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The lmpact of Retail Rate Structureson the Economics of Commer cial Photovoltaic
Systemsin California
Andrew Mills’, Ryan Wiser, Galen Barbose, William Golove
Ernest Orlando Lawrence Berkeley National Laboratory, 1 Cyclotron Road, M®OOR
Berkeley CA 94720, USA

Abstract:
This article examines the impact of retail electricity rate alesigthe economic value of
grid-connected photovoltaic (PV) systems, focusing on commercial customers in
California. Using 15-minute interval building load and PV production data from a sample
of 24 actual commercial PV installations, we compare the value of theuilysaacross
20 commercial-customer retail electricity rates currentlgrefl in the state. Across all
combinations of customers and rates, we find that the annual bill savings frgmePV
kWh generated, ranges from $0.05/kWh to $0.24/kWh. This sizable range in rate-
reduction value reflects differences in rate structures, revenue ragui the size of the
PV system relative to building load, and customer load shape. The most sign#ieant
design issue for the value of commercial PV is found to be the percentage ofilibta
bills recovered through demand charges, though a variety of other factoisodmiad to
be of importance. The value of net metering is found to be substantial, but only when
energy from commercial PV systems represents a sizable portion of anstioaner load.
Though the analysis presented here is specific to California, our gerselgd cdemonstrate
the fundamental importance of retail rate design for the customer-economiict of g

connected, customer-sited PV.

" Corresponding author. Tel.: +1510 486 4059; f&610 486 6996. E-mail addressadmills@lbl.gov
(A.Mills), rhwiser@lbl.gov (R. Wiser)glbarbose@Ibl.goYG. Barbose), andhgolove @chevron.corfW.
Golove).
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1. I ntroduction

The solar power market is growing at a quickening pace, fueled by rapid tegicabl
advancements, concerns about global climate change and energy securityidnaavat
solar power financing, and an array of national and local initiatives ainiegb@oving the
value proposition of photovoltaic (PV) systems. The United States representslttis w
third-largest market for PV installations, behind Germany and Japan, antiiiwstalin
California represent over 75% of the entire U.S. market for grid-connected®vgh
solar policies in the U.S. take many forms, they commonly include up-fronalceqst
rebates or ongoing production incentives, supplemented by net metering reqtsreme
ensure that customer-sited PV systems offset the full retail rateiotiseomer-hosts (see,

e.g., Bolinger and Wiser 2002; Cooper et al. 2006).

Somewhat less recognized is the role of retail rate design, beyond nehg)eterthe
customer-economics of grid-connected, customer-sited PV. Over the life ofysivh,
utility bill savings represent a substantial portion of the overall economic redawved by
the customet. At the same time, the design of retail electricity rates, partlgitar
commercial and industrial customers, can vary quite substantially. Re&tailmay contain
flat or time-varyingenergy ($/kWh) charges and, for commercial customers, aféemrand

($/kW) charges as well. Understanding how specific differences in ragm défect the



value of customer-sited PV is therefore essential to supporting the continuegd gfahis

market.

This article, which presents select results of a larger study by Atiaé (2007), examines
the impact of retail rate design on the economic value of customer-sitia BdmMmercial
customers in California. We focus on California for two primary reasons, Eakfornia
represents the largest market for PV in the United States and, with a seatllyjsbed $3.3
billion incentive program intended to motivate 3,000 MW of PV installations by 2016, is
likely to remain a major market for PV globally. Second, the state’'srieletilities have
developed a wide range of retail rate structures, allowing for a thoroadysis of the
impact of variations in rate design on the economics of commercial PV systems.
Consequently, though our analysis is specific to California, our generakregulie of

some use to other states and countries that are seeking to support customer-sited PV

One can discuss the value of PV systems from a variety of perspectivesthErom
perspective of the electric utility and its ratepayers, much of the vallé odiifes in the
form of avoided fixed and variable costs associated with the generation, ssiosmnand
distribution of electricity’ From the perspective of society at large, the value of PV
includes the same set of avoided costs enjoyed by the utility, and in addition avoided
externalities (e.g., associated with emissions or land use) and other beneélly, ffom
the perspective of a customer with a PV system installed at its fattigtygconomic value
of a PV system derives in large part from savings on electric utility bills.this last

perspective that is the focus of this article.



We focus, in particular, on 20 commercial and industrial electricity cateently offered
by the five largest electric utilities in the state: the Los Angekgsartment of Water &
Power (LADWP), Pacific Gas & Electric (PG&E), Southern CaliforniasBdi(SCE), San
Diego Gas & Electric (SDG&E), and the Sacramento Municipal Utilistrizt (SMUD).
We compute the annual electricity bill savings that would be realized on eacheofétess
by 24 actual commercial PV installations in California, using contempouané&5-minute
interval building load and PV production data from those sites. We then compare the
calculated bill savings across rate schedules and customer sites, aediifiel@ences
related specifically to rate design, as well as differences retattier factors, including:
the average cost of electricity on each rate, the customer load shape, the PYgoroduc

profile, and the size of the PV system relative to customer load.

The results of this analysis should be of value to: regulators and policymakers etbdav
authority to approve the design of retail electricity tariffs and waohtlerstand the impact
of those tariffs on the economics of commercial PV systems; stakeholder gioapgsh

to influence those rate design decisions; end-use customers who need to estimate the
potential bill savings from PV installations; and PV retailers and conssildro have an
obligation to assist customers in determining the value of PV investments atettimge
the retail rate that will maximize that value. We encourage furthet efdhis type in

other jurisdictions where the temporal profile of PV output differs, and whexierege

structures are dissimilar to those in California.



The remainder of this article is structured as follows:

2.1

Section 2 highlights the basic characteristics of commercial electriaitifgan the
United States, elucidates the principles of rate design, and reviews pregeasch
upon which our work builds.

Section 3 describes the retail rates, customer load and PV data, and basic analysis
methods used in this article.

Section 4 presents the customer-value of PV across the rate schedules analyzed,
focusing on the base-case assumptions in which net metering is available and the
customer remains on the same retail rate before and after the iiostalfaa PV

system.

Section 5 relaxes the earlier assumption that customers must stay on the same rate
before and after installing a PV system, and demonstrates the potentiadfvialtee
switching, especially when energy from PV represents a sizablerpofifacility load.
Section 6 estimates the value of net metering under different retail ratelseact
customer load profiles, and PV penetration levels.

Section 7 concludes with a summary of our major findings.

Rate Design Methods, Principles, and Applications

Retail Rate Treatment of Customer-Sited PV

In many European countries, customers are compensated for their PV output through a

feed-in tariff, and PV systems are therefore located on the utility’s sithe electricity



meter. In contrast, customers in the U.S. are compensated for their PV outatlydy
using the PV system to meet onsite electrical load and thereby avoidipgrtthase of
electricity at retail prices. Many states have adopted policies to stipisastpe of
arrangement. First, some states, including California, have eliminatedhgtamd backup
charges for customer-sited PV; these charges are typically intendambwer the fixed-
costs of serving customers in the event that an onsite generator does not fulfill the
customer’s entire electricity demand. Second, many states have addptexterang
requirements. Though the specific design of net metering rules and tratiatness to
PV customers varies considerably, generally speaking, net meteang alistomers with
PV systems to be credited for the generation from those systems at ithateefaevailing
at the time of production, regardless of the customer load at that time (Hughedland Be
2004; Cooper and Rose 2006). In contrast to feed-in tariffs, net metering gealéalty
customers to reduce annual or monthly utility bills to zero but does not allow customers t
receive a net payment for PV production. Beyond these policies, the reductien in t
customer’s utility bill, and thus the overall customer-economics of PV, is atswktr

affected by the structure of retail electricity tariffs.

2.2 Rate Design for Commercial Customers in the United States

Electric utility rates are set with oversight from regulators to redbnsecost of providing
service and to provide a reasonable return on investment for utility sharehatders.
addition to overall utility cost recovery, regulators balance severa goaétting retail
electricity rates. One important goal is economic efficiency, mgahat customers

should be charged rates that reflect the cost to the utility of providing an additanaf



service to that customer. Other important goals include equity, rate gtabiltvation,

administrative ease, and environmental protection (Bonbright 1961; Weston 2000).

In evaluating the economic efficiency of different rate structures,ntipsitant to

understand what drives utility costs in the short- and long-term, acknowletigirth e

drivers may differ for generation, transmission, and distribution. Cost drivgrgwotade

the number of customers, customer and/or system peak load, and the amount of energy
consumed. These drivers correspond to three distinct types of charges for cammer

customers:

e Fixed recurring customer charges, denominated as a fixed monthly or daily charge;

e Demand charges, assessed on “peak” customer demand (kW), often determined within
a single 15-minute interval; and

e Volumetric energy charges, assessed on energy consumption (kWh), and either fixed

in value or time-varying.

Two of the primary challenges of rate setting are determining how to divitkeasusng

these three categories and how to specifically design each chargejrikiognsideration

the various objectives of rate design. Substantial debate exists on these topicsy(B
1961). In part as a result, the allocation of the total customer bill among these cotapone
as well as the structure of the individual components, can and do differ signifivenats
rates. Fixed recurring charges are generally a very smabpaiftthe overall bill,

however; as a result, in this article we focus on how the bill savings fraonoerssited



PV is affected by the allocation of utility bill costs between demand and vtsilareeergy

charges, and by the structure of these two types of charges.

2.3 Impact of Retail Rate Design on the Value of PV: Literature Review

Predicting the effect of PV systems on volumetric energy chargdatisety
straightforward, and requires only a temporal PV production profile. Inasintr
calculating reductions in demand charges is more complicated and custoaoifer, g
these savings depend on the precise temporal correlation between PV syptéraralit
building load. Accurate calculation of demand charge reductions may theesjaneer
customer-specific 15-minute PV production and contemporaneous load data. Furthermore,
demand charge savings may change over time as customer load shapandrae
therefore less predictable than energy charge savings. As a result, alimaonal for
potential solar customers to either ignore or heavily discount any dainestimated
demand savings, and for solar advocates to call for optional “PV-friendgg tiaht
eliminate or significantly reduce demand charges and that instead rewostecosts

through volumetric energy charges (Smeloff et al. 2006, WGA 2006).

A number of authors have examined the extent to which PV systems can reduce peak
customer demand and/or demand charges. Perez et al. (1997) estimate the-bastedner
effective load carrying capacity (ELCC) of PV systems for a rangesibmer load types.
The study finds that PV systems most effectively reduce demand in aitionadioffice
buildings. Hoff et al. (1992) use load data from a single office building amdatied PV

data to show that, for a PV system sized much smaller than the maximum demand of the



building, the PV system leads to substantial reductions in both demand and energy charges
using two specific electricity tariffs. The authors also find that tbethty demand

reduction from the PV system declines from an average of 70% of PV gdpdeiss than

10% of PV capacity as the PV system size is increased relative to peakdlaktl. Hoff

et al. explain that this is due to the peak demand shifting from the afternoon, when PV
production is highest, to times when the PV system is not expected to produce significant
amounts of electricity. Bhattacharjee and Duffy (2006) performed astabganalysis of

a PV system installed on a government building in Massachusetts and show how the
payback period for the system decreases if demand charge saving®querated in the

economic analysis.

Other studies have examined a broader range of issues related toiggteadesV,
including Hoff and Margolis (2004) and Pop (2005), which compare the value of PV
systems for residential customers under time-of-use (TOU) ratessvetandard flat rates.
Herig and Starrs (2002) discuss the implications of fixed versus volumetrieshasgwell
as standby and back-up rates, on the economics of solar installations. Johnston et al.
(2005) explore the impact of standby charges on distributed generation on a qualitative
basis, while Firestone et al. (2006) establish the quantitative impact dbgtemarges and
other rate structures on distributed generation in New York and California. Geiager
(2006) provide a recent review of the status and importance of net metering atehe st

level, while Duke et al. (2005) summarize the public policy rationale for netingeter



Based on this review of previous work it is apparent that several other authors have
explored the value of PV systems under various rate designs. This literatuma ha
systematically estimated avoided utility bill costs to commercisiaaners across multiple
actual metered building load and PV production combinations, however, or under a large

number of different rate structures. The work presented here fills that void.

3. Data and Analytical Approach

3.1 Retail Rates Schedules

The 20 retail electricity rates analyzed in this article aredigt Table 1, and represent the

full set of standard tariffs offered by the five largest utilities inf@alia to net-metered
commercial and industrial (C&I) customers with peak demands greater than 100 kw.

Most of these rates include both energy charges and demand charges. The angegy ch

can be distinguished based on how the energy charge rate (denominated in $/k&gh) vari
over time:flat rates remain constant all year losgasonal rates vary between winter and
summer; andime-of-use (TOU) rates vary throughout each day and are typically highest
during the summer on-peak hours. The demand charges can be distinguished in two ways:
by the period over which peak demand is defined (either annually, monthly, or during
specific time-of-day periods) and whether the demand charge rate (dereamimditk\W)

differs by season or is constant year-round.
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Tablel. Commercial Rate SchedulesIncluded in Analysis

Rates Evaluated in Analysis (from January 2007 Tariff Books)

Demand Charge Type

Utility Rate Name Energy Charge
Type Facility Charge Demand Charge
A-2, A Flat Annual, Fixed Monthly, Seasonal
LADWP
A-2,B/A-3,C TOU Annual, Fixed TOD, Seasonal
A-1 Seasonal
A-6 TOU
A-10 Seasonal - Monthly, Seasonal
PG&E
A-10 TOU TOU - Monthly, Seasonal
E-19 TOU Monthly, Fixed TOD, Seasonal
E-20 TOU Monthly, Fixed TOD, Seasonal
GS-2, Non-TOU Seasonal Monthly, Fixed Monthly, Seasonal
GS-2, TOU Option A TOU Monthly, Fixed
SCE GS-2, TOU Option B TOU Monthly, Fixed Monthly, Seasonal
TOU-GS-3 Option A TOU Monthly, Fixed
TOU-GS-3 Option B TOU Monthly, Fixed TOD, Seasonal
TOU-8 TOU Monthly, Fixed TOD, Seasonal
AL-TOU TOU Monthly, Fixed TOD, Seasonal
SDG&E
A-6 TOU TOU Monthly, Fixed TOD, Seasonal
GS-Demand Seasonal Annual, Fixed
GS-TOU3 TOU Annual, Fixed TOD, Seasonal
SMUD
GS-TOU2 TOU Annual, Fixed TOD, Seasonal
GS-TOU1 TOU Annual, Fixed

3.2 PV Production and Building Load Data

We obtained 15-minute interval PV production and customer load data for 24 actual
commercial sites with PV installations in California. Each datasetdaslat least one full
year of PV production and building load data. The 24 customer load/PV datasets are
diverse in geographic location, PV system size, and customer load shapeiclhapaoiur

sample includes many customers whose diurnal load shapes have afternsdypézet
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of office buildings and retail establishments) as well as a number ofiésciliith

relatively flat diurnal load shapes or inverted load shapes where loadtessgdraing off-
peak periods. The raw PV production and building load data were cleaned to remove
seemingly inaccurate spikes in load and solar data, error tags, and other andatalous

points?®

3.3 Analysis

For each combination of the 20 rate schedules and 24 PV/load datasets, weedhleulat

value of utility bill savinggper kWh generated, according to the following expression:

[ [ - [ ith PV
Value of PV — Total Bill without PV —Total Bill wi ($ /kVVh)

Annual PV Energy Production

Expressing the rate-reduction value of PV on a per kWh basis, rather than in absaute doll
terms, serves two purposes. First, it allows us to abstract from the speeitod the PV
system, since it is a foregone conclusion that larger systems will dgrmpecaluce larger
absolute bill savings. Second, commercial customers in the United States@asingly
choosing to finance their PV systems through Power Purchase Agreememnghywhe
customer purchases the PV output from a third-party owner on a per kWh basis;iegpress
the value of PV in the same units more readily allows for a direct comparisorebdtvee
financial costs and benefits of PV from the customer’s perspective undsspidisf

arrangement.
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The rate-reduction value of PV depends, in part, on how much of the customer’s gross
electricity demand is met by the PV system. To isolate this effect,dbragahe 24 sites,
we scale the PV production so that annual PV production is equal to specific pgeseuit
the gross annual building consumption. We refer to these percentage vddies as
penetration levels and, in presenting our results, we focus primarily on PV penetration

levels of 2% and 75%, as representative boundary cases.

In our initial analysis, we assume that customers remain on the saihatetaefore and
after the installation of a PV system, and that PV output is net metei@dliagcto the
specific net metering rules of each utility. However, we also conduatase@amalyses in
which each of these assumptions is relaxed. In one alternate scenamcuiage the
value of PV under the assumption that customers choose the bill-minimizing rate befor
and after PV installation, from among each set of rates offered by eghtaith common
class of customers (e.g., the set of rates offered by PG&E to custoittepeak demands
of 200-500 kW). This analysis helps to reveal which rate design featdomi#ate in
determining the optimal rate for customers with PV and also illustratesine of
offering multiple rate options to customers with PV. In another alternatarszcewe
calculate the value of PV under the assumption that net metenagasailable, in order
to show the financial losses that commercial PV customers in Californra bagr if net

metering were eliminated and replaced with an alternate compendatotyre.

4, Results: Value of Commercial PV in California with No Rate Switching

-13 -



In this section we begin by presenting basic results on the elgchiltisavings value of
commercial PV systems in California assuming that each customainsean the same
retail rate schedule before and after the installation of the PV sysidrthat net metering
is available. We then explore in more detail variations in this value that depend on
differences in rate levels and rate design, as well as variationgame&rdoad profiles.
We conclude the section by examining the relative impact of customéiicsfaators and

rate structure variables in determining the bill-reduction value of comah&¥isystems.

4.1 Value of PV By Rate Structure

Figure 1 summarizes the estimated rate-reduction value of comni@vcialCalifornia for
each of the 20 retail rates in our sample, at 2% and 75% PV penetration levels. e cent
tick-marks in the figure represent median values across the 24 customershevieilier

bands represent the®l@nd 98' percentile values.

The figure shows that the value of PV does, indeed, vary widely across rates and
customers. For example, on LADWP’s A-2, A rate, some customers in our sampde woul
receive bill savings of just $0.05/kWh, while customers on SCE’s TOU GS-3 Optide A ra
could receive bill savings of $0.20/kwWh or more. The highest bill savings in the dataset

was nearly $0.24/kWh for a single customer on SDG&E’s AL-TOU rate.

Focusing on the median values reveals differences due specificaltg tasign and

overall rate level. At 2% PV penetration, the median value of PV among the 24 customers
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varies by nearly a factor of two across the 20 rates in our sample, from $0.10/kWh to
$0.18/kWh. At 75% PV penetration, the variation in median values is even greater,

ranging from $0.06/kWh to $0.18/kwh.
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Figurel. Valueof PV at Different Levelsof Penetration, by Rate Structure

From these results alone, two specific differences among rates carebeedbg-irst, on

most rates, the value of PV per unit of energy produced declines when PV p@metrat
increases from 2% to 75%. This effect, however, is much more pronounced for some rates
than for others. For example, for LADWP’s A-2, A rate, the median value of PV dffops

by one half when PV penetration is increased from 2% to 75%. At the other end of the
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spectrum, the value of PV under PG&E’s A-1 and A-6 rates is largely utedfbyg PV
penetration level. Second, the width of the percentile bands differs greaty aates,
indicating that the specific shape of the customer’s load and/or PV productida gtofi
each site has a much more significant impact on the value of PV for some raties tha
others. For example, at a 2% PV penetration level, the range betweef! tred 19
percentile values on LADWP’s A-2, A rate is greater than $0.07/kWh. In sgrtina

value of PV on PG&E’s A-1 and A-6 rates exhibits almost no variation across austom

4.2 Demand Charge Savings

Both of the above observations are associated with differences acresa theeportion of
the utility bill associated with demand charges. The percentage of the ildiabilit (pre-

PV) allocated to demand charges (as opposed to volumetric energy charghsdl ithe
demand weight. The relationship between the value of PV and the demand weight is
illustrated in Figure 2. The figure presents the value of PV whemnalized to account for
differences in the overall average cost of electricity on each rate, diffasences in the
normalized value of PV between rates solely reflect differences istratture (i.e., how

the overall bill is allocated between energy and demand charges and the strutiose of
charges). The normalized value of PV for each rate is ordered according to the demand
weight. The demand weight ranges from 0% for PG&E’s A-1 and A-6, which have no
demand charges, to approximately 50% for LADWP's rates, for which demand charges

comprise 50% of the total utility bill in the median case.
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The figure shows that, when PV systems represent a small proportion of cusiaéne
existence of demand charges need not substantially degrade the ratiemedlce of PV.

This is shown by the fact that, at 2% PV penetration, the normalized value of PV does not
universally drop with increasing demand weight. In contrast, the declihe madian

value of PV when PV penetration increases from 2% to 75% PV is clearly thestjfeat

those rates with the highest demand weight. The underlying reason forntissttieat, as

PV system size is increased to meet a larger fraction of building load, the etistpeak
demand shifts to periods when the PV system produces little or no output. As a result,
those rates that are more heavily focused on demand charges yield los@avibdls at

high PV penetration levels compared to rates that are less focused on demgesl char

The error bars in Figure 2 further demonstrate that the variation in the vdt\eamfross
customers increases with demand weight at both low and high PV penetration. As we
show later, this trend reflects the fact that demand charge savings ayeskiggitive to
customer load shape. Thus, for those rates that are more focused on demand lcharges, t
variability in the value of PV across customers is greater than forthatesre less focused

on demand charges.
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Figure 2. Impact of Demand Charges on the Overall Normalized Value of PV

4.2.1 Demand charge design

Rates can be differentiated not just in terms oftkeof the demand charge, but also in
terms of thaype of demand charge. Among the rate schedules examined in this article,
three different measures of customer demand are used as the basiséondhd charges:
annual (maximum demand over the preceding 12 monthaiithly (maximum demand in
the monthly billing period), antime-of-day (maximum demand in one or more time-of-day
periods within the monthly billing period).Figures 3, 4 and 5 show the reduction in
annual, monthly, and summer peak time-of-day (TOD) customer demand, iredpect
across a range of PV penetration levels. The demand reductions areezkpreéeams of

effective capacity, defined as the reduction in peak customer load as a percentage of the
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maximum output of the PV system (e.g., a 100 kW PV system that reduces pealecustom
load by 25 kW would correspond to an effective capacity of 25%). As in previous figures,
the central tick-marks represent the median value across the 24 |load/PYsdatdgbe

error bands represent the™1@d" percentile values.

In all three figures, effective capacity declines steadily witheiasing PV penetration, for
reasons discussed earlier. That said we do find that peak demand redactibegoeater

and much less variable across customers when demand charges are based tomt&escus
maximum demand during the summer peak TOD period, rather than the customer's annua
or monthly peak demand. The extent to which this is true, however, depends very much on
the particular definition of the summer peak TOD period that is used. This caehéy
comparing the summer peak TOD demand reductions under LADWP’s and SMUD’s
definitions of the summer peak period. In particular, because SMUD’s peak pgsadsex

into evening hours, it is more likely that the customer’s peak demand will ecbaurs

when its PV system is producing little or no energy, and the effectiveitapbBV in

SMUD's territory is therefore lower and more variable than in LADWP'’s.
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Reduction

4.2.2 Customer load profile

As previously shown, demand charge savings vary substantially across customers,
indicating that the specific characteristics of the customer’s buildingdazile and/or PV
production profile can be important determinants of the rate-reduction value of PV.
Though not shown here, we find that differences in the PV production profile across the 24
customers in our sample have a very modest impact on demand charge savirtysn(less t
$0.01/kWh). Variations in demand charge savings across customers is thalrefuse

entirely due to differences in customer load profiles.

To show how specific differences in customer load shape affect demand shuaings,
Figure 6 presents the distribution in the normalized value of demand chanmggssavi

(median and 10th/90th percentiles) across the 18 rates with demand charges, for five
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representative customers: one with an inverted load profile (i.e., the peaks dunitigweig
hours), one with a flat profile, and three customers with load profiles that peak during
afternoon hours. To illustrate the interrelationship between customer load shape and
demand charge structure, we have segmented the 18 retail rates intoup& ¢nose that

contain TOD demand charges (shown on the right) and those that that do not (shown on the

left).

We find that, regardless of the design of the demand charges, customers wignreroaf
peak load shape can earn substantial demand charge savings at low PVigeleteds,

and modest demand charge savings at high PV penetration levels. In contrasgrsustom
with flat or inverted load profiles may receive, at most, modest demand daaiggs, but
only on rates with TOD charges and at low PV penetration levels. Clearly niamde

charge savings provided by PV will be highly customer specific.

Rates with Non-TOD Demand Charges only Rates with TOD Demand Charges
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Figure 6. Normalized Demand Char ge Savingsfor Different Load Shapes
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4.2 Energy Charge Savings

Just as the design of demand charges affects the rate-reduction value ofdd\ssstthe
design of volumetric energy charges. Three different types of energy chegges
represented among the rates examined in our analysis: one has an energyaseaiga a
single, flat rate for all kWh consumed, four have seasonal energy chiaegesf(at rate
during winter months and a higher flat rate during summer months), and the remaining
rates all have time-of-use (TOU) based energy charges. The TOWaatbe further
distinguished according to the spread between peak and off-peak prices: foregxampl
some TOU rates, summer peak period prices are three-to-four times hmyherinter off-

peak prices, while on other TOU rates, peak prices are not even double the oftgsak ra

To illustrate how the value of PV in providing energy charge savings isedfbyg these
differences in rate design, Figure 7 presentsithmalized value of energy charge savings
for each rate, grouping those rates according to the type of energy chargedisisting

the rates in order of increasing summer peak to winter off-peak price ratibe Agure
indicates, TOU-based energy rates with relatively little spreadelest peak and off-peak
prices offer approximately 5-10% greater energy charge satiagslo rates with seasonal
or flat energy charges, whereas those TOU rates with a much largespeee can offer
more than 20% greater savings on energy charges than do flat or seasonal chagge
underlying reason for these findings is well understood: TOU rates provideex brgdit

for PV production during summer afternoon periods, when production also tends to be

greatest.
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The figure also shows that, in contrast to demand charge savings, energy ahiageae
fairly consistent across customers, for any given rate. This is bebauseergy charge
savings received for PV production under net metering are independent of theecisstom
load at any given time. As a result, predicting the energy charge safiRY is relatively

straightforward compared to estimating demand charge savings.

$0.13 5.00

mmm Normalized Value of Energy Charge Savings

—— TOU Price Ratio (Summer Peak to Winter Off-Peak)

TOU Price Ratio

Normalized Value of Energy Charge Savings ($/kWh)
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Figure 7. Summary of Rate Structure Ilmpactson Energy Charge Savings
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4.3 Summary of PV Value Drivers

To compare theelative impact of each of the various factors discussed above, we fit a
linear regression model to the value of PV across all customer-rate caorsnakhe

model includes five independent variables:

e the median cost of electricity for each rate across the 24 customeP\)re-

e the median demand weight for each rate;

e the median percentage of demand charges that are summer-peak TOD-based for
each rate;

e the ratio of summer peak to winter off-peak energy charges for da¢lana

e aload shape parameter that characterizes the degree to which a cedtmader’

profile is summer-peaking.

The resulting regression model, at both 2% and 75% PV penetration, is presented in Table
21 As shown, the five variables included in the model are all statisticallyisagrtiat a
greater-than 95% confidence level, are of the expected sign, and explaindhgy mgthe

variation in the rate-reduction value of PV.
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Table2. Multiple Linear Regression Model of the Rate-Reduction Value of Commercial PV

Multiple Linear Regression with Value of PV ($/kWh) as Dependent Variable, n=480

2% Penetration 75% Penetration

Coefficient of Determination (R squared) [a] 0.734 0.903

Term Input Range [c] Parameter  Significance (%) [b] Parameter Significance (%)
Median Cost of Electricity ($/kwWh) 0.0953 - 0.1616 1.149 >99.99% 1.001 >99.99%
Median Demand Weight 0.0 » 0.504 -0.020 99.20% -0.104 >99.99%
TOU Price Spread 1.0 = 4.467 0.006 >99.99% 0.006 >99.99%
Median Portion of Demand from Summer Peak TOD Charges 0.0 = 0.465 0.011 98.10% 0.006 >99.99%
Load Shape 0.5871 — 1.9097 0.027 >99.99% 0.014 >99.99%
Intercept ($/kWh) -0.054 >99.99% -0.020 >99.99%

[a] The coefficient of determination describes how well the model is able to account for variations in the Value of PV; 1.0 being a perfect model.
[b] The significance indicates the probability that a particular parameter is different than zero

[c] The input range is the distance between the data point that gives the lowest and highest value of PV for each variable

The parameters of the regression model can also be used to determine ttezl etege
in the rate-reduction value of PV based on the maximum range of each of the independe

variables for the 20 rates and 24 customers. The results of that calculatstoan in

Figure 8.
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Figure 8. Modeled Changein the Value of PV Based on the Range of Each Factor
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The height of each bar-segment in Figure 8 reflects the (modeled) diffenctheevialue of
PV across the full range of possible values for each variable, based on tesioagmodel
parameters shown in Table 2. The bar-segments are stacked beginning witvettie |
value of PV calculated using the extremes of each independent variable. Tdst hdhe
of PV at the top of the stack is then the value of PV calculated from the oppositeecatre

variable values.

As Figure 8 shows, the largest driver for the rate-reduction value of PVdlesgmof PV
penetration level, is the median cost of electricity on the rate (for cugawitout PV).
The coefficient value of roughly one indicates that every $0.01/kWh increase in ttemedi
cost of electricity will, on average, yield an increase of the rate-iedualue of PV of a
similar magnitude. At a 75% PV penetration level, the next most importaat fa the
demand weight. As demonstrated earlier, at high levels of PV penetratiomatesilvith
high demand charges almost always lead to lower values of PV compared tatrates w
lower demand charges. At a 2% PV penetration level, meanwhile, the second most-
important factor, after the median cost of electricity, is the customesluape. The
positive parameter estimate for this variable shows that, in generalptheenergy a
customer consumes during the summer peak period, the greater the value of PV. As
discussed earlier, this is largely because PV systems are Itér affset demand
charges for customers with summer-afternoon peaking loads that coindideevwitds of

high PV output. At higher levels of PV penetration, the ability of PV systenesitce
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demand charges is diminished regardless of customer load shape, and thus the magnitude

of the load shape parameter is lower at 75% penetration than at 2% penetration.

To conclude, this analysis shows that the value of PV will generally be gjréateates
with high overall costs of electricity, small or non-existent demand chdriggssummer
peak to winter off-peak energy price spreads, and demand charges that are based on
customer load during the summer peak period. In general, if demand chargeseased
the value of PV will be greater for those customers that consume a dispropdstibitgte

amount of energy during the summer peak period.

5. Optimal Rate Selection

The analysis presented thus far assumes that customers are on thdéabetectacity
rate before and after PV installation. In reality, however, customé?alifornia and other
jurisdictions often have a choice of rate options, and can select the ratertinaizes their
bill. In this section, we therefore assume that customers choose amowugildigeretail
rates both before and after PV installation, and that in both cases custonwrtheekge

that will minimize their electric bill.

Using this alternative analytic technique, we find that, at low levels ofdP¥€tpation,
customer load characteristics largely determine the optimal ratajland that the
existence of a PV system does not lead to widespread rate switching fromotieeR)éf

case. Said differently, we find that the optimal rate post-PV is gendralBaine as the
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optimal rate pre-PV, and that the optimal rate is determined by the @restacs of the

customer’s load profile, and not the existence of the PV system.

At higher levels of PV penetration, however, a substantial proportion of customers ar
found to be better off switching to an energy-focused “PV-friendly” rate thatmzes
demand charges. As PV system size increases relative to customerdaacsttimer’s

load profile is dominated by the existence of the PV system in optimaktattien.

To illustrate this result, we categorize three of the retail rates isamople as being “PV-
friendly” primarily due to minimal or no demand charges: PG&E’s A-6; SCEE=2GGTOU
Option A; and SCE’s TOU-GS-3 Option’A. Depending on its peak demand, a customer
may be able to choose between one of these “PV-friendly” rates and one or moratether
options, as shown in Table 3. For each of the 24 customers in our dataset, we determined
the optimal rate within each of the four rate groups identified in Table 3, acrasgeaof

PV penetration levels.

Table 3. Rate Optionsfor Different Customer Classes

Rate Options

Utility Customer Size Rate Options Available

PV-friendly: A-6
<200 kW
Other Rates: A-1; A-10; A-10 TOU; and E-19
PG&E

PV-friendly: A-6
200-500 kW
Other Rates: A-10 TOU and E-19

PV-friendly: GS-2, TOU Option A
20-200 kW
Other Rates: GS-2, TOU Option B and GS-2, Non-TOU
SCE

PV-friendly: TOU-GS-3 Option A
200-500 kW
Other Rates: TOU-GS-3 Option B
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Figure 9 shows the resulting percentage of customers for which eachiéRuhf rate is
optimal, compared to the other rates available to the same class of custonfeys. A
penetration levels greater than 50%, all or nearly all of the customers in oue semoid
minimize their utility bill by switching to an available energy-foaliSeV-friendly” rate
that minimizes demand charges. At low PV penetration levels (e.g., 10%), hptlieger
“PV-friendly” tariffs would not be optimal for many customers, as the Jeast rate will

largely depend on the characteristics of the customer’s underlying lgael sha

In summary, energy focused rates that minimize demand charges are ohiredd
commercial customers wishing to install relatively large PV systéhemergy-focused
rates were required afl commercial PV systems, however, many customers wishing to
install smaller PV systems (relative to load) would be disadvantaged.eAslg pptional

energy-focused retail rates will be most-supportive of commercial P\hsiqra

100%

80% -

60%

40% 4 —o— PG&E A6 (<200 kW class)

—+— PG&E A-6 (200-500 kW class)
20% d SCE GS-2, TOU Option A (20-200 kW class)
—o— SCE TOU-GS-3 Option A (200-500 kW class)

Percent of Customers for which Rate
is Optimal

0% T T T
0% 25% 50% 75% 100%

PV Penetration (%)

Figure 9. Customer Choice of Energy-Focused Rates at Varying Levels of PV Penetration
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6. TheValue of Net Metering

The analysis presented thus far assumes that PV systems are net,rastalled/ed under
existing law in California. To assess the impact of net metering on &ieedaiction value
commercial PV systems, we compare the value of PV for the various custimer
combinations, as calculated previously, to the value of PV if net metering were not
available. Doing so requires an assumption about how PV output would be compensated in
the absence of net metering. For the purpose of our analysis, we assumeltbat,ngit
metering, PV production in excess of the customer’s load during any 15-minwt@linte
would either be uncompensated (i.e., “donated” to the utility) or sold to the lectiel
utility at some pre-specified sell-back rate. Just as with net metatif®)/ production up
to the customer’s load during each 15-minute interval is assumed to be valued at the
prevailing retail rate; the only difference is in the treatment oégx PV production, above

the customer’s load, during each 15-minute interval.

Figure 10 shows the loss in value that is expected were net meteringltmibated, for

all customer-rate combinations, across a range of PV penetratios dewklinder four
different sell-back rates (including $0.00/kWh, where excess generatiorhid®aginute
interval is donated to the utility). For each scenario, the central tick-nmattks figure

show the median percentage reduction in bill savings, and the percentile bands show the

10" and 98" percentile values, across all combinations of rates and load/PV datasets.
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Figure 10. Loss of Value without Net M etering, Depending on the Sell-Back Rate for Net

Excess Generation

As the figure shows, eliminating net metering could significantlyatgythe economics of
PV systems that serve a large percentage of building load, depending on-tiaelsetite

for excess PV output-or example, at a 75% PV penetration level, eliminating net
metering would reduce the value of PV by 10-30% for most customer-rate combinaitions
a $0.05/kWh sell-back rate, and by 30-60% if excess PV output was uncompensated. At
the same time, the figure also shows that, at low PV penetration levels, latiatlsehigh
sell-back rates, net metering provides only a modest incremental value, edrigptre
alternate compensatory structure assumed in our analysis. For exarRplegeatetration

levels of 25% or less, or with a sell-back rate of $0.09/kWh, replacing net metetting

-32 -



the alternative compensatory structure would reduce the value of PV blydasi0% for

most customers.

7. Conclusions

The ultimate goal of government solar policy is to create a self-sugfanarket for PV
that is able to succeed with a minimum of ongoing government intervention. To do so, in
the U.S. at least, where feed-in tariffs are not prevalent, PV will likely ttebe

competitive with retail electricity rates.

Though retail rate design is sometimes an overlooked element of solar polieyhase
shown, the specifics of the rate structure, combined with the characseoistine
customer’s underlying load and the size of the PV system, can have a substaaitalan
the economics of customer-sited commercial PV. Though regulators must canside
number of sometimes-conflicting objectives when designing and approvingaetaj key

conclusions for policymakers that emerge from our analysis include the following:

. Rate design is fundamental to the economics of customer-sited, contragfcia
The rate-reduction value of PV for our sample of commercial customersgeongiall
available retail tariffs in California, ranges from $0.05/kWh to $0.24/kWh ctéflg
differences in rate structures, the revenue requirements for eacheazet of the PV

system relative to building load, and customer load shapes. For the average customer
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our sample, differences in rate structure, alone, alter the value of PV by 25%,to0 75%

depending on the size of the PV system relative to building load.

. TOU-based energy-focused rates can provide substantial value to many PV
customers. Retail rates that wrap all or most utility cost recovery ngedsne-of-use
(TOU)-based volumetric energy charges, and that exclude or limit deloaaed charges,
provide the most value to PV systems across a wide variety of circuestaBgpanding

the availability of such rates would increase the value of many comnYtgjstems.

. Offering commercial customers a variety of rate options would be of i@aR¢.
Despite the advantages of energy-focused rates for PV, requiring the lieseofariffs
would disadvantage some commercial PV installations. In particular, ford®&hsythat
serve a relatively small percentage of annual customer load, thetehates of the
customer’s underlying load profile will typically determine the mosgbfable rate
structure, and energy-focused rate structures may not be ideal for nmamgecoal-
customer load shapes. Regulators that wish to establish rates that aredbémefi@ange
of PV applications may therefore wish to consider allowing customers toecfroas

among a number of different rate structures.

. Net metering is quite valuable to commercial PV installations timat selarge
percentage of building load. Under the assumptions stipulated in this articlagwiesat
an elimination of net metering could, in some circumstances, result in more than @s25% |

in the rate-reduction value of commercial PV. As long as annual solar outputtisdes
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roughly 25% of customer load and excess PV production can be sold to the localt#ility a
rate above $0.05/kWh, however, elimination of net metering is found to rarely result in a

financial loss of greater than 5% of the rate-reduction value of PV.

More detailed conclusions on the rate-reduction value of commercial PV include:

. Commercial PV systems can sometimes greatly reduce demageshdhough
energy-focused retail rates often offer the greatest rate reduchiem gammercial PV
installations can generate significant reductions in demand charges ,as s@the cases

constituting 10-50% of the total rate savings derived from PV installations.

. The value of demand charge reductions declines as PV system penetration
increases. At high levels of PV penetration, the value of PV-induced demand charge
savings on a $/kWh basis can drop substantially. As a result, the rate-reduction ¥alue of
can decline by up to one-half when a PV system meets 75% rather than 2% of total

building load.

. The ability of PV to offset demand charges is highly customer-specificorGenst
with loads that peak in the afternoon are often able to receive significant demagel char
savings across a wide variety of circumstances, at least at lowty 6\PV output relative
to building load. In contrast, facilities with flat or inverted load profile$ @ften not earn

much demand charge reduction value, regardless of PV system size.
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. The type of demand charge can impact the ability of PV to offer savings- TOD
based demand charges are found to be more favorable to PV under a broad range of

customer load shapes than are those based on monthly or annual peak customer demand.

. The type and design of energy-charges has an important impact on PV value. TOU
based energy charges with a high spread between peak and off-peak prices ae found t
offer greater value to commercial PV in California than rates witis@nal or flat energy

charges.

Though our detailed findings are specific to California, the general comatugresented
above will also be of use in other jurisdictions that are seeking to encourage ctstethe
commercial PV installations. Ultimately, our most important finding is sirtiyat choices
made by policymakers in establishing or revising retail electriatgsrcan have a profound
impact on the viability of customer-sited solar markets. We hope that the analysis
presented in this article serves as a useful step in illuminating some obpdotsad rate
design that are of particular salience, and will also assist PV retaild customers to

better assess the value proposition of commercial PV systems.
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! State and federal financial incentives, and sallesnewable energy certificates, represent othesiple
monetary gains.

2 Literature that has focused on avoided variab&scim terms of the correlation between PV producénd
wholesale market prices includes Borenstein (20RByylands (2005); Maine and Chapman (2007); and
Letendre et al. (2001). Avoided fixed costs temtdé highly site-specific, and are often tied te ¢ffective
load carrying capacity of PV. Literature that basiressed the reliability or effective load cargyaapacity
of PV, on a system-wide basis, include Perez €1.8P4, 2001, 2006). Others who have sought ttuata
the benefits of PV in offsetting the fixed costgransmission and distribution investments includienger
and Hoff (1995); Wenger et al. (1996); Lambeth hagley (1993); Hoff (1996, 1998); Hoff et al. (1996
2003); Shugar et al. (1992); and E3 (2005a,b,c6R00

% The customer-based ELCC is a statistical estimfatiee expected reduction in building load duehi® t
production of power by an onsite PV system.

* Our analysis is based on utility tariff books, remt as of January 2007. We assumed that customers
connect to the electrical grid through poly-phasenections at unity power factor. For PG&E, SOf] a
SMUD, we assumed that customers connect at a sagondltage level, while for SDG&E and LADWP, we
assumed that customers connect at a primary volkkagé

® Further details on each dataset can be found &eiét al. (2007).

® All datasets had greater than 96% data availgbilihere data availability is defined as the nurmifer
unmodified data points divided by the total numbkdata points available over the one year timéplewith
15-minute data recording intervals (as defineds@ 61724, Section 7). Twenty of the 24 datas3%4)
had 99% or greater data availability.

" To isolate the impact of differences in rate suite, the value of PV for each customer-rate coatinn
can be normalized to control for differences intiegnitude of charges on each rate. We calcliiate t
normalized value of PV by first dividing the valoEPV for each customer-rate combination by the iared
cost of electricity on that rate across all 24 aosdrs, prior to PV installation. We then multiphys value by
the median cost of electricity across all combimagiof the 24 customers and 20 rates (again witRot It
is important to note that it is the relative vabféhese normalized results that matters; the §peaimerical
values have no particular meaning.

8 Time-of-day (TOD) demand charges typically focastiee summer weekday afternoon TOD period, but
may also include lesser charges for other TOD gderio

° The load shape parameter is the ratio of the peafetotal electricity demand during the summealpe
period to the percent of time that is defined anrser peak for each utility. A value above onedatis that
proportionally more energy is consumed during thamer peak period than during other periods of/tae;
a high value therefore corresponds to a facilitthwai large afternoon peak during the summer.

-40 -



1% One limitation of this analysis is that the regies model involves the use of independent variatilat
are derived from the same set of data used tole#dcthe dependent variable, the value of PV. Trimize
the chance of spurious relationships due to theotidee same data in calculating the dependent and
independent variables we use median values catclifedm the whole set of customers to charactesgree
of the general features of the 20 different retatibs.

" Though PG&E’s A-1 rate has no demand charges ribt designated as “PV-friendly” in this report
because other available rates are more attractiah 24 of the customers in our sample, at aklswf PV
penetration. LADWP similarly offers an otherwide\/-friendly” rate with low demand charges (A-2, D),
but that rate is not available with net-meteringkimg it very unattractive at high levels of PV pgation.
As a result, that rate was not included in our ysial

2 The loss of value of PV without net metering igaiéve (that is, losing net metering is beneficialyases
where the sell-back rate is greater than the vafli®/ with net metering.
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