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Abstract

The customer economics of U.S. residential photovoltaics (PV) often depend oneetadit}
rates, because most utilities compensate customer-sited PV genelatien wietering. The
future bill savings from net metering are uncertain and dependent on retaircatures,
wholesale market design, and renewable penetration levels, among other &et@xplore the
impact of the following assumptions on the bill savings from residential PV: a seh®le
electricity market design with a price cap (as opposed to an energy-onlynanetail rate
with a fixed customer charge (as opposed to a fully volumetric rate); anedsimog-block
pricing (as opposed to a non-varying flat rate). A wholesale price cap canrddramxpected
bill-savings erosion due to moving from a low to a high renewables scenario for etsstoitn
time-varying rates and net metering. Moving from a fully volumetric mgettvo-part tariff rate
with a fixed customer charge could severely erode the bill savings underteghg)decause
PV generation could only displace the (reduced) volumetric portion of the ratily,Fina
increasing-block pricing might have an even greater impact on the bill sdwimg behind-the-

meter PV than the other uncertainties explored in this article.
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1. Introduction

The customer economics of residential solar photovoltaics (PV) rely heaviie devel of
compensation for PV-generated electricity. In the United States, this neatjom is often based
on the customer’s prevailing retail electricity rate because of nerimgt-by far the most
common U.S. PV compensation scheme. Net metering compensates all (or a portion) of PV
generation at the customer’s underlying retail rate, thus rate desigrslgasficant impact on
the economics of behind-the-meter PV. When considering the private economgideritial
PV, payback calculations often assume that current retail rateswalndixed or increase (in
real terms) over the PV system’s lifetime. These calculations do notleotiseé changes in
retail rates that could result from increased penetration of renewablati@mézchnologies,
both utility scale and behind the meter, as well as from changes in wholestleiglecarket
design and retail electricity rate structures. Future installatioresafential PV systems are very
dependent on the underlying retail rates, and future installation trends couldeatty gith

differing wholesale electricity market designs and rate structures

In a previous article, we found that “high renewable penetrations can drive substantia
changes in residential retail rates and that these changes, togetheanaitions in retail rate
structures and PV compensation mechanisms, can interact to place substasttiainiypon the
future value of bill savings from residential PV” [1]. More specificallyralé structures and
compensation mechanisms investigated, other than a flat time-invariantthateixmetering,

reduced the bill savings from PV generation—in some cases substantially.

We made a number of assumptions regarding the retail rate structurepievoous paper

[1]. The electricity rates investigated in the first article weretas wholesale prices that
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enable peaker plants to recover their costs in the hours when capacity is cah@aough the
energy-only market design), and fixed costs were recovered through volumetricschartiey
are in many utility rates today. In addition, the flat rate was implementbadiartalysisvithout
increasing-block pricing (IBP), in contrast to today’s rate design irfic@ah’s three largest
investor-owned utilities (I0Us). In this article, we consider a set oicp&atly timely

assumptions that could affect the customer economics of behind-the-meter PV:

(a) Retall rates based on an electricity market with a price cap of $1,000/kibcvering
capacity costs to ensure the same level of resource adequacy by adding #éricotharge to
each kilowatt-hour of electricity sold. Although some wholesale eldgtritarkets employ an
energy-only model (e.g., the Electric Reliability Council of Texas), nudihgrs implement a
wholesale price cap with capacity payments to generators to ensureesuffagpacity and
reliability. This could affect retail electricity rates, particbjaf capacity payments are

recovered through a volumetric adder to rates.

(b) Retail rates that recover fixed costs through a two-part tariffstongiof a volumetric
energy charge and a fixed customer charge. Arguing that PV customers avogitpey share
of fixed costs owing to net metering, some U.S. utilities are looking to implearter-part
tariff, in which all customers are subject to a fixed monthly fee in additiorfltovar)
volumetric energy charge. Because PV generation could not displace any péthehiarge, the

bill savings from PV would decrease, impacting the customer economics oétexethPV.

(c) A tiered flat rate with IBP. The rationale for tiered rates is to@mage lower total electricity
consumption and to provide a baseline level of electricity at a low price (for-loegme

customers, for example). Tiering, however, does not account for the timing of qisyrand
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there is no clear theoretical method for designing tiered rates. Stillathvat# with IBP is the
default rate for many utilities, including the 10Us in California, thus wegdestiered flat rate

to analyze the impacts of tiering on the bill savings from PV.

A number of previous studies cover the links between renewable energy, wholesale
electricity markets, and retail rate design. Some researcherstbhdiegigshe wholesale price
impacts of renewable energy. For example, Saenz de Miera et al. [2] afel3Ssrea. [3]
consider the short-run wholesale price impacts of increased renewablg @siaggmodeling
frameworks that account for the “merit-order” effect. Lamont [4] and Mild Wiser [5] use
models that simultaneously consider economic investment and dispatch to generaesalevhol
prices representing markets in long-run equilibrium for increased-réegse@enarios. Other
researchers have examined the links betveaerent retail rates and customer economics of
behind-the-meter PV. For example, Darghouth et al. [6] quantify the value ai\biis for net-
metered residential PV using current retail electricity rates.r8tem [7] explores the impact on
bill savings of mandatory time-of-use (TOU) rates for net-metered restlBV customers, and
he shows that PV customers can often benefit from time-varying eg&sl over flat rates [8].
Mills et al. [9] investigate retail rate structure impacts on the valbdl&avings for commercial
California customers, focusing in part on how much PV can reduce customer demard.charg
follow-on to this study examines the impacts of changes to rate design andereigneles on

future distributed PV deployment resulting from changing customer ecosdémom PV [10].

However, prior to this article series, the literature has not considered taolwate design

and compensation mechanisms interact with changes in future wholesalergfiies This

! For a comprehensive review of the relevant litmeon the interactions between retail electricitie design and
the customer economics of PV, refer to Darghoutj.[1
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article is designed to fill that gap. Our previous article [1] examined thessigsing a baseline
set of assumptions, which included an energy-only wholesale market and ratesdheted
costs entirely through volumetric charges. This article examines ie$s@niations to wholesale
market and retail rate design, which are particularly relevant gweant electricity-policy

debates in the United States.

2. Methods?

Two scenarios are considered throughout the analysis in this article andhanarized in
Table 1: (1) a reference scenario in which the renewable energy capdased on 2011 levels
and remains constant through 2030, and (2) a 33% renewable electricity (RE) mabicsite
which a third of the electricity supply is from a mix of renewable enerdyt#ogies. The price
of natural gas is assumed to be $6.40/MMbtu, as per the U.S. Energy Information
Administration’s reference scenario [12]; there are 3.6 GW of pumped hydrgestaral

concentrating solar power (CSP) has a 6-hour storage capacity.

To investigate potential impacts of wholesale market design and variouguaterss on

the value of bill savings for residential PV customers, we use the following metggdol

1) Model the impacts of a wholesale electricity market design with prge axad two rate
structures (one with IBP and one with two-part tariffs) on hourly wholesaleeinanices

2) Design residential retail rates for each scenario, assuming full coserg of variable
and fixed costs

3) Using net metering (and, in some cases, an alternate form of compensation) t

remunerate behind-the-meter residential PV generation, for each retypetnd

2 The data and methods are similar to those in muigus article [1].

6



O©CO~NOOOTA~AWNPE

scenario considered, compute the bill savings from PV for residential custbyner

calculating their annual bill with and without PV generation.

The production-cost and capacity-expansion model used to develop wholesaletglectrici
prices in this analysis is from Mills and Wiser [5]. This model assumes agyeor@y market,
where prices are permitted to reach very high levels in some hours to recduerdioosts of
peaker plants. The baseline analysis in our previous article [1] used this model op dhevely
wholesale electricity prices. In this article, one of the scenarios igaesl is an alternative
market design with lower price caps, based on the energy-only model results butoggh pr

truncated at times when prices rise above the cap.

We use growth-adjusted load data based on California’s gross retail load in 2019 [13] a

input to the production-cost and capacity-expansion model. The model outputs wholesale prices

assuming a generation mix of plants that are within their technical lif@i2@30 (see Mills and
Wiser, 2013) and new plants that, together, meet load and reserve requirements, given the
renewable electricity generation profiles. Darghouth et al. [14] providevedade generation

site-selection details.

Our analysis is based on electricity market characteristics thanhgrart, loosely based on
California’s, but is not intended to be a forecast of California’s electnuasket, nor are our
conclusions intended to have implications specific only to the California markehd¥e ©
base some of our assumptions on California’s electricity market in 2030 aaifajrta has the
highest levels of installed solar capacity of any state in the US, (kBph@svable energy capacity

continues to grow, with aggressive renewable portfolio standards, making it asgmbdiate for
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a high renewable scenario, and (c) the availability of electricity magkaed and customer data

enables such analysis.

Standard rate-design principles are used to develop the retail electieg){1]. Rates are
set to recover the utility’s fixed costs and variable costs plus a fair reguoh. The flat rate,
without tiering, is the average cost of generating, transmitting, and delieaeictgicity to
residential customers. The time-of-use (TOU) rate charges highes ghiring times of peak
wholesale prices and is systematically computed using a k-means olysigorithm. Real-time
pricing (RTP) charges the hourly wholesale price in addition to a volumetngechhese three
rates (flat, TOU, and RTP) are developed for the alternative wholesdetrdasign and the
two-part tariff. The detailed framework and methodology for developing each adtthlerates

can be found in Darghouth [11].

The two compensation mechanisms considered in this article are net materinguay
netting. Net metering effectively compensates all PV generation ahtlerlying retail rate. For
time-varying rates, net metering compensates hourly PV generatlunraté applicable in each
hour. Under net metering, bill savings are not dependent on the customer’s load prdiile. Wit
hourly netting, PV generation can displace electricity consumption within thgdftestively
compensating generation that offsets consumption at the retail rate), butasy electricity is
compensated at the wholesale price. Because the rate of compensation depends on@ensumpti

in any hour, bill savings depend on the customer’s load profile (see [1]).

Annual bills are calculated using the retail rates developed for a sample afs2@&ers of

the three IOUs in California, for which we have hourly consumption profiles foread -y
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period® We use modeled contemporaneous PV generation, matched to each customer’s location,
to calculate annual bills with PV. In most of the analyses presented, eachars®vhsystem
size is designed to meet 75% of the customer’s annual consumption (we call this ¥-7®% P

load ratio). We also present results for 25% and 50% PV-to-load ratios for acuiheetesults.

The value of bill savings is expressed as dollar savings per kilowatt-hour gegri®vation.
It is calculated by taking the difference between the customer’s antwaitiviand without PV

and dividing by the customer’s annual PV generation.

To summarize, the scenarios include two wholesale market design options (withremd wit
a wholesale market price cap), two renewable penetration scenariosncefand 33%
renewable penetration), three rate design options (flat, TOU, and RTP rateg)pand t

compensation mechanisms (net metering and hourly netting).

2.1 Lower wholesale price cap

There are a variety of wholesale market designs that enablerk#trparticipants to
recover their fixed and variable costs. One market solution is the energyardgt design,
where prices in most hours are set by the highest bidder, as per the mecuordem the
hours where capacity is constrained, however, prices are allowed to spike asthighaue of
lost load, which allows for peaker plants to recover their fixed costs through wagiesas.
This was the energy market design used for the analysis in our previous artielevigyer, a

number of markets implement a wholesale price cap which is much lower thanuiefalst

3 Customers in the sample were not PV system owiiiies consumed a median of 8,568 kWh/year and a mia
9,431 kWh/year. This is higher than household mesdines for all customers in PG&E (6,734 kWh/ye&GE
(6,783), and San Diego Gas & Electric (SDG&E, 5)943] but lower than the gross electricity constimp for

the subset of customers with net-metered PV: 13(PBXRE) and 17,208 (SCE) kWh/year [16].

9
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load, and side payments are made to generators to ensure sufficient ¢capaeiy load. The
impact of the latter market design (lower price cap with a sepanaaeitamarket) on electricity
bill savings from PV under net metering is investigated in this article. Méoadetkereviews of
the energy-only model and capacity markets can be found in Stoft [17], CPUC [18]f Wen e

[19], Oren [20], Joskow [21], Newell et al. [22], and Darghouth et al. [1].

Electricity rates that are designed efficiently, to send the proper gignals to customers,
would recover the generation capacity costs during peak times, as it is onlypeathkours that

individuals contribute to increased generation capacity costs. For the AORITE® rates, the

capacity costs would be recovered via a volumetric adder only in the peak period or heses. Th

rates would be equivalent to those under an energy-only market, because all pes@sihie
modeled wholesale market occur during the peak TOU period. As the flat tiate-isivariant,
the capacity costs would recovered via a volumetric adder spread over all hours)@nkebelt
in the same rate level whether under an energy-only market or a marketpnite eap with
side capacity payments. Hence, when rates are designed more effieventipuld not expect
any difference in the bill savings from PV resulting from the wholesale melkeacteristic

related to price caps.

However, a number of utilities do not design their TOU rates in this way, insteadnghoos
to recover at least a portion of their generation capacity costs via a votuateker spread over
all hours. For example, the Ontario Energy Board set their TOU rates in this wagcentily
[23]. Some utilities recover these costs over both the mid-peak and peak periotdsspainic
over a large portion of the day. Were TOU and RTP rates to always be calctflaiewitly,
then our results would be the same with or without a price cap, given that generataty capa

costs are to be recovered in peak periods in both cases. However, recognizimgéhang-

10
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varying rates do not send customers efficient price signals, we also coetpilteates based on

an electricity market with lower price caps and capacity costs ressbegenly over all

electricity consumption via a volumetric adder. This effectively chatigeme-varying rates

so that, instead of being based on wholesale prices that can reach $10,000/MWh, we use the
same output from the production-cost and capacity-expansion model (described in the

introduction to Section 2) but limit the wholesale electricity prigg.£,) such that:

_ { pn  if pn < 1,000 )
Pheap = 11,000 if pj, > 1,000

For the generators selling power during peak hours when prices are higher than
$1,000/MWh under the higher price cap, the lost income is recovered by a volunpudityca
cost adderK.,,). This ensures that plants depending on these high payments to recover their
capital costs provide sufficient capacity in those peak-demand hours. The reventesreojui
with a lower price cap and a capacity-cost adder is the same as with awhglhesale price cap.
Thus, the capacity-cost addé&,) is defined such that the total cost of purchasing wholesale
electricity under the higher price cap is equal to the sum of the costs of pogcivasiesale
electricity under the lower price cap and the total revenue from the capasitgdder. In
addition, the flat rate, which is based on a load-weighted average wholesale psagtdoe
change with the lower price cap plus the capacity-cost adder, because trevértaé is equal

to the flat rate under the higher price cap.

We recalculate all rates (with net metering and hourly netting) usengatpped wholesale

price time series for the reference scenario and the 33% RE mix scenarmallhates are

11
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calculated with the standard rate-design principles as in Darghouth [11]. Theostyien is

that the capacity-cost add€R.,,,), is added to the rate at all hours.

2.2 Two-part tariff

In the analysis presented in our previous article [1], we only consideredagtigcaies with
volumetric charges (i.e., a customer with zero net electricity consumption waelc lzero
electricity bill). In this article, one of the rates we consider has d iustomer charge. Several
utilities have considered or are considering charging PV customers a yrfeetbr standby
charge to cover fixed costs related to grid connection or increasing the moretlgliarge

(while decreasing the volumetric charge) to better reflect theistostures. In this way, a

customer with a zero net annual consumption would still have a non-zero bill equal todhe fixe

charge. The current analysis includes a version of the two-part tariff, avolenetric rate and

a fixed customer charge, under the reference scenario and the 33% RE miw.scenar

In particular, we consider a two-part tariff with a uniform fixed fee, wwhexovers all of the
utilities’ fixed costs through a customer charge that does not vary with arstannual
consumption in addition to transmission and distribution (T&D) related ¢d&8& capacity
costs are recovered in the fixed customer charge as these tend to scale mithlibeof
customers (beyond the month-to-month time scale) and, furthermore, most utilieeshlbgen
not to differentiate fixed customer charges based on the size of the custlewrisal
connection. With net metering and hourly netting, customers cannot displace aoiytipart

customer charge. The variable portion of the rate—which can be displaced bydvatiger—

* The fixed charge includes recovery of costs eelab renewable purchase power agreements, T&Bsirfrcture
capacity costs, miscellaneous charges such aslia pubpose program charge, and the fixed costgefations and
maintenance related to utility-owned generatiord(bypower plants, pumped storage, and nuclearg)lant

12



O©CO~NOOOTA~AWNPE

only recovers the costs of electricity purchases on the wholesale marketaiSgeergy-only
market design is assumed in this study, the fixed costs of peaker plants regjaitedre
resource adequacy (i.e., “generation capacity costs”) are reflacidtblesale electricity prices,
and hence generation capacity costs are recovered through the variableqidhte two-part

tariff.

With the real-time rate, the customer’s energy charge is assumedcetheahtholesale
price each hour, and the fixed charge is determined by the residual revenue reqaizedeo r
total utility costs’ The real-time rate is likely the most efficient rate, because itteets t
volumetric cost to the marginal cost of generating electricity anfixidx cost to recover all
revenue shortfalls. However, this rate likely recovers too many of the fostsl itom PV
customers. Thus it might be a lower bound to what a utility actually may implebssaiise PV
can displace some fixed costs, such as offsetting T&D upgrades, and this satetdoensider
potential benefits of behind-the-meter PV such as reduced line losses and emiiabnme
benefits. See, for example, Rabago et al. [24] for a review of the potentiaktbeh&i/ not

accounted for in this analysis.

2.3 Tiered rates

We create a tiered flat rate for both the reference and the 33% RE mix@¢eaaa rate
with IBP but without any time-differentiated pricing). The tiered rateased on the flat rate,
where all costs are recovered through a single rate. Because titdectiseoretical rationale for

the specific characteristics of any tiered flat rate, a numbesofgsions must be made

® This is not quite equivalent to the RTP rate pnésein Darghouth et al. [1] with volumetric chasgmnly, because
none of the remaining charges are recovered withlianetric charge. Thus comparisons between the rRiePin
Darghouth et al. [1] and with a customer chargenatemade directly in figures or the text.

13
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regarding the size of the steps (in kilowatt-hours) and the increase inttatzaeh step. In this
study, the tiered flat rate has three tiers (including a baseline) armkaescribed fully in the

following three equations to produce a unique solution:

thaseline Rgen,baseline +it Rgen,z +i3- Rgen,3 = Rgen,flat (2)
(Rgen,baseline + Radder) ' (1 + 52) = Rgen,z + Radder (3)
(Rgen,z + Radder) ! (1 + 53) = Rgen,3 + Radder (4)

WhereR ep pasetines Rgen2» @NdRy.p 3 are the components for the baseline, second, and third
tier, respectively, that recover the total cost of wholesale purchigsgs;q. is the component
of the non-tiered flat rate that recover the total cost of wholesale purcRgges;is the
volumetric adder that recovers all other costs (including fixed cogtS)iine, t., andt; are the
percentages of net load attributed to the baseline, second, and third tier,regpectds, and

s3 are the percent increases in rate from baseline to tier 2 and from tier Zia¢igpectively.

The values for each of these constants are summarized in Table 2.

These values are loosely based on the current tier structure for Pasif& Hectric
(PG&E) and Southern California Edison (SCE). The baseline amount in Caliodeaigned to
cover 50%—-60% of average load (hence a value of 55% was used). Tier 2 corresponds to
consumption from 100% up to 150% of the baseline level, and tier 3 corresponds to all

consumption over that level. The step increase in total rate from baseline2test&9%, and the

14
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step increase from tier 2 to tier 3 is 100%. Baseline regions and seasonal eegjsiaalent to

those of the three major IOUs, as of January 2013.

3. Results

In this section, we will compare the bill savings for each combination of thertiiece
designs, three PV-to-load ratios, two renewable penetration scenarios and emsation
mechanisms under an energy-only market, a wholesale market with griaactaide capacity
payments, and with and without fixed customer chdrgaslditionally, we will compare bill
savings with net metering under IBP to bill savings under a flat rate infédrerree scenario.
Positive values in the figures indicate that bill savings from PV for the custoouwtd be higher
than in the reference scenario, and negative values indicate lower bill sssmg_3\, as
compared with the baseline scenario specified for each figure. All moeeteld-ates are
summarized in Table 4; scenarios in the table have been labeled A-H and artyebgiialded in

the text.

3.1 Volumetric rate under an energy-only market (scenai&sC)

When retail rates are modeled such that all utility costs are recovarad/glumetric
charge (i.e., no fixed customer charges), under the reference scajatimg-varying rates

increase bill savings with net metering when compared to the flat rateésh@sause wholesale

® The three 10Us in California (SCE, PG&E, and SDG&iave developed baseline regions based on clireates,
and they assign a baseline level of electricityscmnption appropriate for each climate zone. Basetligions with
higher temperatures in the summer are allottedjlachibaseline level than more temperate coastanggfor
example.

" Some scenario or rate combinations are not afyiiaar not covered in this study. The RTP ratejefsed in this
study, always has a fixed charge which is not dated in the same way as the fixed charge foraftat TOU rates
(i.e. the fixed charge for RTP rate is designedetmover all costs not recovered via the variableiqo of the rate
whereas the fixed charge for the flat and TOU ratetesigned to recover fixed costs and T&D capamts). The
only IBP analysis is under the flat rate in theerefice scenario.

15
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electricity prices are generally higher than average during twhea PV generates electricity
(i.e., PV output is positively correlated to summer peak load), and PV genehatiefote
benefits from time-differentiated compensation. Relative to the refecaseg the bill savings
increase under the 33% RE mix scena@pwith the flat rate and net metering (due to the
increased costs of renewables) but decrease for time-varying ratass@oetwlesale prices

during times of PV generation erode with increasing PV penetration).

For both the referencé) and the 33% RE mix scenari®)( hourly netting decreases bill
savings by 27%—47% relative to the same rate with net metering. Over most holishin w
hourly excess PV is exported to the grid, wholesale prices are lower thanateiwhether
flat, TOU, or RTP), yielding a sizable decrease in the value of bill sgypagscularly when

hourly exports are a large portion of total PV generation.

These results can be observed in columns 1 and 3 (energy-only market) of Figure 1 and are

discussed comprehensively in Darghouth [11]. Figure 1 shows the value of bill saving®from

under each of the rate options for the reference sceradid®) and the 33% RE mix scenario
(C & D), relative to the flat rate with net metering in the reference scetizege results are for
the energy-only market and the lower price cap with the capacity-cost adderingsauit%o

PV-to-load ratic®

8 All figures show a percentage increase or decrsasea baseline, because this study is mostlyésted in the
directional change and relative magnitudes ofdaillings rather than the exact numbers, which depwmd on the
retail rate levels developed from the underlyinguasptions. However, the absolute bill savings fopaints in the
figures can easily be computed, given that therbegg reference point (bill savings for the flateravith net
metering in Figure 1) is equal to $0.179/kWh. Thedute bill savings levels for all scenarios dse dound in the
appendices of Darghouth [11].

16
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3.2 Lower wholesale electricity price cap and volumetric capacity ciaogmario8 & D)

With a lower wholesale electricity price cap, price spikes aredii $1,000/MWh (versus
$10,000/MWh with the energy-only market), althoughritmber of spikes on any given day
does not change. The rates are designed such that in both cases, with and withogyaminer
market, the same revenue levels are collected to ensure sufficierdamstry to maintain the
same level of resource adequacy. With a lower cap, this is done by way ofl@ papalcity
market. As explained in Section 2.1, the costs of ensuring sufficient capaciga@vened

through a flat volumetric charge, which is added to the retail rate for nésidsustomers. The

resulting capacity-cost adder ranges from $0.019/kWh to $0.020/kWh, depending on the scenario

and the PV compensation mechanism assumed.

The flat rate in the energy-only market is the same as that with the low pieadparallel
capacity market. Therefore, the values of bill savings from PV with netingetee equal in
both reference scenarios ($0.179/kWA & B), as shown by the two leftmost solid diamonds in

Figure 1.

Results for the energy-only market (with a $10,000/MWh price cap) are discnstedil
in our previous article [1] and are presented here to enable comparison with cegbkddwer
price cap. For the reference scenario under the low pricdBgaghé¢ bill savings from PV for
customers under the TOU rate with net metering are 4.6% higher than underridue fhath net
metering. As with the energy-only market, this increase in bill savirgyseigo the coincidence
between the higher-priced TOU periods and PV generation; the peak TOU period irhthe hig
priced season is 1 to 7 pm during business days. However, this increase in value of bd) saving

relative to the flat rate, is lower than for the energy-only market (12.7%); afthbegeak

17
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period in the high-priced season is similar to the peak period in the energy-only thegelak

rate is about half the level ($0.283/kWh vs. $0.493/kWh for the low-price-cap and energy-only
model, respectively). The capacity-cost adder is added to all hours, raisnatgetiveall other

hours by $0.02/kWh, which increases the value of bill savings with the low price cap. For the
RTP rate with net metering, the value of bill savings from PV with a lowee pap is similar to

that with the energy-only model, even though the rates during the peak hours are lowehelue to t
low price cap. Again, the effect of the $0.02/kWh capacity-cost adder in all hours colaters t

decrease in the peak-period rate.

With hourly netting under the reference scenasip there is a considerable decrease in the
value of bill savings for all rates with the low price cap and capacity-cdst.déor both the
energy-only market and the lower price cap (scen#i®B), the decrease in value with hourly
netting is due to low wholesale price compensation levels for hourly net extgemeration.
Because the average wholesale price of net excess PV generatifisasitly lower than the
retail rate, the average value of bill savings is lower for hourly nettisge&n in Figure 1, with
hourly netting, the value is even lower than in the energy-only model owing to theploges
cap and the reduction in average hourly wholesale prices of the customers’ hoaryasst PV

generation.

For the 33% RE mix scenariD), the value of bill savings with net metering is again the
same for the flat rate regardless of the wholesale price cap levehthast, both time-varying
rates with net metering lead to higher bill savings from PV in the low-p&apedesign compared
with the energy-only design. In addition, the dramatic value reduction observed w&idsing
PV penetration for the energy-only model in the 33% RE mix scerfarospown in Darghouth

et al. [1]) is not observed with the lower price cap (Figure 2), even though peakspiictsft
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to later in the day. This counterintuitive result is due to the volumetric adder beigigea hi
proportion of the total retail rate, with the lower price cap. The portion of thenedteetovers

the wholesale market purchasgg,,, does decrease significantly (by 48%) owing to the shifting
peak prices. HoweveR,., represents less than 30% of the total rate, and the decregsg ia

countered by the increaseRp, 4. because of increased RE purchases, resulting in a similar rate
under the referenc®) and 33% RE mix[§) scenarios. This explains why the TOU and RTP
rate only erode by 1% and 2%, respectively, under the 33% RE mix sc&jacanfpared with

the reference scenariB)(

The value of bill savings from PV under hourly netting in the 33% RE mix sceigris (
lower than in the reference scenario for 50% and 75% PV-to-load ratios (FijgieeXpected,
as PV-to-load ratios increase, the values of bill savings decrease with hatinly, ieecause a
greater percentage of PV generation is hourly excess and thus is compenbatéoiat
wholesale prices. At 50% and 75% PV-to-load ratios, the only rate in the 33% RE mpicscena
(D) that leads to higher bill savings is the flat rate with net metering, cedhpath the

reference scenario.

3.3 Two-part tariffs (scenarids, F, G, & H)

In this section, we consider a potential alternative rate structure to thusdered in our
previous article [1]: the two-part tariff. As explained in Section 2.2, two-pdifstarclude a
customer charge (that does not vary with electricity load and by whickestifixed costs are
recovered) and a volumetric charge (by which utilities’ variable costeepgered). Customer
charges are fixed and hence cannot be displaced by PV generation witheargtgnehich

affects the value of bill savings from PV significantly.
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Most importantly, rates with a fixed customer charge reduce the valuk ss\bngs from
PV greatly compared with rates without customer charges that redbeesta with volumetric
charges. The erosion in bill savings is shown in Figure 3 for the reference s¢Eparnder net
metering, the bill savings decrease by 52%—-58%, resulting from a decredaseatuimetric
portion of the rate. Under hourly netting the bill savings decrease by 33%—-36%. Tleseecre
under hourly netting is less significant than under net metering, becaus#iex pnoportion of
PV generation is compensated at the full retail rate than under net metéweng are no large
variations in the decrease in bill savings from PV from one rate option to the nexsdeaah
of the rates considered is affected similarly; utilities recoverahmesamount for fixed costs via
a customer charge for both time-invariant rates (e.g., flat rate)ra@erarying rates (e.g., TOU

rate).

Figure 4 shows PV bill-savings results for the two-part tariff structutiea reference)

and 33% RE mix scenarioB)( relative to the reference scenario with flat rate and net metering.

The TOU rate with net metering provides the greatest value in the refecenegis E) owing

to the good coincidence between the TOU’s peak periods and the hours when PV produces the

most electricity, which compensates PV generation at the higher ratdsill Bagings from PV
are only slightly lower with hourly netting, because the average wholesadeopcustomers’
exported electricity is only slightly less than the average TOU Tak significant decline in
value observed with volumetric rates was due to the wholesale price being mackhiamwthe
retail rate. Because there is no fixed-cost-related volumetric adttethe two-part tariff, the

erosion in value resulting from using hourly netting instead of net meteringcis ess
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significant. With the RTP ratéthe value is almost as high as the TOU rate, 28% higher than the
flat rate with net meterintf. The lowest-value rate for the reference scenario is the flat réte wi
net metering. The flat rate with hourly netting leads to a higher value, beébauseerage

wholesale price during times of hourly excess generation is higher thiat tfage.

Under the 33% RE mix scenariB)( all rates except for the flat rate with net metering
reduce bill savings compared with the flat rate with net metering undesférence scenario (E
— see Figure 4). The other rates erode bill savings because the scenghi®¥ Ipenetration
reduces wholesale prices during times when PV generates. RTP isdaffexinost. Averaging
over the TOU periods benefits PV’'s TOU value slightly relative to RTP. Cessowith hourly
netting and the flat or TOU rates would receive a lower value of bill savings thawitibset
metering owing to the portion of generation compensated at the low wholesale pead wfs
the retail rate. Hourly netting leads to a sharper decline in value, retatret inetering, for the
flat rate than for the TOU rate. This is because the TOU rate is al@adlring hours of net
excess PV generation. Since the price difference for this net excesnBNtgpn is greater for
the flat rate than for the TOU rate, the decrease in value is greateg ftatttate than the TOU
rate under hourly netting. Customers with the RTP rate receive among thevailues from PV
bill savings. The RTP rate is equal to the hourly wholesale electricity, prigeh is the most

negatively correlated to the levels of PV generation.

° As explained in Section 2.2, RTP is defined is tase as the wholesale price each hour plus enceistharge
without a volumetric adder to recover variable costs dtii@n wholesale electricity purchases.

191t may seem surprising that the value of bill s@eiis so much higher for RTP than for the flag¢ raecause the
values were much more similar in the reference watbevolumetric charges. This is mainly becausettital
residential revenue from the volumetric portiortte RTP rate (assuming all customers are on RER)rhappens
to be greater than the total revenue from the vetdmportion of the flat rate (assuming all cusezmare on the
flat rate). This is due to the way the RTP ratédgfined with these assumptions; the volumetricipordf the RTP
rate is always equal to the wholesale price and doédepend on the utilities’ fixed/variable castovery (as do
all other rates considered here).
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3.4 Increasing-block pricing (scenaiip

Some utilities, including California I0Us, offer IBP or tiered flat saM/ith tiering,
volumetric charges increase with each subsequent usage tier, and utilitiabytyyaice 2-5
tiers. We designed a tiered rate for the flat rate in the referencargc® analyze the impacts of
tiering on the value of bill saving$.Section 2.3 describes the tiered-rate design methodology

used in this analysis. Table 3 shows the tiered rates for the referencéscenar

We computed utility bills for the customer sample using this rate option with amolutvit
PV for three PV system sizes (25%, 50%, and 75% PV-to-load ratio) to calculatéuthefvaill
savings for each customer. Similar to the results in Darghouth et al. [6], custoitethe
highest consumption levels who faced high marginal costs in the third tier had the leigbles
of bill savings from PV (a 102% increase over the non-tiered flat rate), andilibgbe lowest
consumption levels had the lowest bill savings from PV (about 33% lower than the ndn-tiere

flat rate), shown in Figure 5.

The value of bill savings from PV decreases with increasing PV-to-&tis r particularly
for customers in the upper tiers. As PV generation increases, net consumptiorheritersit
tiers, and hence the marginal value of PV generation is at a lower-tieredhiateesults in

lower average customer value from PV generation.

These results depend on the assumptions used in the design of the tiered rate. ditaasteep
increasing-block prices, the greater the differences between the lowdsglaest tiers and the

non-tiered flat rate. However, these results indicate that the variailitypact on PV bill-

" This analysis uses the reference scenario for 08@sign the tiered flat rate. For a more dedadlealysis of the
impact of actual tiered rates available in Califarfas of 2009) on the value of bill savings froh Bee Darghouth
et al. (2011).
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savings value due to tiered rates can be greater than the variabilityass$eadth other rate

options and compensation mechanisms, depending on the design of the price tiers.

The results presented thus far have been summarized in Table 5.

4. Discussion

Many U.S. organized wholesale electricity markets currently consist efiergy market
with price caps and a parallel capacity market that ensures resourcecgdébngeer this type of
market design, wholesale electricity prices are less volatile than undeeayy-only market
design; however, the capacity payments create an additional cost thaéemesbvered through
retail rates. In this analysis, we recover these via a flat volumetric ftdetail residential
customers, as do most U.S. utilities today. The differences with the eneygyrankiet can
affect retail rates and the value of bill savings for behind-the-meten B&eral important
ways. Although there is no change in the value of bill savings under flat régailwidh net
metering, time-varying rates reduce value during periods when the wiegbeisal cap is
reached and increase value during all other periods, due to the additional volumetriy capaci
adder'? This results in only a small increase in the value of bill savings for custaniterthe
time-varying rates and net metering under the reference scenario, blevagseerates in hours
with scarcity prices that would be reduced due to the price cap (TOU and Riliretwhetering
lead to savings that are only 2% and 5% higher than the flat rate with nengatespectively).
Conversely, with higher PV penetrations, the value of bill savings under timexyaayes

increases because the price spikes in these scenarios do not occur when P\édeectiate

12|f the TOU and RTP rates are less “peaky,” becafigolicy decisions on how to recover capacitytsasrough
rates for example, then bill savings from PV w#l less affected by PV output correlation with pesiof scarcity.
This is particularly important for wholesale markeenarios with low PV penetrations, because tisesichigher
level of correlation between PV generation andqaisiof scarcity than for higher-PV-penetration scirs.
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volumetric capacity adder increases off-peak rates relative to thealfrgies without the

adder). Thus, the reduced energy costs during those hours do not affect PV comperiskgion, w
the additional volumetric charge to recover capacity-market costs iasnetail rates during

hours when PV generation occurs (TOU and RTP with net metering lead to shaing®et7%

and 18% higher than with the energy-only market, respectively). In short, a matkptioe

caps and a parallel capacity market reduces the erosion in the value oteredm®©U and

RTP bill savings relative to the flat rate that occurs in an energy-only tarkigh solar

penetration.

Our previous article [1] considered three potential residential retagtratetures (a flat
rate, a TOU rate, and an RTP rate), and in all cases fixed costs were re toremrgh
volumetric charges. Some jurisdictions, however, are considering relyirggheavily on
customer charges for fixed-cost recovery. Hence, in this article we caetsids a lower bound
to PV value, a case in whiethl fixed costs are recovered through a fixed customer charge rather
than a volumetric adder (resulting in a customer charge of $59/month). The neogtreslilt is
the substantial decline, over 50% using the assumptions in this analysis, in the wdlue of
savings for the flat and TOU rates with net metering, relative to that afltvelumetric rate.
The policy implications are also significant; depending on how the rate gnhddsimoving
away from volumetric-only rates to two-part tariffs could significaaffect the customer
economics of residential PV and the behind-the-meter PV market. To retainddfan®V at a
similar level, such a reduction in value from bill savings would need to be counteadddxy+in
tariff, an upfront subsidy, or another compensation mechanism to increase ty&tdiv svalue

to the customer.
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Using the specified assumptions, we found that the flat and TOU rates with tpartwo
tariff provide 52%—-58% lower value compared with similar rates with volumetlic charges,
assuming net metering. Specifically, this study assumes that ayl fiiéitl costs are recovered
through the fixed customer charge, resulting in a relatively high monthlyecb&&p9 for 2030
rates (in 2012 US$). Fixed charges for California investor-owned utilitiesuarently limited to
$10/month, as per legislation (AB 327), and some California municipal utilitieam@gng up
their fixed charge to $20/month in the coming years. We chose to model this higtetiage,
however, as an upper bound to what utilities may consider in the future. Clearly, a $2@ecust
charge, with a volumetric adder to recover the remaining utility fixed casisggosG & H),
would result in a substantially less erosion in bill savings (17%-19% reduction) iehvpigh
similar rates with volumetric-only charges, assuming net metering. Asnceischarges
increase, value of bill savings from PV continue to decrease linearly. With a $atheus
charge, all of the relationships in Figure 4 are maintained, though the effdusfi@et charge

are less pronounced.

At low PV penetrations, time-varying rates provide the highest value of itigsafrom
PV, as exemplified in the reference-scenario results (the TOU and REReaddo savings 30%
and 28% higher than the flat rate, respectively). As with the volumetric-dely, the portion of
the rates derived from wholesale energy purchases is higher during timégenération, and
hence PV generation benefits from above-average rates. With high PV pengtiagak prices
shift to later in the day when PV stops generating. Thus prices when PV geaeedt@y,
leading to lower value of bill savings from PV, as seen in the 33% RE mix scermuits (the
TOU and RTP rates lead to savings 24% and 31% lower than the flat rate, veggediiithout

the volumetric adder, the differences between the two-part tarifiangng rates and the
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average wholesale prices are smaller, and hence, for time-varyingmatespact of moving

from net metering to hourly netting is less significant than with volumetrg rates.

Our results assume fixed customer profiles to calculate bill savings WoumdRer each
wholesale market model and retail rate scenario. However, differentncenkad profiles
could have an impact on the calculated bill savings from PV, depending on the load profile or
scenario. In most cases, for customers under full net metering, their hijsare independent
from the customer’s load level or the coincidence of PV generation and consumptiortheihe
PV generation is less than their annual load le¥eAs such, the bill savings per unit energy
generated from PV does not depend on the shape of the customer’s load profile. Ity émntras
customers under partial net metering, customers who can shift their pyofir¢ase
coincidence between their electricity consumption and PV generation would rgoeaver bill
savings from PV than customers who do not, as excess generation is compensaféztetta di
lower rate than the full retail rate. The increase in bill savings depends on thaetsability

to shift their load profile.

Our analysis examining the bill savings from PV with IBP under the refeissenariol{
highlights the significance of this rate structure for the customer econoiiehind-the-meter
PV. In particular, the variations in the value of bill savings across custorhersRY is net
metered with an IBP rate are even more significant than the variatiatsadsd with other rate
options, compensation mechanisms, and electricity market scenarios. URddrd®alue of bill

savings is highly dependent on the customer’s monthly use: customers with higlofevel

3 This is true as long as the customer’s annual inagleater than or equal to their annual PV geimeralf the
customer’s PV generation is greater than their ahload, the resulting bill credit carries overeéfiditely or the PV
customer is compensated for the annual excessajgmeat an avoided-cost rate (which is lower ttr@nretail rate
in most cases). In both cases the bill savingskidéin generated is lower, and hence customers ofterd aizing
their PV systems to generate more than their agemagual bill.
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consumption receive a relatively high value of bill savings from PV, and the consvénse for
customers with low use. The magnitude of this variability depends on the steephesgsaf t
tiers. For example, using the rate-design parameters specifieddoratd with IBP (which are
based roughly on current IBP residential rates in California), customées ioviest use tiers
receive a value of bill savings from PV that is 33% lower than for customers parttieered
flat rate with net metering. Customers in the highest tier receiveia gabill savings from PV
up to 102% higher than the non-tiered flat rate, depending on their PV system sizall{gdoe
IBP rates, the smaller the PV system size, the greater the average \mlugawings from PV).
This suggests that introducing IBP rates and/or revising existing IB® maght have an even
greater impact on the value of bill savings from behind-the-meter PV than theotketainties
explored in this article. Policy decisions regarding tiering (e.g., the steephthe tiers or
whether there should be tiering at all) would have significant impacts on tlenenstconomics
of PV, because the bill savings from PV under net metering could change siglyifraéimt

changes in tiering policy.

5. Conclusions

Utilities throughout the United States are considering various rate sesithat could affect
the bill savings from residential PV substantially. To illuminate the custeocmomics behind
such choices, this article examines the effects of three sets of assmsmptated to wholesale
electricity market design and retail rate structure, which anereturrently implemented or have
been considered by U.S. utilities or public utility commissions: (a) reti®is based on a
wholesale market design with a price cap and capacity-cost recovergttaadime-invariant
volumetric charge, (b) rates with a two-part tariff and fixed-chargevezg through a fixed

customer charge, and (c) a flat rate with IBP. Although the resultspeddeere use data and
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assumptions based on California’s electricity markets, the highertewdlstand conclusions
might be applicable to various electricity market conditions, given the siomtserlying
dynamics between rate structures and customer economics of behind-thevhétore
specifically, we find that the erosion in bill savings associated with the conobirdithigher PV
penetrations and time-varying rates (a finding in our previous articledalyl e less severe
with wholesale electricity market designs with a price cap when itggasts are recovered via
a fixed volumetric adder over all hours. The reduction in bill savings would potentially be
exacerbated, however, by setting retail rates that include a fixed custoange. Rates with IBP
lead to large differences in bill savings from PV among customers, as thessangrdgpendent
on the consumption levels. Larger customers, who face higher margindbragsctricity,
displace this higher priced electricity with PV generation, which leads tortbghsavings per
kilowatt-hour of PV generation. Introducing IBP rates and/or revisingiegilBP rates could
have a substantial impact on customer economics of net-metered residentialeRWalpoeven
more than from any of the other changes to electricity markets and s&ja densidered in this
article series. Specifically, revising IBP rates to decreas@fhiger rates would decrease bill
savings for larger electricity customers. However, decreasing tajtis may be accompanied
by an increase in bottom tier rates, which would improve the bills savings frainof\smaller

electricity customers.

Our results clearly indicate that, in addition to PV cost trajectories icotineng years, the
future bill savings from customer-sited PV will be very sensitive to polreiesing to retail
electricity rate structures, PV compensation mechanisms, and wholestieigtanarket
design. These findings complement previous studies, which have either maingdfocus

existing renewable deployment levels [6,7,9] or the value of solar PV generathe wholesale
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markets in high renewable future scenarios [5], by considering retail sa¢g @ad net metering
concurrently with potential changes in wholesale price profiles assdaeisth future electricity
market scenarios. Future bill savings from PV will impact the demand fordil] gavings are
currently the principal economic driver for customer sited PV (greatesevilhgs leading to
increased demand for PV). Our findings indicate that wholesale market desidmnepact
future demand for PV, given the varying levels of bill savings with varioesdegtigns, which is
corroborated by the follow-up study [10]. Independent of this, as the deployment cabémew
generation technologies increases, policymakers might therefore neearncelthle competing
goals of encouraging efficient market and rate designs and supportinglbgnaent of
customer-sited PV. If a chosen design reduces the bill savings to rediéhtustomers
substantially, another compensation mechanism—such as a feed-in tariff or apbsiaty—
might be required to maintain the value of residential PV and thus the demand for it. Other
strategies could help maintain the value of behind-the-meter PV as well.gfoplex customer-
sited energy storage and customer load control could maximize PV exports tiol therigig
high-retail-rate periods (under net metering) or, if compensation were providedtlamoug

hourly netting mechanism, minimize hourly excess electricity gaoarat

6. Future Research

The impact of value-preserving strategies on residential PV bill sadrggatential area
for future research. Additional future research could expand on the scope of thig-study
example, because this study relies on California-based assumptions, apadgsben
assumptions in different regions would further corroborate this study’s findinvgstigation of
other rate design options, such as demand charges for residential custouiérs,igment

results presented here. A study of commercial PV bill savings under valemigcity market
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scenarios also would be useful, since load profiles and electricity nattuséis vary between
commercial and residential PV customers (e.g. understanding how demares ¢cirgrgct the
customer economics of PV with increasing renewable penetrations). Finsights could be
gained through analyzing additional wholesale market scenarios and/or addivionednsation
mechanisms, such as “value of solar” rates that compensate PV geraratjance recalculated

annually to reflect the value of solar generation to the utility.
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Table 1: Electricity market scenarios

2030 Renewable Penetration (energy)

Distributed PV

Scenario

PV

Wind

CSP w/storage

Other RE

As proportion

of total PV
Reference 0.3% | 4.0% 0.0% 7.4% 50%
33% RE Mix 8.1% | 11.5% 3.5% 10.0% 30%

Table 2: Assumptions for tiered flat rate — scenarid

tbaseline

t;

t3

Sz

S3

0.55 0.50 * tpgsetine

1- thasetine — L2 50%

100%

Table 3: Tiered flat rate for reference scenario ($/kWh)

Tier1

Tier 2

Tier 3

Rtotal 0120

0.180

0.360

33




O©CO~NOOOTA~AWNPE

Table 4: Summary of all retail rates modeled

time of use rate

time of use rate

(peak season) (off-peak season)
Scenario Wnlzzlriseatle Market | Customer | flat rate low mid on-peak low mid on-peak C:;::Z:r
?
number type model | charge? | (S/kWh) | (S/kWh) | (s/kWh) | (s/kWh) | (s/kWh) | (s/kWh) | (S/kWh) ($/month)
A reference zgfy'gy' no $0.179 | $0.145 | $0.164 | $0.493 | $0.142 | $0.150 - -
B reference E:Se no $0.179 | $0.165 | $0.184 | $0.274 | $0.162 | $0.170 - -
energy-
c 33% RE only no $0.192 | $0.162 | $0.186 | $0.572 | $0.159 | $0.164 | $0.167 -
D 33% RE f:;e no $0.192 | $0.181 | $0.200 | $0.280 | $0.178 | $0.183 | $0.186 -
E reference z:fy'gy' Yes $0.078 | $0.044 | $0.063 | $0.392 | $0.041 | $0.049 - $59
F 33% RE z’r‘f;gy Yes $0.087 | $0.057 | $0.081 | $0.467 | $0.054 | $0.059 | $0.062 $59
G reference z:fy'gy' reduced | $0.148 | $0.114 | $0.133 | $0.462 | $0.111 | $0.119 - $20
H 33% RE 2:?\/@" reduced | $0.157 | $0.127 | $0.151 | $0.537 | $0.124 | $0.129 | $0.132 $20
eneray- Tiered
i reference onl gy No (see - - - - - - -
v Table 3)

Table 5: Summary Results, bill savings for all scenarios and all rates codsred

Bill Savings from PV ($/kWh)

hourly netting

net metering (75% PV-to-load ratio)

Scenario | Wholesale market Market Customer | flat TOU | RTP flat TOU | RTP
number type model charge rate rate rate rate rate rate
A reference er;rsy' $0 0.179 | 0.201 | 0.181 | 0.125 | 0.136 | 0.132
B reference price cap SO 0.179 | 0.187 | 0.183 | 0.113 | 0.117 | 0.117
c 33% RE er;rl"iy' $0 | 0.192 | 0.173 | 0.152 | 0.109 | 0.105 | 0.099
D 33% RE price cap $0 0.192 | 0.186 | 0.18 | 0.107 | 0.105 | 0.104

E reference er;irliy' $59 | 0.075 | 0.097 | 0.096 | 0.08 | 0.092 | n/a

F 33% RE er;irliy' $59 | 0.084 | 0.064 | 0.058 | 0.064 | 0.058 | n/a
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Figure 1: Value of bill savings for the reference scenario and the 33% RE mscenario,
relative to the reference scenario's flat rate with net metering, assuing an energy-only

market and a lower price cap with a capacity-cost adder (75% PV-to-load ratio asmed)
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Figure 2. Comparing value of bill savings between reference and 33% RE mixestarios,

Reference
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33% RE scenario (D)

assuming a lower wholesale price cap and a capacity-cost adder
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Figure 3. Bill savings for the reference scenario assuming a two-part téristructure (with

customer charge), relative to the reference scenario assuming only a voletmc charge

Note: As explained in Sectior2.2, the RTP rate with a two-part tariff structure is defined

differently than the RTP rate with volumetric charges only and hences not compared

directly in this figure.
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Figure 4. Value of bill savings for the reference scenario assuming a two-pdériff

structure, relative to the flat rate with net metering
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Figure 5: a) Value of bill savings for PV customers under the tiereddtk rate as a function
of customer gross electricity consumption, for three levels of PV-to-loadtio under the
reference scenariol(). b) Box-and-whiskers plot showing distribution in value of bill

savings for PV customers under the tiered flat rate for three levels of\Rto-load ratio. All
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Note: Box plots identify
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} percentile values
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values are in percentage difference from the non-tiered flat rate i net metering from the
reference scenario (hence the more positive the value on the y-axis, thgher the value of

bill savings).
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