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PREFACE

The California Energy Commission’s Energy Research and Development Division supports energy
research and development programs to spur innovation in energy efficiency, renewables and other
advanced clean energy generation, energy-related environmental protection, energy transmission and
distribution and transportation.

In 2012, the Electric Program Investment Charge (EPIC) was established by the California Public Utilities
Commission to fund public investments in research to create and advance new energy solutions, foster
regional innovation and bring ideas from the lab to the marketplace. The California Energy Commission
(Energy Commission) and the state’s three largest investor-owned utilities — Pacific Gas and Electric
Company, San Diego Gas & Electric Company and Southern California Edison Company — were selected
to administer EPIC funds and advance novel technologies, tools and strategies that provide benefits to
their electric ratepayers.

The Energy Commission is committed to ensuring public participation in its research and development of
programs that promote greater reliability, lower costs and increase safety for the California electric
ratepayer. These ratepayer benefits include the following.

e Providing societal benefits

e Reducing greenhouse gas emissions in the electricity sector at the lowest possible cost

e Supporting California’s loading order to meet energy needs first with energy efficiency and
demand response, next with renewable energy (distributed generation and utility scale) and
finally with a clean, conventional electricity supply

e Supporting low-emission vehicles and transportation

e Providing economic development

e Using ratepayer funds efficiently

This Final Tariff Assessment Report is a product of the Advancing Intelligence to Enable Integration of
DERs project (also referred to as EPC-15-048 or the Smart Home Study), Task 10: Assessment of Tariffs.
The information from this project contributes to the Energy Research and Development Division’s EPIC
Program.

All figures and tables are the work of the authors for this project unless otherwise cited or credited.

For more information about the Energy Research and Development Division, visit the Energy
Commission’s website at energy.ca.gov/research/ or contact the Energy Commission at 916-327-1551.
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ABSTRACT

The State of California has established aggressive clean energy and greenhouse gas emissions (GHG)
reduction goals that will be achieved largely by adding renewable energy generation from solar and
wind to its electric grid. This shift in electric generation will provide significant environmental and public
health benefits. For the full benefits of the available renewable energy resources to be realized,
however, electric loads must be shifted to periods of higher renewable generation, otherwise fossil-fuel
powered resources will continue to meet larger demands than necessary. The primary method to shift
customer demand to more optimal times of the day is through price signals. Accordingly, this research
investigated the potential of two types of price signals to encourage residential customers to shift
demand to periods of high renewable generation in San Diego Gas & Electric (SDG&E) territory: retail
rates and a wholesale market mechanism. The analysis shows that SDG&E’s Electric Vehicle-Time-of-
Use-5 rate structure corresponds, in general, with seasonal and daily variations in utility costs and
emissions thereby incentivizing customers to consume low-cost and low GHG-emission energy from the
grid; but there is opportunity to use a modified rate structure that can potentially reduce emissions by
0.02 and 0.03 MT annually on average per household (with 4- and 8-kWh energy storage systems,
respectively) without significantly affecting utility costs. The analysis also showed that negative pricing
events occur frequently during the daytime, particularly in the spring months. However, the maximum
potential economic benefit to customers from California Independent System Operator’s load shift
resource product in the SDG&E Sub-Load Aggregation Point is likely insufficient ($1.87/kW per year) to
incentivize residential customer participation.

Keywords: Tariff Analysis, Utility Costs, Greenhouse Gas Emissions, Curtailment, Negative Pricing,
Residential Rate Structures, Load Shift Resource

Center f_or
Sustainable
Energy Assessment of Tariffs

6



A

Contents

EXECUTIVE SUMIMIAIY ittt et e ettt e et e e s sttt e e e e e e s s aabeaeeeeeeesanasbebaeeeesssannnseneaeeas 10
Ta 1A go e [ ot i Te] o U O OO PR PP PPTON 10
I =F: [ ol o T O] o T =Tot 1Y/ T RS 10
RESUIES ..ttt ettt s bt e s bt sat e st e bt e b e e bt e e bt e e ae e et e e b e e b e e she e sheesane e be e be e beenes 10
BenNefits 10 CalifOrnia ....ooieee i nanes 11
TR @ o - T =Y o PP 12
T ageTe [V AT ] o HUU T TR PP VOTOPRTO 12
TR @1 o =Y =T TP 13
V13 aToTe Fo] o} .Y 2SSO 13
RETAI RALES ...ttt ettt sa e sttt e et e e s b e e sbe e satesabe e abe e be e bt e e bt e eneeenteenteentean 13
D - PP TP PPTPPPPPN 13
IMIEENOAS -t ettt st e st e s bt e e s abe e s be e e s ab e e e bb e e abe e s beeesabeeeabeeenreesbeeenares 13
Wholesale Market IMECHANISIM .......iiiiiiiiie ettt et e s bt e e sab e sbeessteesbeeenns 15
D | TSP OPPR T 15
Y= d o Lo - O O T TP P PRSPPI 15

11 (01 =T o1 =T i F PP 16

RESUIES ...ttt sh e st ettt e bt e s b e s ae e s et e ar e bt e bt e re e e ne e e ae e eare et s 16
RETAI RATES ...ttt sttt et e b e s b e st s bt s bt e bt e r e e e r e e ne e e aeeeneeenreen 16
Y=E e a1 1oL W 2 [ 10T o LY W =T e KRR 16
Differences Between Marginal RAtes..........occiiiiiciie i ettt e et e e et e e e bae e e e be e e e e eareeas 19
Combined INEX @Nd SEASONS ....cecuiiiuiiriieiieteeee sttt ettt sh e st e b e e b e s bt e sbeesate et e e beesbeesaeesanenas 19
Comparing the Combined Index with an Existing Rate Structure........cccoceeivciiiiieciee e 20
Combined INdex RAte SErUCTUIE......ccuiiiiiiieieceeree ettt st e 22
Wholesale Market MECRaNISM ......eoiiiiiirieeeee ettt sttt et s be e saeesane e 25
Real-Time Market Negative Pricing TreNdS .......c.uuviiiiiiee ettt e e e e e e e e e e e e e e e 25
Potential ECONOMIC BENETIES .....iiiiiiiiie ettt st st st 27
Center for
Sustainable

Energy Assessment of Tariffs

7



V. (01 =T o1 T PP 28

DISCUSSION....ettiii ittt ettt e e s bt e e s b e e e s b b e e s s b e e e srra e e s sra e e e s sanee 28
Optimizing Retail Rates to Reduce Emissions and Utility COStS......ccvuiiiriiiiiiiiiiieiiiiieeeeriiee e 28
Leveraging a Wholesale Market Mechanism during Negative Pricing Periods ......cccccccevvveiveeiiiveeennns 29
Economic Benefit Of LSR ProQUCT........coiiiiiiiiiiiieeee ettt ettt st s 29
[ag]oF: [otafe] T oY= To I or-Tot o] RS 29
CONCIUSIONS ...ttt ettt b e s he e st e e et e bt e she e saeesabe e b e e bt e s beesbeesateemteenseesbeesueesanenas 30
(€] Lo T Y- o PRSPPIt 31
FAY o7 o 1=] o T [ T SPTPR 32

\ Center for
A\ Sustainable

Energy ) Assessment of Tariffs 8



A

List of Figures

Figure 1: Designing the Modified Rate StruCtUre........ccovciiiiiiiciiiee e e 15
Figure 2: Relative Histogram for Marginal Avoided Costs and Marginal Emissions..........ccccecvvvveen... 16
Figure 3: Hourly and Seasonal Marginal Avoided Costs and Marginal Emissions...........c.cccccveernunnen. 17
Figure 4: Weekday Marginal Avoided Costs and Marginal Emissions by Month..........c.ccccceecvienens 18
Figure 5: Differences in Marginal Avoided Costs and Emissions for Weekdays.........ccccoccvveeeerernnnnn. 19
Figure 6: Combined Index by Month Grouped by Season for Weekdays.........cccoeeveriericiveeeeniicnneeenn. 20
Figure 7: Combined Index vs. EV-TOU-5 by Month and Hour for Weekdays.........cccccceevveeviiniinennnns 21
Figure 8: Differences in EV-TOU-5 and Combined Index for Weekdays.........cccceeuvveeeiiciireeeininnennnn. 22
Figure 9: Weekday Rate Structure Comparison Based on Combined Index and EV-TOU-5.............. 23
Figure 10: Weekend Rate Structure Comparison Based on Combined Index and EV-TOU-5............ 23

Figure 11: Change in Household Emissions and Utility Costs with Optimized Energy Storage.........24

Figure 12: Average Charging and Discharging Profiles of Optimized Energy Storage..........c.c......... 25
Figure 13: NegatiVe PriCe RANGES. ....uuuiiiiiiiiiiiiieiteee ettt ee e e s s s irrre e et e e e s e s s s sabaabeeeeesseeeas 25
Figure 14: Total Duration of Negative Price Events by Month.........ccccceiieiiiiiiicciiee e, 26
Figure 15: Total Duration of Negative Price Events by HOUF..........ooooiiiiii i 27

List of Tables

Table 1: Maximum Annual Economic Benefit from LSR Product............cccccevvviririiiiiviviviverenrennvnnnnn, 27

Center f_or
Sustainable

Energy Assessment of Tariffs

9



A

Executive Summary

Introduction

Approximately one-third of California’s electric generation comes from renewable resources—a fraction
that will continue to grow as the state moves toward its goal of 100% carbon-free electricity by 2045.%2
However, this growth is not without challenges as intermittent renewable generation does not typically
correspond to periods of greatest demand, and it increasingly results in curtailment and wholesale
negative pricing. Maximizing renewable energy benefits requires that customer electric loads are shifted
to periods of higher renewable generation, otherwise fossil-fuel powered resources will continue to
meet larger demands than necessary. Currently, renewable energy is often curtailed (reduced below
capacity) during some periods of higher renewable generation due to a lack of sufficient demand.
Curtailment is a growing problem as more renewable capacity is added to the state’s grid, with more
curtailment in the first five months of 2019 than in all of 2015 and over three times more curtailment in
May 2019 than in May 2018.3 The primary methods for inducing customers to shift demand to more
optimal times of day (i.e., when renewable energy is plentiful and overall demand is not high) is through
price signals.

Research Objectives

The research presented here investigates the potential of two types of price signals to encourage
residential customers to shift demand to periods of high renewable generation in San Diego Gas &
Electric (SDG&E) territory: retail rates and a wholesale market mechanism. In the retail rate analysis, the
research team assessed the degree to which utility costs and greenhouse gas (GHG) emissions were
aligned and examined opportunities to modify SDG&E’s Electric Vehicle-Time-Of-Use-5 tariff (EV-TOU-5)
to better align it with the goal of reducing emissions by suggesting a new rate structure. For the
wholesale market mechanism analysis, negative wholesale pricing trends were evaluated and the team
assessed the potential economic benefits to customers participating in the California Independent
System Operator’s proposed Load Shifting Resource (LSR) product, which could allow customers with
behind-the-meter energy storage to receive compensation through the wholesale market for increasing
load during negative pricing periods.

Results

The research showed that the existing EV-TOU-5 rate structure was generally aligned with utility costs
and emissions, but relatively minor modifications to the structure, such as expanding super off-peak
periods during daytime hours in the spring and winter, could incentivize customers to shift energy use to
consume more renewable energy, decreasing household annual emissions by an average of 0.02 and
0.03 MT (for 4- and 8-kWh energy storage systems, respectively) without significantly affecting utility
costs. Findings also indicate that the lowest utility costs, lowest emissions and highest frequency of
negative pricing in the wholesale market typically occurred during daytime hours in spring months.
Additionally, the maximum potential economic benefit for customers from the LSR product in the

! california Energy Commission. 2019. Total System Electric Generation.
https://ww2.energy.ca.gov/almanac/electricity data/total system power.html

2 california Legislative Information. 2018. SB-100 California Renewables Portfolio Standard Program: emissions of greenhouse gases.
https://leginfo.legislature.ca.gov/faces/billNavClient.xhtmI?bill id=201720180SB100

3 california Independent System Operator. 2019 Managing Oversupply. http://www.caiso.com/informed/Pages/ManagingOversupply.aspx
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SDG&E Sub-Load Aggregation Point was $1.87/kW of load-shifting capacity per year for 2018,
representing minimal financial incentive for residential customer participation.

Benefits to California

California’s renewable capacity will continue to grow the next several decades to reach the state’s clean
energy and GHG emissions reduction goals. Identifying and implementing rates structures and other
market mechanisms that incentivize customers to shift loads to periods of higher renewable generation
will help support the integration of more renewable energy onto the grid and decrease reliance on
fossil-fueled resources.
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|.  Chapter1

Introduction

Approximately one-third of California’s electric generation comes from renewable resources—a fraction
that will continue to grow as the state moves toward its goal of 100% carbon-free electricity by 2045.%°
As the percent of renewable generation grows, the need to align demand with supply becomes more
important. The intermittent nature of wind and solar (the most prevalent renewable resources) means
that electric loads must be shifted to times when the wind blows and the sun shines, otherwise fossil-
fuel powered resources will continue to meet large demands during periods of lower renewable
generation. In the worst cases, renewable generation is curtailed, or reduced below capacity, inhibiting
the state’s progress toward its clean energy goals. Indeed, this is a growing problem: the first five
months of 2019 saw more curtailment than all of 2015, and more than three times more curtailment
occurred in May 2019 than in May 2018.°

The primary method of inducing customers to shift demand to more optimal times of day (i.e., when
plenty of renewable electricity is available and overall demand is not already high) is through price
signals. The research presented in this report examines two potential price signals for residential
customers in San Diego Gas & Electric territory: retail rates and a wholesale market mechanism. In the
retail rate analysis, the research team examines how strongly an existing residential time-of-use (TOU)
rate structure aligns with utility costs and greenhouse gas (GHG) emissions. In addition, the researchers
suggest a new, modified rate structure that better optimizes utility costs and emissions. The wholesale
market mechanism examined is the California Independent System Operator’s (CAISQO’s) proposed proxy
demand resource-load shift resource (PDR-LSR) product.” Specifically, the researchers analyzed the LSR
component of the product, which will compensate customers who employ behind-the-meter resources
to bid load increases into the wholesale market during times of negative marginal pricing—an indicator
of renewable electricity curtailment.

4 california Energy Commission. 2019. Total System Electric Generation.
https://ww2.energy.ca.gov/almanac/electricity data/total system power.html

> California Legislative Information. 2018. SB-100 California Renewables Portfolio Standard Program: emissions of greenhouse gases.
https://leginfo.legislature.ca.gov/faces/billNavClient.xhtmI?bill id=201720180SB100

% california Independent System Operator. 2019 Managing Oversupply. http://www.caiso.com/informed/Pages/ManagingOversupply.aspx

7 California Independent System Operator. 2018. Energy Storage and Distributed Energy Resource Phase 3.
http://www.caiso.com/Documents/DraftFinalProposal-EnergyStorage-DistributedEnergyResourcesPhase3.pdf
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II. Chapter 2

Methodology

The research was comprised of two parts: an analysis of retail rates and a wholesale market mechanism
analysis. This chapter describes the data and methods used for each analysis.

Retail Rates

The objectives of the first analysis were to 1) assess how effectively an SDG&E retail rate aligns its price
signals with utility costs and GHG emissions and 2) design a new rate structure that would induce load-
shifting to better optimize these two metrics. As a first step, the researchers compared utility costs
(represented by marginal avoided costs) with marginal GHG emissions.? Because they were not perfectly
aligned, the researchers created a “combined index” incorporating both metrics, which in turn enabled a
comparison of the price signals of Electric Vehicle-Time-Of-Use-5 (EV-TOU-5) with the development of a
new rate structure that would align with the combined index. EV-TOU-5 was chosen for the analysis
because it was identified in a previous tariff analysis of existing SDG&E rates to be the most cost-
effective for use with distributed energy resources (DERs)® and because it has a similar structure to
other SDG&E rate structures such as the Time-of-Use-Domestic Residential-1 and Electric Vehicle-Time-
of-Use-2.1°

Data

Marginal avoided costs were generated using the E3 Avoided Costs Calculator.!! The E3 model forecasts
long-term marginal avoided costs to assess the impact of reducing load at different time intervals on
utility costs. The marginal avoided costs were generated using the default settings for 2018 in SDG&E
territory. Only data for climate zone 7 (CZ7) was used since a majority of SDG&E revenue comes from
this zone and the marginal avoided costs were similar across all zones. The marginal emissions data
indicate the change in emissions for a given load increase or decrease and were generated for the CAISO
electric grid region SP-15, which contains SDG&E territory, with the Automated Emissions Reduction
model from WattTime. The data are hourly and provided in MT/MWh.

Methods

Daily, monthly and seasonal trends in marginal avoided costs and marginal emissions were evaluated by
calculating the correlation between the hourly marginal rates by month of the year and season using
Spearman’s rank correlation coefficient. For consistency, the research team used the seasonal
definitions as defined by a subsequent analysis (see description directly following) with winter defined
as September-February, spring as March-June and summer as July-August. The marginal avoided costs
and emissions were combined into a single metric or the “combined index.” The combined index was
defined as the mean percentile rank for each hourly value of the marginal avoided costs and the

8 Marginal avoided costs and greenhouse gas (GHG) emissions consider the incremental costs incurred by the utility and the incremental GHG
emissions increase or decrease by adding or taking away a kWh of energy at a given time. To optimize utility costs and/or reduce GHG
emissions, electricity consumption should be moved to times with the lowest marginal avoided costs and lowest marginal GHG emissions.

° Tamerius, James, et. al. 2019. Rate Analysis and Modeling for the Optimization of Customer and Grid Impacts with Smart Home Energy
Management Technologies.

105an Diego Gas & Electric. 2019. TOU Pricing Plans. https://www.sdge.com/regulatory-filing/2227/time-use-tou

1 state of california. 2019. Cost-effectiveness: Avoided Cost Calculator. https://www.cpuc.ca.gov/General.aspx?id=5267
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marginal emissions. K-means clustering was then used to identify seasonal patterns in the combined
index. The attributes used for clustering were the hourly means of the combined index by month. The
median combined index percentile rank was calculated for each season to generate a combined index
for each season identified from the clustering analysis.

Next, the research team created a modified rate structure that balances the marginal avoided costs and
emissions while retaining the level of complexity and rates of an existing TOU rate structure. The level of
complexity of the existing rate structure was retained to highlight how simple changes could better align
it with the marginal rates (herein, “marginal rates” refers to both marginal avoided costs and marginal
emissions). To do this, the seasonal combined index values were mapped to the nearest percentile ranks
of the six unique time-dependent pricing levels assessed under the EV-TOU-5 tariff.!? Figure 1 is a
schematic showing how the combined index values were mapped to different pricing levels (for
simplicity the schematic only shows four pricing levels) for a day. There were six modified rates
generated corresponding to each season and by day type (weekday/weekend).

Finally, the research team assessed the results of the modified rate structure to reduce both emissions
and utility costs. Specifically, the researchers modeled the effects of an optimized energy storage system
on utility costs and emissions using net usage data for 95 San Diego County households enrolled in a
smart home study.!® The energy storage system operational schedule was set to minimize customer
costs under the EV-TOU-5 and the modified rate structure using linear programming. The optimization
included time-variable prices and nonbypassable charges, however, the effects of monthly fees were not
considered in the optimization process. The resulting net load profiles for each household were then
multiplied by the corresponding hourly marginal rates and summed to determine the total utility costs
and emissions associated with household electricity consumption for the year. Total annual emissions
and utility costs were assessed for EV-TOU-5 and the modified rate structure for households with 4- and
8-kWh energy storage systems and households with no energy storage system.

12 San Diego Gas & Electric. 2019. Service for Residential Customers with an Electric Vehicle.
https://www.sdge.com/sites/default/files/regulatory/6-1-19%20Schedule%20EV-TOU-5%20Total%20Rates%20Table.pdf

13 The Smart Home Study was conducted by the Center for Sustainable Energy in partnership with Alternative Energy Systems Consulting, Inc.,
Itron, Oxygen Initiative and SDG&E; the study assessed the ability of Itron’s Residential Distributed Energy Management System to bring
benefits to customers and the grid.
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Figure 1. Designing the Modified Rate Structure
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Wholesale Market Mechanism

The objective of the second analysis was to assess trends in negative pricing events and evaluate the
potential economic benefits of customer participation in the CAISO LSR product.

Data

The researchers used 2018 CAISO real-time market prices for the SDG&E Sub-Load Aggregation
(DLAP_SDGE_APND) price node. According to the Federal Energy Regulatory Commission, real-time
market prices are significantly more volatile than those on the day-ahead market due to demand
uncertainty, transmission- and generator-forced outages and other unforeseen events. Thus, there is an
increased likelihood of supply and demand imbalances in the real-time market that can result in
negative price events.

Methods

Monthly and hourly trends of negative prices in the CAISO 5-minute real-time market were evaluated by
summing the total duration of 5-minute intervals with negative prices. Next, the potential economic
benefits of the LSR product to residential customers were evaluated. It was assumed that customers
were compensated with the negative wholesale market price for shifting flexible DER load, such as
energy storage, they were able to receive compensation for shifting more of their electric load to
periods of negative pricing. Accordingly, the negative prices for each 5-minute interval was converted to
S/kW and summed across the year to derive the maximum potential annual compensation per kW.
Since the available flexible capacity in a household would affect potential compensation, the maximum
annual economic benefits to a customer were evaluated across a range of capacities.

14 Federal Energy Regulatory Commission 2015. Energy Primer: A Handbook of Energy Market Basics. https://www.ferc.gov/market-
oversight/guide/energy-primer.pdf
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Ill. Chapter 3

Results

In the retail rate analysis, the research team assessed the seasonal and hourly trends for marginal
avoided costs and emissions, differences between marginal rates and developed a rate structure that is
consistent with the goal of reducing emissions. For the wholesale market mechanism analysis, negative
wholesale pricing trends and the potential economic benefits to a residential customer participating in
CAISO’s LSR were evaluated.

Retail Rates

Seasonal and Hourly Trends

Figure 2 shows the distribution of the hourly marginal avoided costs and marginal emissions for 2018 by
season. The y-axis units are density, which can be defined as the relative frequency of the values on the
x-axis appearing in the data. The mean marginal avoided cost was $88/MWh with a vast majority of
values between $25-125. Marginal avoided costs were lowest in the spring and reached maximum
values in the summer. The summer was also characterized by a number of outliers (>$250) that were as
large as ~$9,500/MWh. Marginal emissions ranged from 0 to 0.7 MT/MWh with an average of 0.3
MT/MWh. As with marginal avoided costs, marginal emissions were lowest in the spring.

Figure 2. Relative Histogram for Marginal Avoided Costs and Marginal Emissions
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Figure 3 shows hourly marginal avoided costs and marginal emissions (light lines) with a 30-day rolling
average (bold lines). The marginal avoided costs are relatively consistent across months, with the
exception of a lower average observed in March-July that coincides with many periods of S0/MWh of
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marginal avoided costs. The upper limit of the y-axis cuts off the large outliers (>$250/MWh). The
seasonal trend in marginal emissions is similar to the trend observed for marginal avoided costs, with
lower marginal emissions in spring (April-June). Marginal emissions of 0 MT/MWh occur sporadically but
are most frequent in spring and are rare in the summer.

Figure 3. Hourly and Seasonal Marginal Avoided Costs and Marginal Emissions
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Figure 4 shows the marginal avoided costs and marginal emissions by month and hour for weekdays.
The marginal rates were significantly correlated by hour across all months (see correlation coefficient
and p-values in upper left corner of subplots in Figure 4). There are four main features observed in both
the avoided marginal costs and marginal emissions: a morning peak (5-8 a.m.), a daytime trough (9
a.m.-3 p.m.), an evening peak (4-8 p.m.) and an overnight trough (9 p.m.—4 a.m.). In general, the lowest
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marginal rates occurred during the midday trough and maximum marginal rates occurred during the
evening peak. Marginal rates were highly similar across weekdays and weekends, although the marginal
emissions were slightly higher in the early morning hours on the weekends relative to weekdays

(Appendix Figure 1).

Figure 4. Weekday Marginal Avoided Costs and Marginal Emissions by Month

100% Jan : Feb Mar Apr
R =051 : R =052 R=046
p = 2.32E-38 p = 262E-37 p = 2.63E-27

50%

0%

May Jun Jul Aug

R=0.43 R=0.47
p = 7.85€-25 p =7.62E-32

100%

.4

R=0.
p = 6.33E-23

50%

Percentile

0%

Sep Oct Nov Dec

R=049
p=7.03E-34

100%

R =043 R=029
p = 1.49E-22

p = 4.46E-12

50%

0%
N

—— Marginal Avoided Cost —— Marginal Emissions
Hours

I D A T L AP\
LT TP IT T TP ATE & TR

Center for

/‘\/ Sustainable

Energy'“ Assessment of Tariffs

18



A

Differences Between Marginal Rates

Marginal avoided costs and marginal emissions are significantly correlated across all months (see top
left corner of subplots in Figure 4), although there are some notable differences. These differences are
highlighted in the heatmap in Figure 5 that shows the mean percentile rank difference between the
marginal emissions and marginal avoided costs for weekdays. The positive values (red) indicate hours
where the percentile rank of the marginal emissions are greater than the percentile rank of the marginal
avoided costs; the negative values (blue) indicate hours where the percentile rank of the marginal
emissions is less than the percentile rank of the marginal avoided costs. For instance, Figure 5 shows
that the marginal rates are highly similar in January. In February-March the marginal emissions values
tend to be larger than marginal avoided costs during the overnight trough period, particularly 9 p.m.-3
a.m. Marginal avoided costs tend to be larger during the end of the daytime trough and the first half of
the evening peak, particularly in August-October. Finally, during the morning peak marginal emissions
tend to be greater than marginal avoided costs in March-May. Differences between the marginal rates
over the weekend are highly similar to those during weekdays (Appendix Figure 2).

Figure 5. Differences in Marginal Avoided Costs and Emissions for Weekdays
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Combined Index and Seasons

The analysis showed that the year can be divided into three unique seasons based on differences in the
daily cycles of the combined index across months (Figure 6). The seasons identified were spring (March-
June), summer (July-August) and winter (September-February). The seasons identified in this analysis
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are in contrast to those in the TOU tariffs used by SDG&E that have two unique seasonal rates: winter
(November-May) and summer (June-October). There are also special super off-peak rates during the
winter months of March-April that coincide with daytime periods of low net demand (10 a.m.-2 p.m.).

The four primary daily features (morning peak, daytime trough, evening peak, overnight trough) are
prominent in the combined index; grouping by season highlights how the presence and magnitude of
these features varies by season. The spring is characterized by a minor morning peak, a large midday
trough and then a moderate evening peak. In the summer the morning peak is extremely subtle,
followed by a weak and short daytime trough and a large evening peak. The winter is characterized by
the largest morning peak, a moderate decrease in the combined index during the daytime trough and
then a moderate—but elongated—increase in the combined index during the evening peak. These
patterns were nearly identical for weekends (Appendix Figure 3).

Figure 6. Combined Index by Month Grouped by Season for Weekdays

Spring (March-June)

100%

50% . -

0%
Summer (July-August)

100%

50% — — .

Percentile

0%
Winter (September-February)

100%

50% — - — -

0%
12 AM 6 AM 12 PM 6 PM 11PM
Hour

Comparing the Combined Index with an Existing Rate Structure
A comparison of the combined index to EV-TOU-5 is shown in Figure 7. The percentile ranks of the EV-

TOU-5 energy charges are shown for direct comparison with the combined index. The heatmap in Figure

8 highlights the differences between the percentile ranks of the combined index and EV-TOU-5 rates

with the positive (red) values indicating the hours that the EV-TOU-5 rate is greater than the combined

index and the negative (blue) indicate the hours that the EV-TOU-5 percentile rank is less than the
combined index. Together, these figures show that the EV-TOU-5 percentile rank are greater than the
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combined index throughout spring from the morning peak through the midday trough and in the
summer during the evening peak. The EV-TOU-5 rate is also relatively low for the overnight trough year-
round. The differences between the combined index and EV-TOU-5 are similar for the weekends

(Appendix Figures 4 and 5).

Figure 7. Combined Index vs. EV-TOU-5 by Month and Hour for Weekdays
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Combined Index Rate Structure

Using the combined index and EV-TOU-5 comparison results, a modified rate structure was created that
more closely aligns with the combined index by “mapping” the combined index values to EV-TOU-5 price
levels (see Figure 1). Figures 9 and 10 show the combined index after being mapped to the rates in the
EV-TOU-5 rate structure, or the modified rate structure (yellow), versus the EV-TOU-5 rate structure
(green). Overall, the modified rate structure and EV-TOU-5 are similar although there are some notable
differences. The most consistent difference is the addition of hours with super off-peak rates during the
daytime trough in winter, spring and summer. Currently, EV-TOU-5 only has daytime super off-peak
rates during the week from 10 a.m. to 2 p.m. in March-April. The modified rate structure also shows a
contracted on-peak period during the summer with only three hours of on-peak rates relative to five on-
peak rates in EV-TOU-5. The modified rates are typically lower than EV-TOU-5 rates with the exception
that super off-peak rates end earlier in the morning for winter and summer. The modified rate structure
for the weekend shows similar characteristics except that all seasons show super off-peak rates during
the daytime trough; the summer peak rate does not increase to the highest rate (Figure 10).

Figure 8. Differences in EV-TOU-5 and Combined Index for Weekdays
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Customer net usage profiles combined with energy storage with optimized schedules aimed at
minimizing customer bills for EV-TOU-5 and the modified rate structure both resulted in reduced
emissions and utility costs relative to scenarios with no battery storage (Figure 11). However, the
emission reductions were 0.02 MT/year and 0.03 MT/year greater on average per household for 4- and
8-kWh systems, respectively, for the modified rate structure. The magnitude of the decrease in utility
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costs was nearly equal for both EV-TOU-5 and the modified rate structure. The increased reductions in

emissions corresponding to the modified rate structure were due to an increase in daytime charging and
a commensurate drop in early morning charging (Figure 12). The added super off-peak rates in the
modified rate structure also resulted in decreased annual household bills that were disproportionately
larger than the decrease in utility costs, which is problematic since this could prevent the utility to
recover their costs; however, this could be easily reconciled by shifting or rescaling pricing levels.

Figure 9. Weekday Rate Structure Comparison Based on Combined Index and EV-TOU-5
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Figure 10. Weekend Rate Structure Comparison Based on Combined Index and EV-TOU-5
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Figure 11. Change in Household Emissions and Utility Costs with Optimized Energy Storage
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Figure 12. Average Charging and Discharging Profiles of Optimized Energy Storage
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Wholesale Market Mechanism

Real-Time Market Negative Pricing Trends

Negative pricing trends provide insight into the frequency and duration of opportunities to receive
compensation through the LSR product on the wholesale market. Figure 13 shows that during 2018 for
the SDG&E Sub-LAP negative prices ranged from -$50 to $0/MWh, but more than 75% of the negative
prices were between -$10 and SO with an average negative price of -56.9/MWh. The magnitude of the
negative prices had a slight tendency to be greater (more negative) in March-June and between 4-6
p.m.

Figure 13: Negative Price Ranges
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Negative prices occurred most frequently from February-June with May having the greatest total
duration of negative prices, totaling 65 hours or 9% of the month. October also had a high frequency of
negative prices with 46 hours of negative prices or 6% of the month. By contrast, July-August had the
lowest frequency of negative prices with a total of 1.9 hours.

Figure 14 shows the total duration and frequency of CAISO negative prices by month in the 5-minute
real-time market. In all, negative pricing occurred for 273 hours (equivalent to more than 11 days) of the
year. The longest continuous periods occurred in March-May and September-November. For example,
the longest negative price event occurred on March 25 for eight hours from 10:25 a.m. to 6:35 p.m., and
the second longest events were 6 hours during the months of May and October.

Figure 14: Total Duration of Negative Price Events by Month
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In addition to monthly and seasonal trends, there was significant diurnal variability. Figure 15 shows the
total duration of negative prices by hour of the day for 2018. A majority of the negative price events
were during daylight hours with negative prices present more than 5% of the time from 8 a.m. to 5 p.m.
Negative pricing events peaked near 2 p.m. and represented 8% of all intervals during this period. By
contrast, the frequency of negative pricing events during the evening was low with few negative prices
observed from 7 to 9 p.m. The strong diurnal cycle of negative pricing events was, in general, consistent
across months, although there was an increase in the number of hours that experienced negative prices
in the March-June period.
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Figure 15: Total Duration of Negative Price Events by Hour

30 -
v 25 -
>
o
£
~ 20 -
2
bt
o
:;15‘
@]

z

}910-
5 -
0 -

- 8%

- 6%

- 4%

Percent of time

- 2%

- 0%

12 AM 6 AM 12 PM 6 PM 11PM
Hours

Potential Economic Benefits
Table 1 shows the potential maximum annual economic benefits for the LSR product by load-shifting

capacity. The results indicate that the frequency and magnitude of the negative price events limit the
economic benefits to residential customers with approximately $1.87 per kW of load-shifting capacity

annually.

Center f_or
Sustainable
Energy~

Table 1: Maximum Annual Economic Benefit from LSR Product

Load-Shifting Maximum Annual
Capacity Economic Benefit
(kW) ($)
1 1.87
5 9.35
10 18.70
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V. Chapter 4

Discussion

This chapter provides a result discussion with final conclusions for the retail rate and wholesale market
mechanism analyses. The retail rate analysis assessed the degree to which utility costs and GHG
emissions were aligned and examined opportunities to modify SDG&E’s EV-TOU-5 to better align it with
the goal of reducing emissions. The wholesale market mechanism analysis evaluated pricing trends
along with the potential economic benefits to customers participating in CAISO’s proposed LSR product.
Findings indicate opportunities to optimize retail rates to reduce emissions and utility costs as well as to
leverage a wholesale market mechanism during negative pricing periods.

Optimizing Retail Rates to Reduce Emissions and Utility Costs

The comparison of the combined index to EV-TOU-5 showed that they are strongly aligned but
important differences exist. In particular, the analysis showed that SDG&E’s weekday super off-peak
period does not coincide with the periods of lowest emissions and utility costs. Instead, the periods of
lowest utility costs and emissions typically occur during periods of high solar generation (approximately
9 a.m. to 4 p.m. depending on the season) whereas the weekday super off-peak time period for SDG&E
TOU rates is from midnight to 6 a.m. year-round, with daytime super off-peak periods only established
for two spring months (March and April) lasting from 10 a.m. to 2 p.m. Thus, modifying existing TOU rate
structures to incentivize customers to shift demand to daytime hours with super off-peak rates for
additional periods of the year, particularly winter and late spring (May-June), could reduce utility costs
and emissions. In addition, extending the daytime hours with super off-peak rates during the spring
months from 10 a.m.—2 p.m. to 8 a.m.—4 p.m. would align rates more closely with utility costs and
emissions.

Conversely, the nighttime super off-peak periods for SDG&E’s existing TOU rates including EV-TOU-5 do
not correspond to the periods of lowest utility costs and emissions. However, these nighttime super off-
peak rates are reasonable since this rate structure was designed to incentivize electric vehicle (EV)
owners to shift load to the overnight hours (12-6 a.m.), which is the best available charging time for
many EV owners during the week because they are generally at work during the optimal times (9 a.m.-4
p.m.). This highlights the importance of workplace charging to decrease utility costs and emissions. But
non-EV customers or EV customers that have other flexible DERs, such as energy storage, could provide
greater emission and utility cost reductions by shifting available load to the daytime. To appropriately
incentivize customers to shift loads to the daytime period, rates would need to be as low (if not lower)
than the nighttime super off-peak rates.

The research team developed a modified version of EV-TOU-5 that alighs more strongly to utility costs
and emissions, with lower rates during the daytime hours, especially in spring and winter (Figures 9 and
10). Further, relative to SDG&E’s TOU rates, the modified rate structure decreases the number of
months with summer rates to only July and August, and expands the spring season to include March and
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June. It was shown that energy storage systems optimized to the modified rate can reduce emissions
compared to the EV-TOU-5 rate structure without significantly affecting utility costs.

Leveraging a Wholesale Market Mechanism during Negative Pricing
Periods

The seasonal variation in negative price frequencies is due to energy generation and demand patterns.
Electricity demand is highest in the summer due to cooling loads, which reduces the likelihood of
oversupply and increases electricity costs. However, months that have both moderate temperatures and
sunny skies have relatively low demand (limited cooling loads) and high solar generation that results in
more frequent oversupply and negative pricing. During seasons with relatively high solar generation and
low demand, negative pricing is most likely to occur between 8 a.m.-4 p.m., but the likelihood of
negative pricing decreases rapidly in the evening as solar generation declines and demand increases.

Economic Benefit of LSR Product

The results of the LSR product analysis showed that the economic benefit of increasing load during
negative pricing intervals is relatively negligible. The maximum potential economic benefit for customers
was $1.87/kW of load shifting capacity per year. Thus, the forthcoming LSR product offered by the
CAISO will likely be insufficient to encourage residential customers to shift their load to times of
negative pricing. Additionally, behind-the-meter resources would be required for customers to
participate in the wholesale market and the added cost of such resources resulting from contracting
scheduling coordinators® and demand response providers would likely surpass the compensation of
participating in the market. However, this analysis does not include the other potential economic
benefits of the LSR product that includes providing load reduction during periods of grid stress into the
wholesale market. Nonetheless, it would be difficult for the combined compensation of increasing load
during negative pricing and decreasing load during high pricing to completely cover the administrative
costs of participating in the market for residential customers —let alone the cost of acquiring a battery
or other resource with load-shifting capacity.

Additionally, times of negative pricing may not coincide with customers’ lowest retail rate. As discussed
with SDG&E’s EV-TOU-5 rate, some tariffs have the lowest cost rates during overnight hours, which do
not correlate with frequent times of negative pricing at the wholesale market. Similarly, with aligning
grid costs and marginal emissions rates, TOU rates could be revised so that the lowest cost hours are
during solar generation hours, which see the highest occurrence of negative pricing and the lowest
marginal emissions and avoided costs.

Impact on Load Factor

Load factor is the ratio of the average load of an electric customer (or aggregation of customers) divided
by the peak load over a given time period. A higher load factor indicates a larger difference between the
peak and average load. Historically, achieving a load factor of 1 (a “flat” load) has been the goal of

15 The research team was unable to find publicly available data on scheduling coordinators costs.
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utilities and regulatory agencies. However, with the increase of negative pricing and renewable
curtailment, there are seasons and times of day during which increased load benefits the electric grid
and facilitates renewable energy integration. This changes how grid managers view customer load
profiles and led the CAISO to create the LSR product in which resources are paid the negative price of
energy for increasing load during times of negative prices. As California continues to install solar and
wind and experiences greater amounts of curtailment, customer loads that can respond to time-varying
price signals will prove essential in mitigating curtailment and achieving the state’s renewable energy
goals. Thus, load factor is becoming a less important concept as flexible DERs shape consumer profiles to
meet changes in supply.

Conclusions

This research investigated the potential of two types of price signals to encourage residential customers
to shift demand to periods of high renewable generation in SDG&E territory: retail rates and a wholesale
market mechanism. Incentivizing customers to shift loads to these periods through price signals could
increase the consumption of renewable energy and lower utility costs. Although this research showed
that compensation from negative prices in the wholesale market by themselves do not offer a strong
economic signal for behind-the-meter customers to participate in the CAISO’s proposed LSR product,
relatively minor adjustments to existing TOU rates in the SDG&E territory could build load during these
hours and reduce emissions.
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Glossary

Term Definition

Marginal

Avoided The reduction in costs incurred by the utility for a unit decrease in electricity.

Cost

CAISO California Independent System Operator. A nonprofit benefit corporation that oversees
the operation of most of California’s wholesale power grid.

Combined

ind A metric that combines both marginal avoided costs and marginal emissions.

ndex
Electric Vehicle-Time-of-Use. Electric utility rates available for SDG&E residential

EV-TOU customers with electric vehicles. https://www.sdge.com/residential/pricing-
plans/about-our-pricing-plans/electric-vehicle-plans

GHG Greenhouse Gas. Any gas that absorbs infrared radiation such as carbon dioxide and
methane.
Load Shift Resource. One component of CAISO’s proposed proxy demand resource-load
shift resource product that will allow behind-the-meter resources to bid into the

LSR wholesale market and customers to be paid the negative marginal price for load
increase. http://www.caiso.com/Documents/DraftFinalProposal-EnergyStorage-
DistributedEnergyResourcesPhase3.pdf

Marginal . L . .

. The change in greenhouse emissions due to a change in the electricity consumed.

Emissions

SDG&E San Diego Gas & Electric. A regulated public utility that services San Diego and southern
Orange counties.
Time-of-use. A utility rate that considers the time of day a customer uses energy and

TOU charges a higher price per kWh during on-peak hours and a lower price per kWh during
off-peak hours.
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Appendix
Appendix Figure 1. Marginal Emissions and Marginal Avoided Costs by Month for Weekends
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Appendix Figure 2. Differences in Marginal Avoided Costs and Marginal Emissions for Weekends
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Appendix Figure 3. Combined Index by Month Grouped by Season for Weekends

Percentile

Center for

100%

50%

0%

100%

50%

0%

100%

50%

0%

Sustainable

Energy~

Spring (March-June)

Summer (July-August)

Winter (September-February)

12 AM 6 AM 12 PM 6 PM
Hour

11PM

Assessment of Tariffs

33



<

Appendix Figure 4. Combined Index vs. EV-TOU-5 by Month and Hour for Weekends
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Appendix Figure 5. Differences in EV-TOU-5 and Combined Index for Weekends
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