of the loads from other feeders, and vice versa. Most
of the urban load is located near the substation while the rural load is located at a substantial
distance. This is a 13.8 kV feeder with a peak load of approximately 6,700 kVA.

B.4.16 Feeder 16: R4-12.47-2

This feeder is a representation of a lightly populated suburban area with a moderately
populated urban area. The lightly populated suburban area is composed mostly of single family
residences. The commercial complex is a single facility. Approximately 92% of the circuit-feet
are overhead and 8% underground. This feeder has connections to adjacent feeders in the
commercial complex, but limited connections in the rural areas. For this reason it would be
common to limit the feeder loading to 50% to ensure the ability to transfer most of the loads
from other feeders, and vice versa. Most of the suburban load is located near the substation
while the commercial load is located at a substantial distance. This is a 12.5 kV feeder with a
peak load of approximately 2,100 kVA.

B.4.17 Feeder 17: R4-25.00-1

This feeder is a representation of a lightly populated rural area. The load is composed of single
family residences with some light commercial. Approximately 88% of the circuit-feet are
overhead and 12% underground. This feeder has connections to adjacent feeders. This
combined with the low load density ensures the ability to transfer most of the loads from other
feeders, and vice versa. Most of the load is located at a substantial distance from the substation,
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as is common for higher voltages in rural areas. This is a 24.9 kV feeder with a peak load of
approximately 1,000 kVA.

B.4.18 Feeder 18: R5-12.47-1

This feeder is a representation of a heavily populated suburban area and a moderate urban
center. This is composed mainly of single family homes and moderate commercial loads.
Approximately 95% of the circuit-feet are overhead and 5% underground. It would be expected
that this feeder has connections to adjacent feeders through normally open switches. For this
reason it would be common to limit the feeder loading to 50% to ensure the ability to transfer
most loads from other feeders, and vice versa. The suburban load is near the substation while the
commercial load is at the end of the feeder. This is a 13.8 kV feeder with a peak load of
approximately 10,800 kVA.

B.4.19 Feeder 19: R5-12.47-2

This feeder is a representation of a moderate suburban area with a heavy urban area. This is
composed mainly of heavy commercial and single family residences. Approximately 38% of the
circuit-feet are overhead and 62% underground. It would be expected that this feeder has
connections to adjacent feeders through normally open switches. For this reason it would be
common to limit the feeder loading to 50% to ensure the ability to transfer most loads from other
feeders, and vice versa. The heavy commercial load is near the substation while the single
family residences are at the end of the feeder. This is a 12.47 kV feeder with a peak load of
approximately 4,200 kVA.

B.4.20 Feeder 20: R5-12.47-3

This feeder is a representation of a moderately populated rural area. This is composed mainly
of single family residences with some light commercial. Approximately 92% of the circuit-feet
are overhead and 8% underground. It would be expected that this feeder has limited connections
to adjacent feeders through normally open switches. Due to the low load density of the large
rural area the feeder is less than 50% loaded. The majority of the load is located relatively
distant with respect to the substation. Voltage regulators are used on this feeder. This is a 13.8
kV feeder with a peak load of approximately 4,800 kVA.

B.4.21 Feeder 21: R5-12.47-4

This feeder is a representation of a moderately populated suburban and urban area. This is
composed mainly of single family residences with some moderate commercial loads.
Approximately 37% of the circuit-feet are overhead and 63% underground. It would be expected
that this feeder has connections to adjacent feeders through normally open switches. For this
reason it would be common to limit the feeder loading to 50% to ensure the ability to transfer
most of the loads from other feeders, and vice versa. Most of the commercial load is near the
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substation and the residential load is spread out along the length of the entire feeder. This is a
12.47 kV feeder with a peak load of approximately 6,200 kVA.

B.4.22 Feeder 22: R5-12.47-5

This feeder is a representation of a moderately populated suburban area with a lightly
populated urban area. This is composed mainly of single family residences with some light
commercial loads. Approximately 48% of the circuit-feet are overhead and 52% underground.
It would be expected that this feeder has connections to adjacent feeders through normally open
switches. For this reason it would be common to limit the feeder loading to 50% to ensure the
ability to transfer most of the loads from other feeders, and vice versa. The residential load is
spread out across the entire length of the feeder. The primary feeder extends a significant
distance before there is any significant load, an express configuration. This is a configuration
that can be seen in a well-established area when a new feeder must be routed through an existing
area in order to reach areas of new load growth. This is a 12.47 kV feeder with a peak load of
approximately 8,500 kVA.

B.4.23 Feeder 23: R5-25.00-1

This feeder is a representation of a heavily populated suburban area with a moderately
populated urban area. This is composed mainly of single family residences with some moderate
commercial loads. Approximately 35% of the circuit-feet are overhead and 65% underground.
It would be expected that this feeder has connections to adjacent feeders through normally open
switches. For this reason it would be common to limit the feeder loading to 66% to ensure the
ability to transfer most of the loads from other feeders, and vice versa. The residential load is
spread out across the entire length of the feeder with the moderate commercial center near the
substation. This is a 22.9 kV feeder with a peak load of approximately 9,300 kVA.

B.4.24 Feeder 24: R5-35.00-1

This feeder is a representation of a moderately populated suburban area with a lightly
populated urban area. This is composed mainly of single family residences with some moderate
commercial loads. Approximately 10% of the circuit-feet are overhead and 90% underground.
It would be expected that this feeder has connections to adjacent feeders through normally open
switches. For this reason it would be common to limit the feeder loading to 50% to ensure the
ability to transfer most of the loads from other feeders, and vice versa. The residential load is
spread out across the entire length of the feeder with the moderate commercial center near the
substation. This feeder is representative of a substation that is built in a “green field” where
significant load growth is expected. The first feeders must go a significant distance before they
reach the load, over time the load moves towards the substation and past it. This is a 34.5 kV
feeder with a peak load of approximately 12,100 kVA.
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Appendix C: Simulation Technology and Methodology

Simulations of the different project technologies and programs were accomplished using the
GridLAB-D software. GridLAB-D provides an agent-based multi-disciplinary environment for
the examination and evaluation of emerging technologies. By providing a multi-disciplinary
simulation environment, it is possible to bring together diverse teams of experts from multiple
fields of study to holistically examine complex systems.

GridLAB-D has been developed through funding from the Department of Energy, Office of
Electricity. Through $5.5 million of direct funding and supporting projects from DOE-OE,
GridLAB-D has developed significant capabilities for analyzing smart grid deployments. The
capabilities center on the functionality needed to simulate a distribution feeder power flow and
attached loads. The development has included: unbalanced three-phase power flow solvers;
detailed end-use models, particularly of a residential home’s thermal integrity, HVAC cycles and
water heater cycles; and a transactive market that supports double auction bidding. Different
combinations of these capabilities enabled simulations of the various technologies and programs
evaluated in this report.

GridLAB-D conducts time series simulations with variable time steps. The solution at each
time step is a quasi-steady state solution for each of the modules. Convergence is achieved
within each module and convergence across modules is coordinated via the GridLAB core as
illustrated in Figure C.1.

Markets

Power Flow
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Industry
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Events

Analysis

Controls Protection

Figure C.1: GridLAB-D architecture

Time steps are also coordinated by the GridLAB-D core. This is necessary because the various
modules in the simulation will generally have different time step requirements. At the end of a
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time step, every object in the model returns a ‘sync’ time that indicates how long the object will
remain constant without outside influence. The GridLAB core then examines every object and
determines what the smallest sync time is; this then becomes length of the next step. This
process is performed at every time step so that the system has a variable step size. For a given
state variable an example of the variable step sizes are shown in Figure C.2.

State (x)

Ax

Figure C.2: Variable step sizes in GridLAB-D simulation

When analyzing operations at the distribution level, the major dynamics of interest are mid-
term and occur on the order of minutes to hours. For the purposes of this analysis, a minimum
time step of one minute was enforced. For operations that occur at intervals of less than one
minute, such as a 45-second delay on a voltage regulator, the operation is aggregated up to the
one minute time step; multiple operations cannot occur during the enforced minimum of one
minute. Because of the large number of objects and the forced minimum, the simulation
proceeded at one-minute time steps for the majority of the simulations. As a result, there are
approximately 500,000 time steps in an annual simulation of a single prototypical feeder.

Since the simulations for the SGIG analysis are being conducted over a one year period the
minimum step size has been set to one minute. Even with a minimum one minute step size there
is the possibility of 525,600 time steps in a single simulation. If a one second minimum step size
were used there would be no significant increase in accuracy because most of the dynamic
behavior has a time constant greater than one minute. Additionally, the number of time steps
would increase by a factor of sixty resulting in significantly more computing time.
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Appendix D: Plots for Individual Feeder Results

This appendix contains the individual plots for each of the prototypical feeds for each
technology, where necessary. Depending on the technology, different values will be plotted,
consistent with those shown in Section 3.

D.1 TOU and CPP Plots

Consistent with the plots shown in Section 3.1.1, peak monthly demand, monthly energy
consumption, monthly losses, and monthly CO, emissions are plotted. Each graphic contains the
base case, TOU/CPP with technology, TOU/CPP without enabling technology, TOU with
technology, and TOU without enabling technology.

D.1.1 Detailed TOU and CPP Plots for GC-12.47-1_R1
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Figure D.1: Comparison of peak demand by month for GC-12.47-1 R1
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Figure D.2: Comparison of energy consumption by month for GC-12.47-1 R1
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Figure D.3: Comparison of losses by month for GC-12.47-1_R1
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Figure D.4: Comparison of CO, emissions by month for GC-12.47-1_R1

D.1.2 Detailed TOU and CPP Plots for R1-12.47-1
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Figure D.5: Comparison of peak demand by month for R1-12.47-1
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Figure D.6: Comparison of energy consumption by month for R1-12.47-1
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Figure D.7: Comparison of losses by month for R1-12.47-1
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Figure D.8: Comparison of CO, emissions by month for R1-12.47-1
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D.1.3 Detailed TOU and CPP Plots for R1-12.47-2
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Figure D.9: Comparison of peak demand by month for R1-12.47-2
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Figure D.10: Comparison of energy consumption by month for R1-12.47-2
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Figure D.11: Comparison of losses by month for R1-12.47-2
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Figure D.12: Comparison of CO, emissions by month for R1-12.47-2

D.1.4 Detailed TOU and CPP Plots for R1-12.47-3
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Figure D.13: Comparison of peak demand by month for R1-12.47-3
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Figure D.14: Comparison of energy consumption by month for R1-12.47-3
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Monthly Losses (MWh)
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Figure D.15: Comparison of losses by month for R1-12.47-3
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Figure D.16: Comparison of CO, emissions by month for R1-12.47-3
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D.1.5 Detailed TOU and CPP Plots for R1-12.47-4
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Figure D.17: Comparison of peak demand by month for R1-12.47-4
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Figure D.18: Comparison of energy consumption by month for R1-12.47-4
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Figure D.19: Comparison of losses by month for R1-12.47-4
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Figure D.20: Comparison of CO, emissions by month for R1-12.47-4

D.1.6 Detailed TOU and CPP Plots for R1-25.00-1
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Figure D. 21: Comparison of peak demand by month for R1-25.00-1
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Figure D. 22: Comparison of energy consumption by month for R1-25.00-1

174




‘ I Basc N CPP wTech [ ] CPP noTech [ TOU wTech [l TOU noTech

25 PP PP
g 20_ ..................................................................................................
g
w0 15 = ... | . . | . . B B T
7
o
3
> 10F
=
=
S
2 Sk | N . | N . N (]
0 =oan =
o =) = — Sy [ - - Q
& (! 5 = & = 5 & o & D
= R o= 202 2 2 < 4 ° zZ A
Figure D. 23: Comparison of losses by month for R1-25.00-1
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Figure D. 24: Comparison of CO, emissions by month for R1-25.00-1
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D.1.7 Detailed TOU and CPP Plots for GC-12.47-1 R2
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Figure D.25: Comparison of peak demand by month for GC-12.47-1_R2
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Figure D.26: Comparison of energy consumption by month for GC-12.47-1_R2
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Figure D.27: Comparison of losses by month for GC-12.47-1 R2
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Figure D.28: Comparison of CO, emissions by month for GC-12.47-1_R2

D.1.8 Detailed TOU and CPP Plots for R2-12.47-1
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Figure D.29: Comparison of peak demand by month for R2-12.47-1

Energy (MWh)

2500

2000

1500

1000

500

‘ I Basc N CPP wTech [ ] CPP noTech [ TOU wTech [ TOU noTech

June |

Jan
Feb
Mar
May
hwy =Z/— 7 ————""
Aug
Sept
Oct

April

Figure D.30: Comparison of energy consumption by month for R2-12.47-1
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Monthly Losses (MWh)
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Figure D.31: Comparison of losses by month for R2-12.47-1
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Figure D.32: Comparison of CO, emissions by month for R2-12.47-1
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D.1.9 Detailed TOU and CPP Plots for R2-12.47-2
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Figure D.33: Comparison of peak demand by month for R2-12.47-2
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Figure D.34: Comparison of energy consumption by month for R2-12.47-2
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Figure D.35: Comparison of losses by month for R2-12.47-2
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Figure D.36: Comparison of CO, emissions by month for R2-12.47-2

D.1.10 Detailed TOU and CPP Plots for R2-12.47-3
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Figure D.37: Comparison of peak demand by month for R2-12.47-3
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Figure D.38: Comparison of energy consumption by month for R2-12.47-3
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Figure D.39: Comparison of losses by month for R2-12.47-3
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Figure D.40: Comparison of CO, emissions by month for R2-12.47-3
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D.1.11 Detailed TOU and CPP Plots for R2-25.00-1
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Figure D.41: Comparison of peak demand by month for R2-25.00-1
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Figure D.42: Comparison of energy consumption by month for R2-25.00-1
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Figure D.43: Comparison of losses by month for R2-25.00-1
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Figure D.44: Comparison of CO, emissions by month for R2-25.00-1

D.1.12 Detailed TOU and CPP Plots for R2-35.00-1
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Figure D.45: Comparison of peak demand by month for R2-35.00-1

Energy (MWh)

5000

4000

3000

2000

1000

‘ I Basc N CPP wTech [ ] CPP noTech [ TOU wTech [ TOU noTech

Jan
Feb
Oct

June ]

hwy =Z/— 7 ————""
Aug
Sept

&
=

April

Mar

Figure D.46: Comparison of energy consumption by month for R2-35.00-1
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Monthly Losses (MWh)
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Figure D.47: Comparison of losses by month for R2-35.00-1

CO, Emissions (tons)

‘ I Basc N CPP wTech [ | CPP noTech I TOU wTech M TOU noTech
2170 S

1500 BU M- I Gl
500 o (N NS E W e B B BN B (R IR
0

E © B £ B 2 = 20 7 B -

= 2 2 23 E 2 2 &0 24

Figure D.48: Comparison of CO, emissions by month for R2-35.00-1

190




D.1.13 Deta

iled TOU and CPP Plots for GC-12.47-1_R3

8_
— 6
=
=
-

S 4+
£
[ubr )
a)
-
0

‘ I Basc N CPP wTech [ ] CPP noTech [ TOU wTech [l TOU noTech

Figure D.49: Comparison of peak demand by month for GC-12.47-1 R3
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Figure D.50: Comparison of energy consumption by month for GC-12.47-1_R3
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Figure D.51: Comparison of losses by month for GC-12.47-1_R3
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Figure D.52: Comparison of CO, emissions by month for GC-12.47-1_R3

D.1.14 Detailed TOU and CPP Plots for R3-12.47-1
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Figure D.53: Comparison of peak demand by month for R3-12.47-1
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Figure D.54: Comparison of energy consumption by month for R3-12.47-1
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Figure D.55: Comparison of losses by month for R3-12.47-1

‘ I Basc N CPP wTech [ | CPP noTech I TOU wTech M TOU noTech
211710 S

2500 o T

2000 PO OP P PP Y _ ] | (| [ SO U PP PP PPN

1500

Emissions (tons)

er 1000

500+

cO
o}
Jan e

Figure D.56: Comparison of CO, emissions by month for R3-12.47-1
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D.1.15 Detailed TOU and CPP Plots for R3-12.47-2
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Figure D.57: Comparison of peak demand by month for R3-12.47-2
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Figure D.58: Comparison of energy consumption by month for R3-12.47-2
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Figure D.59: Comparison of losses by month for R3-12.47-2
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Figure D.60: Comparison of CO, emissions by month for R3-12.47-2

D.1.16 Detailed TOU and CPP Plots for R3-12.47-3
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Figure D.61: Comparison of peak demand by month for R3-12.47-3
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Figure D.62: Comparison of energy consumption by month for R3-12.47-3
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Monthly Losses (MWh)
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Figure D.63: Comparison of losses by month for R3-12.47-3
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Figure D.64: Comparison of CO, emissions by month for R3-12.47-3
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D.1.17 Detailed TOU and CPP Plots for GC-12.47-1_R4
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Figure D.65: Comparison of peak demand by month for GC-12.47-1 R4
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Figure D.66: Comparison of energy consumption by month for GC-12.47-1_R4
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Figure D.67: Comparison of losses by month for GC-12.47-1 R4
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Figure D.68: Comparison of CO, emissions by month for GC-12.47-1_R4

D.1.18 Detailed TOU and CPP Plots for R4-12.47-1
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Figure D.69: Comparison of peak demand by month for R4-12.47-1
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Figure D.70: Comparison of energy consumption by month for R4-12.47-1

204




‘ I Basc N CPP wTech [ ] CPP noTech [ TOU wTech [l TOU noTech

100 PP PP
g 80 BTl TR L OB PR mmmmm
g
% 60 s BN AR IR E I I E I E N E B E | e
Z
3
> 40
=
=
S
E eropme BB R AN IR E D E (N —
0 =oan =
g o = B0 2 B 2]
& (! 5 = & = 5 & o & D
= R o= 202 2 2 < 4 ° zZ A
Figure D.71: Comparison of losses by month for R4-12.47-1
‘ I Basc I CPP wTech [ | CPP noTech [ TOU wTech I TOU noTech
1200 PP PPN
_ 1000 o | L PP
g
= 800 N | (S (N B (| RIS | NN B (N B | (| USRNSSR | (|
w
g
2
% 600 o T - (T YT O R O R e
5
o
U
200 = ‘ ‘ ‘ B (|

Jan

Feb
April
May
June

Figure D.72: Comparison of CO, emissions by month for R4-12.47-1
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D.1.19 Detailed TOU and CPP Plots for R4-12.47-2
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Figure D.73: Comparison of peak demand by month for R4-12.47-2
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Figure D.74: Comparison of energy consumption by month for R4-12.47-2
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Figure D.75: Comparison of losses by month for R4-12.47-2
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Figure D.76: Comparison of CO, emissions by month for R4-12.47-2

D.1.20 Detailed TOU and CPP Plots for R4-25.00-1

208



Peak Demand (MW)

1.4

1.2

0.8

0.6

0.4

0.2

‘ I Basc N CPP wTech [ ] CPP noTech [ TOU wTech [l TOU noTech

Aug
Sept

Oct
Nowv
Dec

Figure D.77: Comparison of peak demand by month for R4-25.00-1
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Figure D.78: Comparison of energy consumption by month for R4-25.00-1
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Figure D.79: Comparison of losses by month for R4-25.00-1
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Figure D.80: Comparison of CO, emissions by month for R4-25.00-1
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D.1.21 Detailed TOU and CPP Plots for GC-12.47-1_R5
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Figure D.81: Comparison of peak demand by month for GC-12.47-1_R5

211




‘ I Basc N CPP wTech [ ] CPP noTech [ TOU wTech [l TOU noTech

2500
2000 b e | . H . AN
g 1500_ . | (Y
=)
&3
5 1000
=
500_ | . ‘ ‘ B | (N T
0 =oan =
g o = B0 2 B 2]
& 5 = & = 5 & o & D
= R 2 %2 2 2 2 2 0 2 A
Figure D.82: Comparison of energy consumption by month for GC-12.47-1_R5
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Figure D.83: Comparison of losses by month for GC-12.47-1_R5
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Figure D.84: Comparison of CO, emissions by month for GC-12.47-1_R5

D.1.22 Detailed TOU and CPP Plots for R5-12.47-1
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Figure D.85: Comparison of peak demand by month for R5-12.47-1
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Figure D.86: Comparison of energy consumption by month for R5-12.47-1
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Figure D.87: Comparison of losses by month for R5-12.47-1
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Figure D.88: Comparison of CO, emissions by month for R5-12.47-1
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D.1.23 Detailed TOU and CPP Plots for R5-12.47-2
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Figure D.89: Comparison of peak demand by month for R5-12.47-2

216



‘ I Basc N CPP wTech [ ] CPP noTech [ TOU wTech [l TOU noTech
OO e L

1500_ .................... | . . IR B
%
=
=
500_ . . RN R B
0 =oan =
g o 2= 2 =2 0B Q
& 5 = & = 5 & o & D
= R 2 %2 2 2 2 2 0 2 A
Figure D.90: Comparison of energy consumption by month for R5-12.47-2
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Figure D.91: Comparison of losses by month for R5-12.47-2
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Figure D.92: Comparison of CO, emissions by month for R5-12.47-2

D.1.24 Detailed TOU and CPP Plots for R5-12.47-3
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Figure D.93: Comparison of peak demand by month for R5-12.47-3
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Figure D.94: Comparison of energy consumption by month for R5-12.47-3
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Figure D.95: Comparison of losses by month for R5-12.47-3
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Figure D.96: Comparison of CO, emissions by month for R5-12.47-3
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D.1.25 Detailed TOU and CPP Plots for R5-12.47-4
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Figure D.97: Comparison of peak demand by month for R5-12.47-4
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Figure D.98: Comparison of energy consumption by month for R5-12.47-4
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Figure D.99: Comparison of losses by month for R5-12.47-4

222




CO, Emissions (tons)

1400

1200

1000

800

‘ I Basc N cPPwTech [ | CPP noTech I TOU wTech M TOU noTech

400

200

Jan —.

=Y
=

Feb
Mar
April

Figure D.100: Comparison of CO, emissions by month for R5-12.47-4
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D.1.26 Detailed TOU and CPP Plots for R5-12.47-5
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Figure D.101; Comparison of peak demand by month for R5-12.47-5
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Figure D.102: Comparison of energy consumption by month for R5-12.47-5
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Figure D.103: Comparison of losses by month for R5-12.47-5
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Figure D.104: Comparison of CO, emissions by month for R5-12.47-5
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D.1.27 Detailed TOU and CPP Plots for R5-25.00-1
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Figure D.105: Comparison of peak demand by month for R5-25.00-1
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Figure D.106: Comparison of energy consumption by month for R5-25.00-1
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Figure D.107: Comparison of losses by month for R5-25.00-1
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Figure D.108: Comparison of CO, emissions by month for R5-25.00-1
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D.1.28 Detailed TOU and CPP Plots for R5-35.00-1
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Figure D.109: Comparison of peak demand by month for R5-35.00-1
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Figure D.110: Comparison of energy consumption by month for R5-35.00-1
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Figure D.111: Comparison of losses by month for R5-35.00-1
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Figure D.112: Comparison of CO, emissions by month for R5-35.00-1

D.2 DLC Plots

Consistent with the plots shown in Section 3.2.1, peak monthly demand, monthly energy
consumption, monthly losses, and monthly CO2 emissions are plotted. Each graphic contains
the base case and the DLC case.
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D.2.1 Detailed DLC Plots for GC-12.47-1 R1
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Figure D.113: Comparison of peak demand by month for GC-12.47-1 R1

‘-Base -DLC‘
2000 ...................................................................................................................

Jan
Feb
Mar
July
Aug
Sept
Oct

April
May
June
Nov
Dec

Figure D.114: Comparison of energy consumption by month for GC-12.47-1_R1
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Figure D.115: Comparison of losses by month for GC-12.47-1_R1
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Figure D.116: Comparison of CO, emissions by month for GC-12.47-1 R1
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D.2.2 Detailed DLC Plots for R1-12.47-1
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Figure D.117: Comparison of peak demand by month for R1-12.47-1
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Figure D.118: Comparison of energy consumption by month for R1-12.47-1
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Figure D.119: Comparison of losses by month for R1-12.47-1
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Figure D.120: Comparison of CO, emissions by month for R1-12.47-1
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D.2.3 Detailed DLC Plots for R1-12.47-2
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Figure D.121: Comparison of peak demand by month for R1-12.47-2

235



‘ - I DLC ‘

800_ ...................................................................................................................
600_ ..............................
% 400
3
=
=
200_ ..............................
0 =oan =
E 3 § E & g & ¥ & 3B 3
= & 2 &2 E 2 2 3 o° 2z A
Figure D.122: Comparison of energy consumption by month for R1-12.47-2
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Figure D.123: Comparison of losses by month for R1-12.47-2
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Figure D.124: Comparison of CO, emissions by month for R1-12.47-2

D.2.4 Detailed DLC Plots for R1-12.47-3
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Figure D.125; Comparison of peak demand by month for R1-12.47-3
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Figure D.126: Comparison of energy consumption by month for R1-12.47-3

238




4 .............................................................................................................
§ 30N Bm B BER BR ER BN ER BR BR B BE
g
5
§ DJEERE | TN B W | BN B B B | B R BN |
—

o
=
E 130 BN B BR B ER B ER ER BR BR AR -
=
0 =oan =
g o = B0 2 B 2]
3 5 = & = 5 & o &) )
= R 2 %2 2 2 2 2 0 2 A
Figure D.127: Comparison of losses by month for R1-12.47-3
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Figure D.128

: Comparison of CO, emissions by month for R1-12.47-3
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D.2.5 Detailed DLC Plots for R1-12.47-4
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Figure D.129: Comparison of peak demand by month for R1-12.47-4
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Figure D.130: Comparison of energy consumption by month for R1-12.47-4
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Figure D.131: Comparison of losses by month for R1-12.47-4
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Figure D.132: Comparison of CO, emissions by month for R1-12.47-4

D.2.6 Detailed DLC Plots for R1-25.00-1
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Figure D.133: Comparison of peak demand by month for R1-25.00-1
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Figure D.134: Comparison of energy consumption by month for R1-25.00-1
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.135: Comparison of losses by month for R1-25.00-1
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Figure D.136

: Comparison of CO, emissions by month for R1-25.00-1
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D.2.7 Detailed DLC Plots for GC-12.47-1_R2
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Figure D. 137: Comparison of peak demand by month for GC-12.47-1_R2
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Figure D. 138: Comparison of energy consumption by month for GC-12.47-1_R2
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Figure D. 139: Comparison of losses by month for GC-12.47-1 R2
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Figure D. 140: Comparison of CO, emissions by month for GC-12.47-1_R2
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D.2.8 Detailed DLC Plots for R2-12.47-1
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Figure D.141: Comparison of peak demand by month for R2-12.47-1
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Figure D.142: Comparison of energy consumption by month for R2-12.47-1
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Figure D.143: Comparison of losses by month for R2-12.47-1
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Figure D.144: Comparison of CO, emissions by month for R2-12.47-1

D.2.9 Detailed DLC Plots for R2-12.47-2
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Figure D.145; Comparison of peak demand by month for R2-12.47-2
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Figure D.146: Comparison of energy consumption by month for R2-12.47-2
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Figure D.147: Comparison of losses by month for R2-12.47-2
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Figure D.148: Comparison of CO, emissions by month for R2-12.47-2
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D.2.10 Detailed DLC Plots for R2-12.47-3
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Figure D.149: Comparison of peak demand by month for R2-12.47-3
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Figure D.150: Comparison of energy consumption by month for R2-12.47-3
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Figure D.151: Comparison of losses by month for R2-12.47-3
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Figure D.152: Comparison of CO, emissions by month for R2-12.47-3

D.2.11 Detailed DLC Plots for R2-25.00-1
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Figure D.153; Comparison of peak demand by month for R2-25.00-1
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Figure D.154: Comparison of energy consumption by month for R2-25.00-1
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Figure D.155: Comparison of losses by month for R2-25.00-1
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Figure D.156: Comparison of CO, emissions by month for R2-25.00-1
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D.2.12 Detailed DLC Plots for R2-35.00-1
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Figure D.157: Comparison of peak demand by month for R2-35.00-1
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Figure D.158: Comparison of energy consumption by month for R2-35.00-1
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Figure D.159: Comparison of losses by month for R2-35.00-1
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Figure D.160: Comparison of CO, emissions by month for R2-35.00-1

D.2.13 Detailed DLC Plots for GC-12.47-1_R3
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Figure D.161: Comparison of peak demand by month for GC-12.47-1 R3

Energy (MWh)

3000

2500

2000

1500

1000

500

‘ B Bl DLC ‘

Jan
Feb
Mar
July
Aug
Sept
Oct

April
May
June
Nov
Dec

Figure D.162: Comparison of energy consumption by month for GC-12.47-1_R3
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Figure D.163: Comparison of losses by month for GC-12.47-1 R3
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Figure D.164: Comparison of CO, emissions by month for GC-12.47-1_R3
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D.2.14 Detailed DLC Plots for R3-12.47-1
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Figure D.165; Comparison of peak demand by month for R3-12.47-1
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Figure D.166: Comparison of energy consumption by month for R3-12.47-1
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Figure D.167: Comparison of losses by month for R3-12.47-1
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Figure D.168: Comparison of CO, emissions by month for R3-12.47-1

D.2.15 Detailed DLC Plots for R3-12.47-2
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Figure D.169: Comparison of peak demand by month for R3-12.47-2
‘-Basc -DLC‘
2000_ ...................................................................................................................
1500_ ........................................................................................................
a 1000
3
=
=
500_ ..............................
0 > =) e
g o g = - 2 B Q
= & 2 52 E 2 2 30 2 4

Figure D.170: Comparison of energy consumption by month for R3-12.47-2
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Figure D.171: Comparison of losses by month for R3-12.47-2

1200

1000

800

600

400

CO, Emissions (tons)

200

‘ I Basc -DLC‘

Jan
Feb
Mar
May
June
July
Aug
Sept
Oct
Nov
Dec

April

Figure D.172: Comparison of CO, emissions by month for R3-12.47-2
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D.2.16 Detailed DLC Plots for R3-12.47-3
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Figure D.173: Comparison of peak demand by month for R3-12.47-3
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Figure D.174: Comparison of energy consumption by month for R3-12.47-3
‘-Basc -DLC‘
250_ ...................................................................................................................
g 200+
=)
- 150_ .......... ! N RO |
@
., 1001
“Eﬂ ‘
=
=]
E 50_ .......... .. N RO |
0 > =) e
g o g = - 2 B Q
= & 2 52 E 2 2 30 2 4

Figure D.175: Comparison of losses by month for R3-12.47-3
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Figure D.176: Comparison of CO, emissions by month for R3-12.47-3

D.2.17 Detailed DLC Plots for GC-12.47-1 R4
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Figure D.177: Comparison of peak demand by month for GC-12.47-1_R4
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Figure D.178: Comparison of energy consumption by month for GC-12.47-1_R4
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Figure D.179: Comparison of losses by month for GC-12.47-1 R4
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Figure D.180: Comparison of CO, emissions by month for GC-12.47-1 R4
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D.2.18 Detailed DLC Plots for R4-12.47-1
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Figure D.181: Comparison of peak demand by month for R4-12.47-1
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Figure D.182: Comparison of energy consumption by month for R4-12.47-1
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Figure D.183: Comparison of losses by month for R4-12.47-1
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Figure D.184: Comparison of CO, emissions by month for R4-12.47-1

D.2.19 Detailed DLC Plots for R4-12.47-2
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Figure D.185; Comparison of peak demand by month for R4-12.47-2
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Figure D.186: Comparison of energy consumption by month for R4-12.47-2
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Figure D.187: Comparison of losses by month for R4-12.47-2
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Figure D.188

: Comparison of CO, emissions by month for R4-12.47-2
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D.2.20 Detailed DLC Plots for R4-25.00-1
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Figure D.189: Comparison of peak demand by month for R4-25.00-1
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Figure D.190: Comparison of energy consumption by month for R4-25.00-1

‘ N Rosc -DLC‘
55 e

—
=]
T

Monthly Losses (MWh)

Jan
Feb
Mar
April
May
June
July
Aug
Sept
Oct
Nov
Dec

Figure D.191: Comparison of losses by month for R4-25.00-1
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Figure D.192: Comparison of CO, emissions by month for R4-25.00-1

D.2.21 Detailed DLC Plots for GC-12.47-1_R5
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Figure D.193: Comparison of peak demand by month for GC-12.47-1 R5
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Figure D.194: Comparison of energy consumption by month for GC-12.47-1_R5
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Figure D.195: Comparison of losses by month for GC-12.47-1_R5
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Figure D.196: Comparison of CO, emissions by month for GC-12.47-1_R5
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D.2.22 Detailed DLC Plots for R5-12.47-1
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Figure D.197: Comparison of peak demand by month for R5-12.47-1
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Figure D.198: Comparison of energy consumption by month for R5-12.47-1
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Figure D.199: Comparison of losses by month for R5-12.47-1
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Figure D.200: Comparison of CO, emissions by month for R5-12.47-1

D.2.23 Detailed DLC Plots for R5-12.47-2
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Figure D.201: Comparison of peak demand by month for R5-12.47-2
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Figure D.202: Comparison of energy consumption by month for R5-12.47-2
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Figure D.203: Comparison of losses by month for R5-12.47-2
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Figure D.204: Comparison of CO, emissions by month for R5-12.47-2
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D.2.24 Detailed DLC Plots for R5-12.47-3
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Figure D.205; Comparison of peak demand by month for R5-12.47-3
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Figure D.206: Comparison of energy consumption by month for R5-12.47-3
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Figure D.207: Comparison of losses by month for R5-12.47-3
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Figure D.208: Comparison of CO, emissions by month for R5-12.47-3

D.2.25 Detailed DLC Plots for R5-12.47-4
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Figure D.209: Comparison of peak demand by month for R5-12.47-4
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Figure D.210: Comparison of energy consumption by month for R5-12.47-4
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Figure D.211: Comparison of losses by month for R5-12.47-4
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Figure D.212: Comparison of CO, emissions by month for R5-12.47-4
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D.2.26 Detailed DLC Plots for R5-12.47-5
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Figure D.213: Comparison of peak demand by month for R5-12.47-5
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Figure D.214: Comparison of energy consumption by month for R5-12.47-5
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Figure D.215: Comparison of losses by month for R5-12.47-5
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Figure D.216: Comparison of CO, emissions by month for R5-12.47-5

D.2.27 Detailed DLC Plots for R5-25.00-1
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Figure D.217: Comparison of peak demand by month for R5-25.00-1
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Figure D.218: Comparison of energy consumption by month for R5-25.00-1
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Figure D.219: Comparison of losses by month for R5-25.00-1
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Figure D.220: Comparison of CO, emissions by month for R5-25.00-1
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D.2.28 Detailed DLC Plots for R5-35.00-1
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Figure D.221: Comparison of peak demand by month for R5-35.00-1

297



Energy (MWh)

‘ - I DLC ‘
U [

5000+

4000

3000_ ..... ... B | . N | e . N | e . NN | DU

2000

1000_ ..... ... B | . N | e . N | e . NN | DU

Jan
Feb
Mar
April
May
June
July
Aug
Sept
Oct
Nowv
Dec

Figure D.222: Comparison of energy consumption by month for R5-35.00-1
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Figure D.223: Comparison of losses by month for R5-35.00-1
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Figure D.224: Comparison of CO, emissions by month for R5-35.00-1
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Appendix E: Individual Feeder Impact Metrics

This appendix contains the raw performance metric values for each technology on each of the
prototypical distribution feeders. The impact matrices in section 4.1, 4.2, and 4.3 are calculated
from the raw values in this appendix.
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E.1 Individual Performance Metrics for Base Case

Table E.1: Base case performance metrics for region 1

—
o
G o o % 5 o
S ~ ~ ~ ~ o
: < N N N S
o o I I I Te)
1 — — — — (@N|
. . (@) — — — — —
Index Metric Units &) o o o o o
1 Hourly Customer
Electricity Usage kWh 2,083 2,692 992 435 1,948 875
2 Monthly Customer
Electricity Usage MWh 1,521 1,965 724 317 1,422 639
Peak Generation kw 5,313 7,329 2,675 1,261 5,050 2,317
Nuclear % 10.68 10.68 10.68 10.68 10.09 10.68
Solar % 0.25 0.25 0.25 0.25 0.21 0.25
Bio % 0.67 0.67 0.67 0.67 0.72 0.67
3 Wind % 4.07 4.07 4.07 4.07 3.55 4.07
Coal % 2.88 2.88 2.88 2.88 4.38 2.88
Hydroelectric % 36.88 36.88 36.88 36.88 26.32 36.88
Natural Gas % 41.38 41.38 41.38 41.38 51.24 41.38
Geothermal % 2.84 2.84 2.84 2.84 311 2.84
Petroleum % 0.35 0.35 0.35 0.35 0.38 0.35
4 Peak Load MW 5,288 7,085 2,590 1,247 4,924 2,261
7 Annual Electricity
Production MWh 18,290 24,196 8,964 3,829 17,276 7,776
12 [CO2 Emissions Tons 1,783 2,273 818 392 1,774 752
SOx Emissions Tons 0.03 0.03 0.01 0.01 0.04 0.01
13 [NOxEmissions Tons 0.24 0.28 0.10 0.05 0.22 0.10
PM-10 Emissions Tons 0.25 0.32 0.12 0.06 0.25 0.11
Feeder Real Load MW 2,088 2,762 1,023 437 1,972 888
21  |Feeder Reactive
Load MVAR 68 -284 -200 11 62 -70
29 [Distribution Losses % 0.23 2.54 3.05 0.56 1.21 1.44
30 Distribution Power
Factor pf 0.9994 0.9925 0.9678 | 0.9997 0.9995 0.9666
39 CO2 Emissions Tons 1,787 2,332 844 394 1,796 763
SOx Tons 0.03 0.03 0.01 0.01 0.04 0.01
40 NOx Tons 0.24 0.29 0.11 0.05 0.22 0.10
PM-10 Tons 0.25 0.33 0.12 0.06 0.26 0.11
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Table E.2: Base case performance metrics for region 2

(q\]
o
= st X o < o
S ~ r~ r~ o o
: < N N O. O.
= o I I Te) Lo
1 — — — AN o
. . O N N N N N
Index Metric units (O) o o o o o
1 Hourly Customer
Electricity Usage kwWh 2,169 2,268 1,970 2,975 6,342 4576
2 Monthly Customer
Electricity Usage MWh 1,584 1,656 1,438 2,171 4,630 3,340
Peak Generation Kw 5,749 6,287 5,777 8,555 16,840 12,676
Nuclear % 26.33 26.33 26.33 27.95 26.33 26.33
Solar % 0.01 0.01 0.01 0.01 0.01 0.01
Bio % 0.82 0.82 0.82 0.84 0.82 0.82
3 Wind % 1.41 1.41 1.41 1.70 1.41 1.41
Coal % 47.18 47.18 47.18 4554 47.18 47.18
Hydroelectric % 7.42 7.42 7.42 9.05 7.42 7.42
Natural Gas % 16.33 16.33 16.33 14.47 16.33 16.33
Geothermal % 0.07 0.07 0.07 0.07 0.07 0.07
Petroleum % 0.43 0.43 0.43 0.37 0.43 0.43
4 Peak Load MW 5,720 6,166 5,647 8,360 16,622 12,533
y Annual Electricity
Production MWh 19,050 20,128 17,588 26,686 56,091 40,417
12 [CO2 Emissions Tons 8,419 9,246 8,417 12,627 26,866 17,434
SOx Emissions Tons 3.81 4.21 3.88 5.82 12.33 7.86
13 |NOxEmissions Tons 2.43 2.67 2.46 3.69 7.81 5.02
PM-10 Emissions Tons 1.25 1.37 1.25 1.87 3.99 2.58
Feeder Real Load MW 2,175 2,298 2,008 3,046 6,403 4,614
21 |Feeder Reactive
Load MVAR 92 116 146 -130 333 69
29  |Distribution Losses % 0.25 1.27 1.87 2.36 0.96 0.82
30 Distribution Power
Factor pf 0.9989 0.9987 0.9973 0.9973 0.9986 0.9996
39  |CO2 Emissions Tons 8,440 9,365 8,578 12,932 27,125 17,579
SOx Tons 3.82 4.26 3.95 5.96 12.45 7.93
40 |NOx Tons 2.44 271 251 3.78 7.88 5.06
PM-10 Tons 1.25 1.39 1.27 1.92 4.03 2.61

302




Table E.3: Base case performance metrics for region 3

Rt
- i o cp
D - o o
Index Metric Units 8 & & &
1 Hourl}/ .Customer
Electricity Usage kWh 2,635 3,661 1,642 3,705
5 Mont_hl_y Customer
Electricity Usage MWh 1,924 2,673 1,199 2,705
Peak Generation kW 6,594 9,315 4,422 8,417
Nuclear % 8.65 9.72 9.72 9.72
Solar % 0.13 0.13 0.13 0.13
Bio % 0.23 0.25 0.25 0.25
3 Wind % 2.05 2.45 2.45 2.45
Coal % 40.24 41.52 41.52 41.52
Hydroelectric % 5.58 6.40 6.40 6.40
Natural Gas % 41.67 37.88 37.88 37.88
Geothermal % 1.25 1.40 1.40 1.40
Petroleum % 0.20 0.25 0.25 0.25
4 Peak Load MW 6,554 9,122 4,364 8,157
7 Annual .Electricity
Production MWh 23,160 32,687 14,483 33,603
12 [CO2 Emissions Tons 16,269 23,430 9,963 25,107
SOx Emissions Tons 7.03 10.24 4.25 11.14
13 |NOxEmissions Tons 4.38 6.36 2.66 6.88
PM-10 Emissions Tons 242 3.49 1.48 3.74
Feeder Real Load MW 2,644 3,731 1,653 3,836
21 |Feeder Reactive
Load MVAR 219 484 143 547
29 |Distribution Losses | % 0.33 1.87 0.69 3.40
30 Distribution Power
Factor pf 0.9969 0.9904 0.9968 0.9897
39 |CO2 Emissions Tons 16,323 23,877 10,032 25,991
SOx Tons 7.05 10.44 4.28 11.53
40  |NOx Tons 4.39 6.48 2.67 7.12
PM-10 Tons 2.43 3.56 1.49 3.87
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Table E.4: Base case performance metrics for region 4

=
= o o o
5 S S | 3
= P I
Index Metric Units 8 & & X
1 Hourly .Customer
Electricity Usage kWh 2,339 1,909 832 347
5 Monthl_y Customer
Electricity Usage MWh 1,708 1,393 607 253
Peak Generation kw 6,221 4,798 2,205 945
Nuclear % 2191 21.91 23.58 23.58
Solar % 0.00 0.00 0.00 0.00
Bio % 0.18 0.18 0.21 0.21
3 Wind % 0.60 0.60 0.59 0.59
Coal % 57.14 57.14 56.06 56.06
Hydroelectric % 2.20 2.20 3.09 3.09
Natural Gas % 17.49 17.49 16.14 16.14
Geothermal % 0.00 0.00 0.00 0.00
Petroleum % 0.48 0.48 0.33 0.33
4 Peak Load MW 6,186 4,701 2,171 928
7 Annual Flectricity
Production MWh 20,550 17,195 7,457 3,118
12 [CO2 Emissions Tons 10,321 9,844 3,094 1,608
SOx Emissions Tons 491 4,72 1.92 0.77
13 |NOxEmissions Tons 3.00 2.87 1.17 0.47
PM-10 Emissions Tons 1.54 1.47 0.60 0.24
Feeder Real Load MW 2,346 1,963 851 356
21 |Feeder Reactive
Load MVAR 138 -413 98 45
29 |Distribution Losses % 0.28 2.76 2.32 253
30 Distribution Power
Factor pf 0.9982 0.9666 | 0.9934 | 0.9920
39 |CO2 Emissions Tons 10,350 10,123 4,089 1,650
SOx Tons 4.93 4.86 1.96 0.79
40  [NOx Tons 3.00 2.95 1.19 0.48
PM-10 Tons 1.54 151 0.61 0.25

304




Table E.5: Base case performance metrics for region 5

Lo
o
NG - o P N L0 = =
= r~ ~ r~ r~ ~ o o
: < N < N = S S
& I N I o N Lo To)
i — — — — — N ™
. . O LO LO LO LO Lo LO LO
Index Metric Units (O] o [add o [add o [ad o
1 Hourly Customer
Electricity Usage kWh 2,747 4,490 2,226 4,669 3,468 4,116 5,627 5,689
2 Monthly Customer
Electricity Usage MWh 2,005 3,278 1,625 3,408 2,532 3,005 4,108 4,153
Peak Generation KW 5,841 9,451 4,992 10,384 7,531 9,041 12,282 12,428
Nuclear % 13.85 13.85 13.85 13.53 13.85 13.53 13.85 13.85
Solar % 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Bio % 0.33 0.33 0.33 0.31 0.33 0.31 0.33 0.33
3 Wind % 1.48 1.48 1.48 1.74 1.48 1.74 1.48 1.48
Coal % 30.17 30.17 30.17 30.37 30.17 30.37 30.17 30.17
Hydroelectric % 0.63 0.63 0.63 0.78 0.63 0.78 0.63 0.63
Natural Gas % 51.68 51.68 51.68 51.29 51.68 51.29 51.68 51.68
Geothermal % 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Petroleum % 1.86 1.86 1.86 1.98 1.86 1.98 1.86 1.86
4 |Peak Load MW 5,810 9,319 4,848 9,772 7,373 8,784 12,088 12,270
7 Annual Electricity
Production MWh 24,144 39,806 | 19,900 | 42,781 30,976 | 36,921 49,992 50,486
12 |CO2 Emissions Tons 9,364 15,419 7414 15,195 11,809 13,594 18,504 18,904
SOx Emissions Tons 1.55 2.23 1.11 1.64 1.70 1.66 2.19 2.34
13 [NOxEmissions Tons 1.38 211 1.04 1.82 1.61 1.72 2.31 241
PM-10 Emissions Tons 1.37 2.26 1.09 2.23 1.73 1.99 2.71 2.77
Feeder Real Load MW 2,756 4,544 2,272 4,884 3,536 4,215 5,707 5,763
21  |Feeder Reactive
Load MVAR| 248 542 242 -357 407 594 650 641
29 |Distribution Losses % 0.33 1.19 2.02 4.41 1.92 2.34 1.39 1.28
20 Distribution Power
Factor pf 0.9964 0.9937 0.9952 | 0.9779 0.9942 0.9913 0.9942 0.9944
39 |CO2 Emissions Tons 9,395 15,605 7,567 15,895 12,040 13,919 18,766 19,150
SOx Tons 1.55 2.26 1.14 1.72 1.73 1.70 2.22 2.37
40 [NOx Tons 1.39 2.14 1.06 1.91 1.65 1.76 2.34 2.44
PM-10 Tons 1.38 2.29 1.11 2.33 1.77 2.04 2.75 2.81
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E.2 Individual TOU and CPP Performance Metrics

Table E.6: TOU without enabling technologies performance metrics for region 1

—
o
- < o o N <
S ~ ~ ~ ~ o
: ~ ~ < < o
S I [N [ [N To)
1 — — — — AN
. . O — — — — —
Index Metric Units ©) o o o o o
1 Hourly Customer
Electricity Usage kWh 2,083 2,691 990 435 1,947 875
5 Monthly Customer
Electricity Usage MWh 1,521 1,964 723 318 1,421 639
Peak Generation kW 5,414 7256 | 2,676 1,251 4894 | 2,304
Nuclear % 10.68 10.68 10.68 | 10.68 10.68 10.68
Solar % 0.25 0.25 0.25 0.25 0.25 0.25
Bio % 0.67 0.67 0.67 0.67 0.67 0.67
3 Wind % 4.07 4.07 4.07 4.07 4.07 4.07
Coal % 2.88 2.88 2.88 2.88 2.88 2.88
Hydroelectric % 36.88 36.88 36.88 | 36.88 36.88 36.88
Natural Gas % 41.38 41.38 41.38 | 41.38 41.38 41.38
Geothermal % 2.84 2.20 2.84 2.37 0.12 2.62
Petroleum % 2.26 0.00 0.41 0.00 0.00 0.00
4 Peak Load kW 5,389 7,013 | 2592 | 1,237 4768 | 2,248
7 Annual Electricity
Production MWh 18,293 24,181 8,949 3,832 17,261 7,777
12 CO2 Emissions Tons 1,784 2,239 801 392 1,743 750
SOx Emissions Tons 0.03 0.03 0.01 0.01 0.03 0.01
13 |NOxEmissions Tons 0.24 0.28 0.10 0.05 0.22 0.10
PM-10 Emissions Tons 0.25 0.32 0.11 0.06 0.25 0.11
Feeder Real Load kW 2,088 2,760 | 1,022 437 1,970 888
21
Feeder Reactive Load| kVAR 68 -279 -198 11 64 -70
29 |Distribution Losses % 0.23 2.53 3.05 0.56 1.20 1.44
30 Distribution Power
Factor pf 0.9994 0.9929 | 0.9687 | 0.9997 | 0.9994 | 0.9667
39 CO2 Emissions Tons 1,788 2,297 826 394 1,764 761
SOx Emissions Tons 0.03 0.03 0.01 0.01 0.03 0.01
40 NOXx Emissions Tons 0.24 0.29 0.10 0.05 0.22 0.10
PM-10 Emissions Tons 0.25 0.33 0.12 0.06 0.25 0.11
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Table E.7: TOU without enabling technologies performance metrics for region 2

o~
(a'
= 7 o o = =
S ~ ~ ~ o o
: <~ ~ ~ o O.
o o o o Lo To)
1 — — — AN o
. . (@) N N N N N
Index Metric Units &) o o 0 o
1 Hourly Customer
Electricity Usage kWh 2,169 2,269 1,975 2,977 6,340 4,578
5 Monthly Customer
Electricity Usage MWh 1,584 1,656 1,442 2,173 4,628 3,342
Peak Generation kW 5,732 6,191 5,773 8,453 16,987 12,593
Nuclear % 26.33 26.33 26.33 26.33 27.95 26.33
Solar % 0.01 0.01 0.01 0.01 0.01 0.01
Bio % 0.82 0.82 0.82 0.82 0.84 0.82
3 Wind % 1.41 1.41 1.41 1.41 1.70 1.41
Coal % 47.18 47.18 47.18 47.18 4554 47.18
Hydroelectric % 7.42 6.40 7.42 6.98 9.05 7.27
Natural Gas % 16.33 16.33 16.33 16.33 14.47 16.33
Geothermal % 0.07 0.00 0.07 0.00 0.07 0.00
Petroleum % 0.13 0.00 0.37 0.00 1.89 0.00
4 Peak Load kKW 5,703 6,071 5,643 8,259 16,769 12,450
7 Annual Electricity
12 CO2 Emissions Tons 8,419 9,245 8,455 12,639 26,858 17,444
SOx Emissions Tons 3.81 421 3.90 5.83 12.34 7.87
13 |NOxEmissions Tons 2.43 2.67 2.47 3.70 7.81 5.02
PM-10 Emissions Tons 1.25 1.37 1.25 1.88 3.99 2.59
Feeder Real Load kW 2,175 2,298 2,012 3,048 6,401 4,616
21 Feeder Reactive
Load kVAR 92 117 148 -128 335 71
29 [Distribution Losses % 0.25 1.27 1.87 2.35 0.95 0.82
20 Distribution Power
Factor pf 0.9989 0.9987 0.9972 0.9975 0.9986 0.9996
39 CO2 Emissions Tons 8,440 9,364 8,616 12,943 27,117 17,589
SOx Emissions Tons 3.82 4.26 3.98 5.98 12.46 7.93
40 NOx Emissions Tons 2.44 271 2.52 3.79 7.89 5.06
PM-10 Emissions Tons 1.25 1.39 1.28 1.92 4.02 2.61
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Table E.8: TOU without enabling technologies performance metrics for region 3

%
N i o cp
D o . o
Index Metric Units 8 & & RS
1 Hourly Customer
Electricity Usage kKWh 2,634 3,657 1,642 3,691
5 Monthly Customer
Electricity Usage MWh 1,923 2,670 1,199 2,695
Peak Generation kW 6,682 9,250 4,381 8,416
Nuclear % 9.72 9.72 9.72 9.72
Solar % 0.13 0.13 0.13 0.13
Bio % 0.25 0.25 0.25 0.25
3 Wind % 2.45 2.45 2.45 2.45
Coal % 41.52 41.52 41.52 41.52
Hydroelectric % 6.40 6.40 6.40 6.40
Natural Gas % 37.88 37.88 37.88 37.88
Geothermal % 1.40 0.95 0.74 1.40
Petroleum % 1.68 0.00 0.00 0.24
4 Peak Load kw 6,643 9,056 4,324 8,155
7 Annual Electricity
Production MWh 23,149 32,649 14,484 33,477
12 CO2 Emissions Tons 16,265 23,441 9,963 25,076
SOx Emissions Tons 7.03 10.27 4.25 11.16
13 |NOxEmissions Tons 4.38 6.37 2.66 6.88
PM-10 Emissions Tons 242 3.49 1.48 3.74
Feeder Real Load kw 2,643 3,727 1,653 3,822
21 |Feeder Reactive
Load kVAR 218 484 143 546
29 |Distribution Losses % 0.33 1.87 0.69 3.40
20 Distribution Power
Factor pf 0.9969 0.9904 0.9968 0.9897
39 [CO2 Emissions Tons 16,318 23,888 10,033 25,959
SOx Emissions Tons 7.05 10.46 4.28 11.56
40 |NOxEmissions Tons 4.39 6.49 2.67 7.13
PM-10 Emissions Tons 2.43 3.56 1.49 3.87
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Table E.9: TOU without enabling technologies performance metrics for region 4

<t
(a'g
- i R
5 s | 5 | 8
0 S S &
: | © s | 3| 2
Index Metric Units ) o o o
1 Hourly Customer
Electricity Usage kWh 2,339 1,905 828 345
5 Monthly Customer
Electricity Usage MWh 1,708 1,391 604 252
Peak Generation kw 6,252 4,797 2,174 941
Nuclear % 21.91 21.91 22.45 23.58
Solar % 0.00 0.00 0.00 0.00
Bio % 0.18 0.18 0.18 0.21
3 Wind % 0.60 0.60 0.64 0.59
Coal % 57.14 57.14 56.92 56.06
Hydroelectric % 2.20 2.20 3.32 3.01
Natural Gas % 17.49 17.49 16.04 16.14
Geothermal % 0.00 0.00 0.00 0.00
Petroleum % 0.98 0.47 4.10 0.00
4 Peak Load kW 6,217 4,701 2,140 924
7 Annual Electricity
Production MWh 20,549 17,160 7,425 3,104
12 CO2 Emissions Tons 10,322 9,820 3,964 1,594
SOx Emissions Tons 4,92 4,72 1.90 0.77
13 [NOxEmissions Tons 3.00 2.86 1.16 0.47
PM-10 Emissions Tons 154 1.47 0.59 0.24
Feeder Real Load kw 2,346 1,959 848 354
21
Feeder Reactive Load| kVAR 138 -413 98 45
29 Distribution Losses % 0.28 2.76 2.32 2.54
20 Distribution Power
Factor pf 0.9982 0.9670 | 0.9933 | 0.9919
39 [CO2Emissions Tons 10,351 10,098 4,059 1,635
SOx Emissions Tons 493 4.85 1.95 0.79
40 NOXx Emissions Tons 3.00 2.95 1.19 0.48
PM-10 Emissions Tons 154 1.51 0.61 0.24
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Table E.10: TOU without enabling technologies performance metrics for region 5

To)
o
= < o o N Lo o <
= ~ ~ ~ ~ N~ o o
r < < < <t < S S
& o I o o I Lo 7o)
T — — — — - N o™
. . (@) o) LO LH o) LO o) o)
Index Metric Units O o o o’ o o o o
1 Hourly Customer
Electricity Usage kWh 2,747 4,451 2,214 4,593 3,428 4,054 5,532 5,593
2 Monthly Customer
Electricity Usage MWh 2,005 3,249 1,617 3,353 2,503 2,960 4,038 4,083
Peak Generation kw 5,813 9,265 4,929 10,268 7,519 8,965 11,915 12,268
Nuclear % 13.53 13.85 13.85 13.53 13.85 13.53 13.53 13.85
Solar % 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Bio % 0.31 0.33 0.33 0.31 0.33 0.31 0.31 0.33
3 Wind % 1.74 1.48 1.48 1.74 1.48 1.74 1.74 1.48
Coal % 30.37 30.17 30.17 30.37 30.17 30.37 30.37 30.17
Hydroelectric % 0.78 0.52 0.63 0.78 0.63 0.78 0.78 0.63
Natural Gas % 51.29 51.68 51.68 51.29 51.68 51.29 51.29 51.68
Geothermal % 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Petroleum % 3.94 0.00 0.61 0.86 1.71 1.15 0.86 0.57
4 Peak Load KW 5,782 9,133 4,785 9,656 7,361 8,709 11,721 12,110
7 Annual Electricity
Production MWh 24,144 39,454 19,795 42,070 30,619 36,360 49,138 49,633
12 CO2 Emissions Tons 9,365 15,035 7,309 14,541 11,434 13,035 17,647 18,050
SOx Emissions Tons 155 2.04 1.06 1.35 152 1.40 1.79 1.94
13  |NOxEmissions Tons 1.38 2.00 1.01 1.64 1.50 1.56 2.07 2.17
PM-10 Emissions Tons 1.37 2.21 1.07 213 1.68 191 2.58 2.64
Feeder Real Load kW 2,756 4,504 2,260 4,802 3,495 4,151 5,609 5,666
21
Feeder Reactive Load| kVAR 248 533 239 -386 397 577 630 622
29 Distribution Losses % 0.33 1.19 2.00 4.37 1.92 2.32 1.39 1.28
30 Distribution Power
Factor pf 0.9964 0.9938 0.9952 0.9778 0.9943 0.9915 0.9943 0.9945
39 CO2 Emissions Tons 9,396 15,215 7,458 15,205 11,657 13,345 17,896 18,285
SOx Emissions Tons 1.56 2.06 1.09 141 1.54 1.43 1.81 1.97
40 NOx Emissions Tons 1.39 2.02 1.03 1.72 1.53 1.60 2.10 2.20
PM-10 Emissions Tons 1.38 2.23 1.09 2.23 1.71 1.95 2.62 2.68
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Table E.11: TOU with enabling technologies performance metrics for region 1
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1 Hourly Customer
Electricity Usage kKWh 2,070 2,677 986 432 1,939 868
5 Monthly Customer
Electricity Usage MWh 1,511 1,954 719 315 1,416 634
Peak Generation kW 5,265 7,144 2,642 1,223 5,004 2,242
Nuclear % 10.68 10.09 10.68 10.09 10.68 10.68
Solar % 0.25 0.21 0.25 0.21 0.25 0.25
Bio % 0.67 0.72 0.67 0.72 0.67 0.67
3 Wind % 4.07 3.55 4.07 3.55 4.07 4.07
Coal % 2.88 4.38 2.88 4.38 2.88 2.80
Hydroelectric % 36.88 26.32 36.88 26.32 36.88 36.88
Natural Gas % 41.38 51.24 41.38 51.24 41.38 41.38
Geothermal % 2.29 3.11 1.98 3.11 2.30 0.00
Petroleum % 0.00 1.57 0.00 1.50 0.00 0.00
4 Peak Load kW 5,240 6,900 2,558 1,209 4,878 2,186
7 Annual Electricity
Production MWh 18,178 24,056 8,905 3,806 17,194 7,715
12 CO2 Emissions Tons 1,725 2,184 782 379 1,698 717
SOx Emissions Tons 0.02 0.02 0.01 0.01 0.02 0.01
13 |NOxEmissions Tons 0.23 0.27 0.10 0.05 0.21 0.10
PM-10 Emissions Tons 0.24 0.31 0.11 0.05 0.24 0.10
Feeder Real Load kW 2,075 2,746 1,017 434 1,963 881
21 Feeder Reactive
Load kVAR 64 -279 -198 10 63 -72
29 Distribution Losses % 0.23 2.53 3.05 0.55 1.19 142
30 Distribution Power
Factor pf 0.9995 0.9929 | 0.9687 | 0.9997 | 0.9994 | 0.9666
39 [CO2Emissions Tons 1,729 2,241 806 381 1,719 728
SOx Emissions Tons 0.02 0.02 0.01 0.01 0.02 0.01
40 NOXx Emissions Tons 0.23 0.28 0.10 0.05 0.21 0.10
PM-10 Emissions Tons 0.24 0.32 0.11 0.05 0.24 0.10
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Table E.12: TOU with enabling technologies performance metrics for region 2
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1 Hourly Customer
Electricity Usage kWh 2,165 2,268 1,982 2,989 6,340 4571
5 Monthly Customer
Electricity Usage MWh 1,580 1,656 1,447 2,182 4,628 3,336
Peak Generation kW 6,345 6,189 6,246 9,495 18,180 12,461
Nuclear % 26.33 26.33 26.33 26.33 26.33 26.33
Solar % 0.01 0.01 0.01 0.01 0.01 0.01
Bio % 0.82 0.82 0.82 0.82 0.82 0.82
3 WwWind % 1.41 1.41 1.41 1.41 1.41 1.41
Coal % 47.18 47.18 47.18 47.18 47.18 47.18
Hydroelectric % 7.42 6.37 7.42 7.42 7.42 6.23
Natural Gas % 16.33 16.33 16.33 16.33 16.33 16.33
Geothermal % 0.07 0.00 0.07 0.07 0.07 0.00
Petroleum % 10.80 0.00 8.55 11.70 8.38 0.00
4 Peak Load kW 6,316 6,068 6,116 9,301 17,962 12,319
7 Annual Electricity
Production MWh 19,012 20,127 17,690 26,814 56,076 40,368
12 CO2 Emissions Tons 8,387 9,251 8,522 12,756 26,864 17,415
SOx Emissions Tons 3.80 421 3.94 5.90 12.34 7.86
13 |NOxEmissions Tons 2.42 2.68 2.49 3.73 7.82 5.02
PM-10 Emissions Tons 1.24 1.37 1.26 1.89 3.98 2.58
Feeder Real Load kW 2,170 2,298 2,019 3,061 6,401 4,608
21 Feeder Reactive
Load kVAR 91 117 151 -121 335 69
29 |Distribution Losses % 0.24 1.27 1.87 2.35 0.95 0.82
20 Distribution Power
Factor pf 0.9989 0.9987 0.9971 0.9976 0.9986 0.9996
39 [CO2Emissions Tons 8,408 9,370 8,684 13,063 27,123 17,558
SOx Emissions Tons 3.81 4.27 4.01 6.04 12.46 7.93
40 NOx Emissions Tons 2.43 271 2.54 3.82 7.89 5.06
PM-10 Emissions Tons 1.25 1.39 1.29 1.94 4.02 2.60
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Table E.13: TOU with enabling technologies performance metrics for region 3
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1 Hourly Customer
Electricity Usage kKWh 2,625 3,664 1,636 3,726
5 Monthly Customer
Electricity Usage MWh 1,916 2,675 1,195 2,720
Peak Generation kW 6,700 9,198 4,333 8,285
Nuclear % 8.65 9.72 9.72 9.72
Solar % 0.13 0.13 0.13 0.13
Bio % 0.23 0.25 0.25 0.25
3 Wind % 2.05 2.45 2.45 2.45
Coal % 40.24 41.52 41.52 41.52
Hydroelectric % 5.58 6.40 6.06 6.40
Natural Gas % 41.67 37.88 37.88 37.88
Geothermal % 1.25 0.39 0.00 0.08
Petroleum % 1.81 0.00 0.00 0.00
4 Peak Load kw 6,661 9,004 4,276 8,024
7 Annual Electricity
Production MWh 23,071 32,707 14,433 33,786
12 CO2 Emissions Tons 16,252 23,553 9,955 25,305
SOx Emissions Tons 7.05 10.34 4.26 11.24
13 |NOxEmissions Tons 4.39 6.41 2.66 6.93
PM-10 Emissions Tons 242 351 1.48 3.77
Feeder Real Load kw 2,634 3,734 1,648 3,857
21 |Feeder Reactive
Load kVAR 216 486 141 558
29 |Distribution Losses % 0.32 1.87 0.69 3.39
30 Distribution Power
Factor pf 0.9969 0.9904 0.9969 0.9896
39 [CO2 Emissions Tons 16,305 24,001 10,024 26,194
SOx Emissions Tons 7.07 10.54 4.29 11.64
40 |NOxEmissions Tons 4.40 6.53 2.68 7.18
PM-10 Emissions Tons 2.43 3.58 1.49 3.90
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Table E.14: TOU with enabling technologies performance metrics for region 4
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1 Hourly Customer
Electricity Usage kWh 2,326 1,913 836 349
5 Monthly Customer
Electricity Usage MWh 1,698 1,396 610 255
Peak Generation kw 6,078 5,228 2,405 1,103
Nuclear % 21.91 21.91 22.45 23.15
Solar % 0.00 0.00 0.00 0.00
Bio % 0.18 0.18 0.18 0.18
3 Wind % 0.60 0.60 0.64 0.53
Coal % 57.14 57.14 56.92 56.89
Hydroelectric % 0.38 2.20 3.32 2.05
Natural Gas % 17.49 17.49 16.04 16.75
Geothermal % 0.00 0.00 0.00 0.00
Petroleum % 0.00 9.45 15.08 35.30
4 Peak Load kW 6,043 5,131 2,371 1,086
7 Annual Electricity
Production MWh 20,436 17,231 7,497 3,138
12 CO2 Emissions Tons 10,224 9,898 4,037 1,628
SOx Emissions Tons 4.88 4,75 1.94 0.78
13 |NOxEmissions Tons 2.97 2.89 1.18 0.48
PM-10 Emissions Tons 153 1.48 0.60 0.24
Feeder Real Load kw 2,333 1,967 856 358
21
Feeder Reactive Load| kVAR 135 -410 101 46
29 Distribution Losses % 0.28 2.75 2.31 2.52
20 Distribution Power
Factor pf 0.9982 0.9676 | 0.9932 | 0.9917
39 [CO2Emissions Tons 10,252 10,177 4,132 1,670
SOx Emissions Tons 4.89 4.89 1.98 0.80
40 NOXx Emissions Tons 2.98 2.97 1.21 0.49
PM-10 Emissions Tons 153 1.52 0.62 0.25
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Table E.15: TOU with enabling technologies performance metrics for region 5
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1 Hourly Customer
Electricity Usage kKWh 2,734 4,489 2,216 - 3,458 4111 5,612 5,678
5 Monthly Customer
Electricity Usage MWh 1,996 3,277 1,617 - 2,524 3,001 4,097 4,145
Peak Generation kW 6,359 9,456 4,928 - 8,370 10,456 14,917 14,617
Nuclear % 13.53 12.70 13.85 - 12.70 12.70 12.70 12.7
Solar % 0.00 0.00 0.00 - 0.00 0.00 0.00 0.00
Bio % 0.31 0.39 0.33 - 0.39 0.39 0.39 0.39
3 Wind % 1.74 2.52 1.48 - 2.52 2.52 2.52 2.52
Coal % 30.37 33.46 30.17 - 33.46 33.46 33.46 33.46
Hydroelectric % 0.78 1.75 0.63 - 1.75 1.75 1.75 1.75
Natural Gas % 51.29 47.55 51.68 - 47.55 47.55 47.55 47.55
Geothermal % 0.00 0.00 0.00 - 0.00 0.00 0.00 0.00
Petroleum % 13.51 12.25 0.58 - 25.57 30.45 38.23 36.69
4 Peak Load kw 6,328 9,324 4,784 - 8,212 10,199 14,723 14,459
7 Annual Electricity
Production MWh 24,025 39,792 19,802 - 30,882 36,870 49,852 50,381
12 CO2 Emissions Tons 9,202 15,147 7,218 - 11,505 13,325 18,098 18,492
SOx Emissions Tons 1.46 2.00 0.98 - 1.47 1.44 1.87 2.01
13 NOx Emissions Tons 1.33 1.98 0.97 - 1.48 1.59 2.12 2.21
PM-10 Emissions Tons 1.35 2.22 1.06 - 1.68 1.93 2.62 2.68
Feeder Real Load kw 2,743 4,542 2,261 - 3,525 4,209 5,691 5,751
21 |Feeder Reactive
Load kVAR 244 545 239 - 407 599 657 649
29 |Distribution Losses % 0.33 1.18 1.99 - 191 2.33 1.39 1.28
30 Distribution Power
Factor pf 0.9965 0.9935 0.9951 - 0.9941 0.9911 0.9940 0.9942
39 CO2 Emissions Tons 9,232 15,328 7,365 - 11,728 13,643 18,354 18,732
SOx Emissions Tons 1.46 2.02 1.00 - 1.50 147 1.90 2.04
40 [NOxEmissions Tons 1.33 2.01 0.99 - 151 1.63 2.15 2.23
PM-10 Emissions Tons 1.35 2.25 1.08 - 1.71 1.98 2.65 271
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Table E.16: TOU/CPP without enabling technologies performance metrics for region 1
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1 Hourly Customer
Electricity Usage kWh 2,083 2,689 991 435 1,948 875
5 Monthly Customer
Electricity Usage MWh 1,521 1,963 724 317 1,422 639
Peak Generation kW 5,414 6,814 2,523 1,204 4,807 2,280
Nuclear % 10.68 10.68 10.68 10.68 10.68 10.68
Solar % 0.25 0.25 0.25 0.25 0.25 0.25
Bio % 0.67 0.67 0.67 0.67 0.67 0.67
3 Wind % 4.07 4.07 4.07 4.07 4.07 4.07
Coal % 2.88 0.00 0.39 1.53 1.26 2.88
Hydroelectric % 36.88 36.88 36.88 36.88 36.88 36.88
Natural Gas % 41.38 40.43 41.38 41.38 41.38 41.38
Geothermal % 2.84 0.00 0.00 0.00 0.00 1.59
Petroleum % 2.26 0.00 0.00 0.00 0.00 0.00
4 Peak Load kKW 5,389 6,570 2,438 1,190 4,680 2,224
7 Annual Electricity
Production MWh 18,293 24,170 8,957 3,831 17,270 7,778
12 CO2 Emissions Tons 1,784 2,234 802 392 1,745 750
SOx Emissions Tons 0.03 0.03 0.01 0.01 0.03 0.01
13  |NOxEmissions Tons 0.24 0.28 0.10 0.05 0.22 0.10
PM-10 Emissions Tons 0.25 0.32 0.11 0.06 0.25 0.11
Feeder Real Load kW 2,088 2,759 1,022 437 1,971 888
21 Feeder Reactive
Load kVAR 68 -280 -198 11 64 -70
29 |Distribution Losses % 0.23 2.53 3.05 0.56 1.20 1.44
30 Distribution Power
Factor pf 0.9994 0.9929 | 0.9688 | 0.9997 | 0.9994 | 0.9667
39 |CO2Emissions Tons 1,788 2,292 828 394 1,766 761
SOx Emissions Tons 0.03 0.03 0.01 0.01 0.03 0.01
40 NOXx Emissions Tons 0.24 0.29 0.10 0.05 0.22 0.10
PM-10 Emissions Tons 0.25 0.33 0.12 0.06 0.25 0.11
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Table E.17: TOU/CPP without enabling technologies performance metrics for region 2
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1 Hourly Customer
Electricity Usage kWh 2,169 2,269 1,976 2,982 6,342 4,578
5 Monthly Customer
Electricity Usage MWh 1,584 1,656 1,442 2,177 4,630 3,342
Peak Generation kW 5,732 6,274 5,606 8,246 16,673 12,528
Nuclear % 26.33 26.33 27.95 26.33 26.33 26.33
Solar % 0.01 0.01 0.01 0.01 0.01 0.01
Bio % 0.82 0.82 0.84 0.82 0.82 0.82
3 Wind % 1.41 1.41 1.70 1.41 1.41 1.41
Coal % 47.18 47.18 45,54 47.18 47.18 47.18
Hydroelectric % 7.42 742 9.05 4.56 6.92 6.76
Natural Gas % 16.33 16.33 14.47 16.33 16.33 16.33
Geothermal % 0.07 0.07 0.07 0.00 0.00 0.00
Petroleum % 0.13 0.22 2.34 0.00 0.00 0.00
4 Peak Load kW 5,703 6,153 5,476 8,052 16,455 12,386
7 Annual Electricity
Production MWh 19,050 20,134 17,635 26,751 56,090 40,433
12 CO2 Emissions Tons 8,419 9,249 8,464 12,686 26,880 17,446
SOx Emissions Tons 381 421 3.91 5.86 12.35 7.87
13 |NOxEmissions Tons 2.43 2.67 2.48 3.71 7.82 5.02
PM-10 Emissions Tons 1.25 1.37 1.26 1.88 3.99 2.59
Feeder Real Load kW 2,175 2,298 2,013 3,054 6,403 4,616
21 Feeder Reactive
Load kVAR 92 117 148 -128 335 71
29 [Distribution Losses % 0.25 1.27 1.86 2.35 0.95 0.82
20 Distribution Power
Factor pf 0.9989 0.9987 0.9972 0.9976 0.9986 0.9996
39 [CO2Emissions Tons 8,440 9,368 8,624 12,991 27,139 17,590
SOx Emissions Tons 3.82 4.26 3.98 6.00 12.47 7.93
40 NOx Emissions Tons 2.44 271 2.52 3.80 7.89 5.06
PM-10 Emissions Tons 1.25 1.39 1.28 1.93 4.03 2.61
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Table E.18: TOU/CPP without enabling technologies performance metrics for region 3
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1 Hourly Customer
Electricity Usage KWh 2,634 3,658 1,642 3,694
5 Monthly Customer
Electricity Usage MWh 1,923 2,670 1,199 2,697
Peak Generation kW 6,682 9,166 4,381 8,420
Nuclear % 9.72 9.72 9.72 9.72
Solar % 0.13 0.13 0.13 0.13
Bio % 0.25 0.25 0.25 0.25
3 Wind % 2.45 2.45 2.45 2.45
Coal % 41.52 41.52 41.52 41.52
Hydroelectric % 6.40 6.40 6.40 6.40
Natural Gas % 37.88 37.88 37.88 37.88
Geothermal % 1.40 0.05 0.74 1.40
Petroleum % 1.68 0.00 0.00 0.29
4 Peak Load kw 6,643 8,972 4,324 8,160
7 Annual Electricity
Production MWh 23,149 32,652 14,484 33,503
12 CO2 Emissions Tons 16,265 23,448 9,963 25,097
SOx Emissions Tons 7.03 10.27 4.25 11.17
13 |NOxEmissions Tons 4.38 6.37 2.66 6.89
PM-10 Emissions Tons 242 3.49 1.48 3.74
Feeder Real Load kW 2,643 3,727 1,653 3,825
21 |Feeder Reactive
Load kVAR 218 484 143 546
29 [Distribution Losses % 0.33 1.87 0.69 3.40
20 Distribution Power
Factor pf 0.9969 0.9904 0.9968 0.9897
39 [CO2Emissions Tons 16,318 23,895 10,033 25,981
SOx Emissions Tons 7.05 10.47 4.28 11.56
40 |NOxEmissions Tons 4.39 6.49 2.67 7.13
PM-10 Emissions Tons 2.43 3.56 1.49 3.87
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Table E.19: TOU/CPP without enabling technologies performance metrics for region 4
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1 Hourly Customer
Electricity Usage kwh 2,339 1,906 828 346
5 Monthly Customer
Electricity Usage MWh 1,708 1,392 605 252
Peak Generation kW 6,252 4,612 2,075 905
Nuclear % 21.91 21.91 2191 | 23.58
Solar % 0.00 0.00 0.00 0.00
Bio % 0.18 0.18 0.18 0.21
3 Wind % 0.60 0.60 0.60 0.59
Coal % 57.14 57.14 57.14 56.06
Hydroelectric % 2.20 0.00 0.00 0.00
Natural Gas % 17.49 16.30 15.17 15.36
Geothermal % 0.00 0.00 0.00 0.00
Petroleum % 0.98 0.00 0.00 0.00
4 Peak Load kw 6,217 4,515 2,041 889
7 Annual Electricity
Production MWh 20,549 17,172 7,430 3,107
12 CO2 Emissions Tons 10,322 9,837 3,971 1,597
SOx Emissions Tons 492 473 191 0.77
13 |NOxEmissions Tons 3.00 2.87 1.16 0.47
PM-10 Emissions Tons 1.54 1.47 0.59 0.24
Feeder Real Load kW 2,346 1,960 848 355
21 |Feeder Reactive
Load kVAR 138 -413 98 45
29 |Distribution Losses % 0.28 2.76 2.32 2.54
20 Distribution Power
Factor pf 0.9982 0.9671 | 0.9933 | 0.9919
39 |CO2 Emissions Tons 10,351 10,116 4,066 1,639
SOx Emissions Tons 4.93 4.86 1.95 0.79
40 [NOxEmissions Tons 3.00 2.95 1.19 0.48
PM-10 Emissions Tons 1.54 151 0.61 0.24
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Table E.20: TOU/CPP without enabling technologies performance metrics for region 5
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1 Hourly Customer
Electricity Usage KWh 2,747 4,452 2,215 4,597 3,430 4,057 5,637 5,598
2 Monthly Customer
Electricity Usage MWh 2,005 3,250 1,617 3,356 2,504 2,962 4,042 4,087
Peak Generation kW 5,813 9,176 4,915 9,939 7,287 8,568 11,622 11,653
Nuclear % 13.53 13.85 13.85 14.67 13.85 13.85 13.85 13.85
Solar % 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Bio % 0.31 0.33 0.33 0.30 0.33 0.33 0.33 0.33
3 Wind % 1.74 1.48 1.48 1.91 1.48 1.48 1.48 1.48
Coal % 30.37 29.74 30.17 32.04 29.42 27.72 27.29 26.42
Hydroelectric % 0.78 0.00 0.63 1.61 0.00 0.00 0.00 0.00
Natural Gas % 51.29 51.68 51.68 47.26 51.68 51.68 51.68 51.68
Geothermal % 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Petroleum % 3.94 0.00 0.33 1.59 0.00 0.00 0.00 0.00
4 Peak Load KW 5,782 9,043 4771 9,327 7,129 8,311 11,428 11,495
7 Annual Electricity
Production MWh 24,144 39,470 19,801 42,107 30,636 36,387 49,188 49,676
12 |CO2 Emissions Tons 9,365 15,040 7,311 14,552 11,440 13,045 17,668 18,066
SOx Emissions Tons 155 2.04 1.06 1.34 151 1.40 179 1.94
13 |NOxEmissions Tons 1.38 2.00 1.01 1.64 1.50 1.56 2.07 217
PM-10 Emissions Tons 1.37 221 1.07 2.13 1.68 1.91 2.59 2.65
Feeder Real Load kW 2,756 4,506 2,260 4,807 3,497 4,154 5,615 5,671
21 [Feeder Reactive
Load kVAR 248 533 239 -386 397 577 630 622
29 Distribution Losses % 0.33 1.19 2.00 4.37 1.91 2.32 1.39 1.28
30 Distribution Power
Factor pf 0.9964 0.9938 0.9952 0.9779 0.9943 0.9915 0.9943 0.9945
39 CO2 Emissions Tons 9,396 15,220 7,460 15,216 11,663 13,355 17,916 18,301
SOx Emissions Tons 1.56 2.06 1.09 1.40 1.54 143 181 1.97
40 NOx Emissions Tons 1.39 2.02 1.03 1.72 1.53 1.60 2.10 2.19
PM-10 Emissions Tons 1.38 2.23 1.09 2.23 1.71 1.96 2.62 2.68
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Table E.21: TOU/CPP with enabling technologies performance metrics for region 1
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1 Hourly Customer
Electricity Usage kWh 2,073 2,692 991 433 1,946 870
5 Monthly Customer
Electricity Usage MWh 1,513 1,965 723 316 1,421 635
Peak Generation kW 6,229 7,441 2,692 1,333 5,246 2,607
Nuclear % 10.68 10.68 10.68 10.68 10.68 10.68
Solar % 0.25 0.25 0.25 0.25 0.25 0.25
Bio % 0.67 0.67 0.67 0.67 0.67 0.67
3 Wind % 4.07 4.07 4.07 4.07 4.07 4.07
Coal % 2.88 2.88 2.88 2.88 2.88 2.88
Hydroelectric % 36.88 36.88 36.88 36.88 36.88 36.88
Natural Gas % 41.38 41.38 41.38 41.38 41.38 41.38
Geothermal % 2.84 2.84 2.84 2.84 2.84 2.84
Petroleum % 17.59 1.88 0.99 6.09 424 12.86
4 Peak Load kKW 6,204 7,197 2,608 1,319 5,119 2,551
7 Annual Electricity
Production MWh 18,199 24,190 8,952 3,812 17,256 7,730
12 CO2 Emissions Tons 1,736 2,216 793 382 1,720 725
SOx Emissions Tons 0.02 0.02 0.01 0.01 0.03 0.01
13 |NOxEmissions Tons 0.23 0.28 0.10 0.05 0.21 0.10
PM-10 Emissions Tons 0.24 0.31 0.11 0.05 0.24 0.10
Feeder Real Load kW 2,077 2,761 1,022 435 1,970 882
21 Feeder Reactive
Load kVAR 65 -278 -198 10 63 -72
29 |Distribution Losses % 0.23 2.53 3.05 0.56 1.20 1.43
30 Distribution Power
Factor pf 0.9994 0.9930 | 0.9691 | 0.9997 | 0.9994 | 0.9666
39 [CO2Emissions Tons 1,740 2,273 818 384 1,740 735
SOx Emissions Tons 0.02 0.02 0.01 0.01 0.03 0.01
40 NOx Emissions Tons 0.23 0.28 0.10 0.05 0.21 0.10
PM-10 Emissions Tons 0.24 0.32 0.12 0.05 0.25 0.10
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Table E.22: TOU/CPP with enabling technologies performance metrics for region 2
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1 Hourly Customer
Electricity Usage kWh 2,165 2,269 1,988 2,990 6,343 4571
5 Monthly Customer
Electricity Usage MWh 1,580 1,657 1,452 2,183 4,630 3,337
Peak Generation kW 6,231 6,236 6,315 9,430 18,692 12,754
Nuclear % 26.33 26.33 26.33 26.33 26.33 26.33
Solar % 0.01 0.01 0.01 0.01 0.01 0.01
Bio % 0.82 0.82 0.82 0.82 0.82 0.82
3 Wind % 1.41 1.41 1.41 1.41 1.41 1.41
Coal % 47.18 47.18 47.18 47.18 47.18 47.18
Hydroelectric % 7.42 7.12 7.42 7.42 7.42 7.42
Natural Gas % 16.33 16.33 16.33 16.33 16.33 16.33
Geothermal % 0.07 0.00 0.07 0.07 0.07 0.07
Petroleum % 8.81 0.00 9.73 10.94 11.43 1.05
4 Peak Load kW 6,202 6,116 6,185 9,235 18,474 12,611
7 Annual Electricity
Production MWh 19,012 20,133 17,750 26,826 56,100 40,373
12 CO2 Emissions Tons 8,392 9,260 8,581 12,779 26,908 17,424
SOx Emissions Tons 3.80 4.22 3.97 5.91 12.37 7.87
13 |NOxEmissions Tons 2.43 2.68 2.51 3.74 7.83 5.02
PM-10 Emissions Tons 1.24 1.37 1.27 1.89 3.99 2.58
Feeder Real Load kW 2,170 2,298 2,026 3,062 6,404 4,609
21 Feeder Reactive
Load kVAR 91 117 151 -121 336 69
29 |Distribution Losses % 0.24 1.27 1.86 2.35 0.95 0.82
30 Distribution Power
Factor pf 0.9989 0.9987 0.9971 0.9976 0.9986 0.9996
39 [CO2Emissions Tons 8,413 9,379 8,744 13,086 27,168 17,568
SOx Emissions Tons 3.81 4.27 4.04 6.05 12.49 7.93
40 NOXx Emissions Tons 2.43 2.72 2.56 3.83 7.91 5.06
PM-10 Emissions Tons 1.25 1.39 1.30 1.94 4.03 2.60
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Table E.23: TOU/CPP with enabling technologies performance metrics for region 3

%
= =i X P
D o . o
Index Metric Units 8 & & Y
1 Hourly Customer
Electricity Usage Kwh 2,626 3,663 1,638 3,729
5 Monthly Customer
Electricity Usage MWh 1,917 2,674 1,195 2,722
Peak Generation kW 7,032 9,028 4,186 8,261
Nuclear % 9.72 9.72 8.65 8.65
Solar % 0.13 0.13 0.13 0.13
Bio % 0.25 0.25 0.23 0.23
3 Wind % 2.45 2.45 2.05 2.05
Coal % 41.52 41.52 40.24 40.24
Hydroelectric % 6.40 4.96 5.58 5.58
Natural Gas % 37.88 37.88 41.67 41.67
Geothermal % 1.40 0.00 1.25 1.25
Petroleum % 6.99 0.00 0.65 1.17
4 Peak Load kw 6,993 8,834 4,129 8,001
7 Annual Electricity
Production MWh 23,080 32,696 14,445 33,816
12 CO2 Emissions Tons 16,255 23,542 9,960 25,330
SOx Emissions Tons 7.04 10.33 4.26 11.25
13 |NOxEmissions Tons 4.39 6.41 2.66 6.94
PM-10 Emissions Tons 242 351 1.48 3.78
Feeder Real Load kW 2,635 3,732 1,649 3,860
21 |Feeder Reactive
Load kVAR 216 486 142 558
29 |Distribution Losses % 0.32 1.87 0.69 3.39
30 Distribution Power
Factor pf 0.9969 0.9904 0.9968 0.9896
39 |CO2 Emissions Tons 16,308 23,991 10,028 26,219
SOx Emissions Tons 7.07 10.53 4.29 11.64
40 [NOxEmissions Tons 4.40 6.53 2.68 7.18
PM-10 Emissions Tons 2.43 3.57 1.49 3.91
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Table E.24: TOU/CPP with enabling technologies performance metrics for region 4

X
= i o o
D . S G
Index Metric Units 8 & & &
1 Hourly Customer
Electricity Usage KWh 2,329 1,916 838 350
5 Monthly Customer
Electricity Usage MWh 1,700 1,399 612 255
Peak Generation kW 7,221 5,712 2,636 1,122
Nuclear % 21.91 23.58 21.91 | 22.45
Solar % 0.00 0.00 0.00 0.00
Bio % 0.18 0.21 0.18 0.18
3 Wind % 0.60 0.59 0.60 0.64
Coal % 57.14 56.06 57.14 56.92
Hydroelectric % 2.20 3.09 2.20 3.32
Natural Gas % 17.49 16.14 17.49 16.04
Geothermal % 0.00 0.00 0.00 0.00
Petroleum % 16.56 24.60 21.15 26.72
4 Peak Load kw 7,187 5,616 | 2,602 1,105
7 Annual Electricity
Production MWh 20,458 17,259 7,516 3,144
12 CO2 Emissions Tons 10,245 9,933 4,059 1,635
SOx Emissions Tons 4.89 477 1.95 0.79
13 |NOxEmissions Tons 2.98 2.90 1.19 0.48
PM-10 Emissions Tons 1.53 1.48 0.60 0.24
Feeder Real Load kW 2,335 1,970 858 359
21 |Feeder Reactive
Load kVAR 135 -410 101 46
29 |Distribution Losses % 0.28 2.75 2.30 2.52
30 Distribution Power
Factor pf 0.9982 0.9677 | 0.9932 | 0.9917
39 [CO2 Emissions Tons 10,273 10,214 | 4,154 1,677
SOx Emissions Tons 4,90 491 2.00 0.81
40 |NOxEmissions Tons 2.99 2.98 121 0.49
PM-10 Emissions Tons 1.53 152 0.62 0.25
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Table E.25: TOU/CPP with enabling technologies performance metrics for region 5
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Index Metric Units O o’ o’ o o’ o o o
1 Hourly Customer
Electricity Usage kwWh 2,736 4,497 2,220 - 3,467 4,121 5,630 5,694
2 Monthly Customer
Electricity Usage MWh 1,997 3,283 1,620 - 2,531 3,009 4,110 4,157
Peak Generation kw 6,824 11,210 5,905 - 9,132 11,211 15,301 15,662
Nuclear % 13.85 13.85 13.85 - 13.85 13.85 13.85 13.85
Solar % 0.00 0.00 0.00 - 0.00 0.00 0.00 0.00
Bio % 0.33 0.33 0.33 - 0.33 0.33 0.33 0.33
3 Wind % 1.48 1.48 1.48 - 1.48 1.48 1.48 1.48
Coal % 30.17 30.17 30.17 - 30.17 30.17 30.17 30.17
Hydroelectric % 0.63 0.63 0.63 - 0.63 0.63 0.63 0.63
Natural Gas % 51.68 51.68 51.68 - 51.68 51.68 51.68 51.68
Geothermal % 0.00 0.00 0.00 - 0.00 0.00 0.00 0.00
Petroleum % 18.69 20.46 20.15 - 23.13 26.24 26.44 27.88
4 Peak Load kKW 6,793 11,077 5,761 - 8,974 10,954 15,107 15,504
7 Annual Electricity
Production MWh 24,046 39,865 19,839 - 30,959 36,963 50,018 50,529
12 |CO2 Emissions Tons 9,227 15,221 7,253 - 11,578 13,394 18,218 18,600
SOx Emissions Tons 1.47 2.03 1.00 - 1.50 1.46 1.91 2.05
13 [NOxEmissions Tons 1.33 2.01 0.98 = 1.50 1.61 2.14 2.23
PM-10 Emissions Tons 1.35 2.23 1.06 - 1.69 1.95 2.64 2.70
Feeder Real Load kw 2,745 4,551 2,265 - 3,534 4,220 5,710 5,768
21 [Feeder Reactive
Load kVAR 245 547 241 - 409 601 661 653
29 |Distribution Losses % 0.33 1.18 2.00 - 191 2.33 1.39 1.28
30 Distribution Power
Factor pf 0.9965 0.9935 0.9951 - 0.9940 0.9911 0.9939 0.9942
39 CO2 Emissions Tons 9,257 15,403 7,400 - 11,803 13,713 18,475 18,841
SOx Emissions Tons 1.47 2.06 1.02 - 1.53 1.50 1.94 2.07
40 NOx Emissions Tons 1.34 2.03 1.00 - 1.53 1.65 2.17 2.26
PM-10 Emissions Tons 1.36 2.26 1.08 - 1.73 1.99 2.68 2.73
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E.3 Individual DLC Performance Metrics

Table E.26: DLC performance metrics for region 1
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1 Hourly Customer
Electricity Usage kKWh 2,084 2,690 991 435 1,947 875
5 Monthly Customer
Electricity Usage MWh 1,521 1,964 724 317 1,422 639
Peak Generation kKW 5,439 11,925 4230 1,211 6,736 | 2,332
Nuclear % 10.68 10.68 10.68 10.68 10.68 10.68
Solar % 0.25 0.25 0.25 0.25 0.25 0.25
Bio % 0.67 0.67 0.67 0.67 0.67 0.67
3 Wind % 4.07 4.07 4.07 4.07 4.07 4.07
Coal % 2.88 2.88 2.88 212 2.88 2.88
Hydroelectric % 36.88 36.88 36.88 36.88 36.88 36.88
Natural Gas % 41.38 41.38 41.38 41.38 41.38 41.38
Geothermal % 2.84 2.84 2.84 0.00 2.84 2.84
Petroleum % 2.72 63.06 58.49 0.00 33.75 0.96
4 Peak Load kKW 5,414 11,681 4145 1,197 6,609 | 2,276
Annual Electricity
7 |production MWh | 18204 | 24179| 8957| 3820| 17.268| 7,776
12 CO2 Emissions Tons 1,785 2,291 823 392 1,776 751
SOx Emissions Tons 0.03 0.05 0.02 0.01 0.04 0.01
13 [NOxEmissions Tons 0.24 0.29 0.10 0.05 0.22 0.10
PM-10 Emissions Tons 0.25 0.32 0.11 0.06 0.25 0.11
Feeder Real Load kwW 2,088 2,760 1,023 437 1,971 888
21 Feeder Reactive
Load kVAR 68 -278 -197 11 64 -70
29 |Distribution Losses % 0.23 2.54 3.06 0.56 1.21 1.44
Distribution Power
30 Factor pf 0.9994 0.9928 0.9683 | 0.9997 | 0.9994 | 0.9667
39 |CO2Emissions Tons 1,789 2,351 849 394 1,798 762
SOx Emissions Tons 0.03 0.05 0.02 0.01 0.04 0.01
40 NOXx Emissions Tons 0.24 0.29 0.11 0.05 0.22 0.10
PM-10 Emissions Tons 0.25 0.33 0.12 0.06 0.25 0.11
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Table E.27: DLC performance metrics for region 2
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1 Hourly Customer
Electricity Usage kWh 2,170 2,269 1,969 2,972 6,341 4577
5 Monthly Customer
Electricity Usage MWh 1,584 1,656 1,437 2,169 4,629 3,341
Peak Generation kKW 5,833 6,195 7,291 11,963 16,958 12,633
Nuclear % 26.33 26.33 26.33 26.33 26.33 26.33
Solar % 0.01 0.01 0.01 0.01 0.01 0.01
Bio % 0.82 0.82 0.82 0.82 0.82 0.82
3 Wind % 1.41 1.41 1.41 1.41 1.41 1.41
Coal % 47.18 47.18 47.18 47.18 47.18 47.18
Hydroelectric % 7.42 6.46 7.42 7.42 7.42 7.42
Natural Gas % 16.33 16.33 16.33 16.33 16.33 16.33
Geothermal % 0.07 0.00 0.07 0.07 0.07 0.07
Petroleum % 1.89 0.00 26.63 40.63 1.13 0.09
4 Peak Load kKW 5,804 6,074 7,161 11,769 16,740 12,490
7 Annual Electricity
12 CO2 Emissions Tons 8,422 9,253 8,415 12,621 26,883 17,446
SOx Emissions Tons 3.81 421 3.88 5.82 12.34 7.87
13 |NOxEmissions Tons 2.43 2.68 2.46 3.69 7.82 5.02
PM-10 Emissions Tons 1.25 1.37 1.25 1.87 3.99 2.59
Feeder Real Load kwW 2,175 2,298 2,006 3,043 6,402 4,615
21
Feeder Reactive Load | kVAR 92 118 149 -125 337 71
29 |Distribution Losses % 0.25 1.27 1.87 2.36 0.96 0.82
30 Distribution Power
Factor pf 0.9989 0.9987 0.9971 0.9975 0.9986 0.9996
39 CO2 Emissions Tons 8,442 9,373 8,575 12,926 27,143 17,591
SOx Emissions Tons 3.82 4.27 3.96 5.97 12.46 7.93
40 NOXx Emissions Tons 2.44 271 251 3.78 7.89 5.06
PM-10 Emissions Tons 1.25 1.39 1.27 1.91 4.03 2.61
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Table E.28: DLC performance metrics for region 3

ht
G G o %
R T -
= i <
Index Metric Units 8 & & Y
1 Hourly Customer
Electricity Usage kKWh 2,635 3,661 1,643 3,704
5 Monthly Customer
Electricity Usage MWh 1,923 2,673 1,200 2,704
Peak Generation kw 6,727 8,892 4,461 10,704
Nuclear % 9.72 9.72 9.72 9.72
Solar % 0.13 0.13 0.13 0.13
Bio % 0.25 0.25 0.25 0.25
3 Wind % 2.45 2.45 2.45 2.45
Coal % 41.52 41.52 41.52 41.52
Hydroelectric % 6.40 351 6.40 6.40
Natural Gas % 37.88 37.88 37.88 37.88
Geothermal % 1.40 0.00 1.40 1.40
Petroleum % 2.36 0.00 1.14 27.41
4 Peak Load kw 6,688 8,699 4,404 10,443
7 Annual Electricity
Production MWh 23,154 | 32,685 | 14,497 33,587
12 CO2 Emissions Tons 16,264 23,433 9,971 25,109
SOx Emissions Tons 7.02 10.25 4.25 11.15
13 |NOxEmissions Tons 4.38 6.36 2.66 6.88
PM-10 Emissions Tons 242 3.49 1.48 3.74
Feeder Real Load kw 2,643 3,731 1,655 3,834
21 |Feeder Reactive
Load kVAR 219 487 144 552
29 |Distribution Losses % 0.33 1.87 0.69 3.40
30 Distribution Power
Factor pf 0.9969 0.9903 0.9968 0.9895
39 [CO2Emissions Tons 16,317 23,881 10,040 25,994
SOx Emissions Tons 7.05 10.44 4.28 11.55
40 |NOxEmissions Tons 4.39 6.48 2.68 7.12
PM-10 Emissions Tons 2.43 3.56 1.49 3.87
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Table E.29: DLC performance metrics for region 4
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1 Hourly Customer
Electricity Usage KWh 2,340 1,908 831 347
5 Monthly Customer
Electricity Usage MWh 1,708 1,393 607 253
Peak Generation kwW 6,364 5,281 2,690 1,217
Nuclear % 23.58 21.91 21.91 21.91
Solar % 0.00 0.00 0.00 0.00
Bio % 0.21 0.18 0.18 0.18
3 Wind % 0.59 0.60 0.60 0.60
Coal % 56.06 57.14 57.14 57.14
Hydroelectric % 3.09 2.20 2.20 2.20
Natural Gas % 16.14 17.49 17.49 17.49
Geothermal % 0.00 0.00 0.00 0.00
Petroleum % 3.93 10.54 23.63 29.37
4 Peak Load kW 6,330 5,184 2,656 1,201
7 Annual Electricity
Production MWh 20,552 | 17,190 | 7453 3,116
12 CO2 Emissions Tons 10,324 9,850 3,993 1,606
SOx Emissions Tons 4,92 4,73 1.92 0.77
13 [NOxEmissions Tons 3.00 2.87 1.17 0.47
PM-10 Emissions Tons 1.54 1.47 0.60 0.24
Feeder Real Load kW 2,346 1,962 851 356
21 Feeder Reactive
Load kVAR 138 -411 99 45
29 Distribution Losses % 0.28 2.76 2.32 2.54
30 Distribution Power
Factor pf 0.9982 | 0.9670 | 0.9932 | 0.9918
39 |CO2Emissions Tons 10,353 10,130 4,088 1,648
SOx Emissions Tons 493 4.86 1.96 0.79
40 NOx Emissions Tons 3.00 2.95 1.19 0.48
PM-10 Emissions Tons 1.54 1.51 0.61 0.25
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Table E.30: DLC performance metrics for region 5
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1 Hourly Customer
Electricity Usage KwWh 2,748 4,489 2,226 - 3,467 4,114 5,624 5,686
5 Monthly Customer
Electricity Usage MWh 2,006 3,277 1,625 - 2,531 3,003 4,106 4,151
Peak Generation Kw 6,116 10,659 5,065 - 8,694 11,579 15,960 15,864
Nuclear % 13.85 13.85 13.85 - 13.85 13.85 13.85 13.85
Solar % 0.00 0.00 0.00 - 0.00 0.00 0.00 0.00
Bio % 0.33 0.33 0.33 - 0.33 0.33 0.33 0.33
3 Wind % 1.48 1.48 1.48 - 1.48 1.48 1.48 1.48
Coal % 30.17 30.17 30.17 - 30.17 30.17 30.17 30.17
Hydroelectric % 0.63 0.63 0.63 - 0.63 0.63 0.63 0.63
Natural Gas % 51.68 51.68 51.68 - 51.68 51.68 51.68 51.68
Geothermal % 0.00 0.00 0.00 - 0.00 0.00 0.00 0.00
Petroleum % 6.58 14.64 3.32 - 17.31 30.33 31.81 29.50
4 Peak Load kw 6,085 10,527 4,921 - 8,537 11,323 15,766 15,706
Annual Electricity
7 Production MWh 24,149 39,798 19,900 - 30,967 36,901 49,965 50,459
12 CO2 Emissions Tons 9,369 15,405 7,412 - 11,794 13,567 18,465 18,864
SOx Emissions Tons 1.55 2.22 1.11 - 1.69 1.65 2.17 2.32
13 |NOxEmissions Tons 1.38 211 1.04 - 161 1.71 2.30 2.39
PM-10 Emissions Tons 1.38 2.26 1.09 - 1.73 1.99 2.70 2.76
Feeder Real Load Kw 2,757 4,543 2,272 - 3,535 4,212 5,704 5,760
21 [Feeder Reactive
Load kVAR 248 546 243 - 410 599 658 649
29 [Distribution Losses % 0.33 1.19 2.02 - 1.92 2.34 1.39 1.28
Distribution Power
30 |Factor pf 0.9964 0.9936 0.9951 - 0.9941 0.9912 0.9940 0.9943
39 CO2 Emissions Tons 9,400 15,590 7,565 - 12,024 13,891 18,726 19,110
SOx Emissions Tons 1.56 2.25 114 - 1.72 1.69 2.20 2.35
40 NOXx Emissions Tons 1.39 2.13 1.06 - 1.64 1.75 2.33 2.42
PM-10 Emissions Tons 1.38 2.29 1.11 - 1.76 2.03 2.74 2.80
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