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The customer economics of U.S. residential photovoltaics (PV) often depend on retail electricity rates,
because most utilities compensate customer-sited PV generation via net metering. The future bill savings
from net metering are uncertain and dependent on retail rate structures, wholesale market design, and
renewable penetration levels, among other factors. We explore the impact of the following assumptions
on the bill savings from residential PV: a wholesale electricity market design with a price cap (as opposed
to an energy-only market); a retail rate with a fixed customer charge (as opposed to a fully volumetric
rate); and increasing-block pricing (as opposed to a non-varying flat rate). A wholesale price cap can
dampen the expected bill-savings erosion due to moving from a low to a high renewables scenario for
customers with time-varying rates and net metering. Moving from a fully volumetric rate to a two-part
tariff rate with a fixed customer charge could severely erode the bill savings under net metering, because
PV generation could only displace the (reduced) volumetric portion of the rate. Finally, increasing-block
pricing might have an even greater impact on the bill savings from behind-the-meter PV than the other
uncertainties explored in this paper.

Published by Elsevier Ltd.
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1. Introduction

The customer economics of residential solar photovoltaics (PV)
rely heavily on the level of compensation for PV-generated electricity.
In the United States, this compensation is often based on the custo-
mer's prevailing retail electricity rate because of net metering—by far
the most common U.S. PV compensation scheme. Net metering
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1 For a comprehensive review of the relevant literature on the interactions
between retail electricity rate design and the customer economics of PV, refer to
Darghouth [11].

2 The data and methods are similar to those in our previous article [1].
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compensates all (or a portion) of PV generation at the customer's
underlying retail rate, thus rate design has a significant impact on the
economics of behind-the-meter PV. When considering the private
economics of residential PV, payback calculations often assume that
current retail rates will remain fixed or increase (in real terms) over
the PV system’s lifetime. These calculations do not consider the
changes in retail rates that could result from increased penetration of
renewable generation technologies, both utility scale and behind the
meter, as well as from changes in wholesale electricity market design
and retail electricity rate structures. Future installations of residential
PV systems are very dependent on the underlying retail rates, and
future installation trends could vary greatly with differing wholesale
electricity market designs and rate structures.

In a previous article, we found that “high renewable penetra-
tions can drive substantial changes in residential retail rates and
that these changes, together with variations in retail rate struc-
tures and PV compensation mechanisms, can interact to place
substantial uncertainty on the future value of bill savings from
residential PV” [1]. More specifically, all rate structures and com-
pensation mechanisms investigated, other than a flat time-
invariant rate with net metering, reduced the bill savings from
PV generation—in some cases substantially.

We made a number of assumptions regarding the retail rate
structures in our previous paper [1]. The electricity rates investigated
in the first article were based on wholesale prices that enable peaker
plants to recover their costs in the hours when capacity is constrained
(through the energy-only market design), and fixed costs were
recovered through volumetric charges, as they are in many utility rates
today. In addition, the flat rate was implemented in this analysis
without increasing-block pricing (IBP), in contrast to today's rate
design in California's three largest investor-owned utilities (IOUs). In
this paper, we consider a set of particularly timely assumptions that
could affect the customer economics of behind-the-meter PV:

(a) Retail rates based on an electricity market with a price cap of
$1000/MW h and recovering capacity costs to ensure the same
level of resource adequacy by adding a volumetric charge to
each kilowatt hour of electricity sold. Although some whole-
sale electricity markets employ an energy-only model (e.g., the
Electric Reliability Council of Texas), many others implement a
wholesale price cap with capacity payments to generators to
ensure sufficient capacity and reliability. This could affect
retail electricity rates, particularly if capacity payments are
recovered through a volumetric adder to rates.

(b) Retail rates that recover fixed costs through a two-part tariff
consisting of a volumetric energy charge and a fixed customer
charge. Arguing that PV customers avoid paying their share of
fixed costs owing to net metering, some U.S. utilities are looking
to implement a two-part tariff, inwhich all customers are subject
to a fixed monthly fee in addition to a (lower) volumetric energy
charge. Because PV generation could not displace any of the fixed
charge, the bill savings from PV would decrease, impacting the
customer economics of net-metered PV.

(c) A tiered flat rate with IBP. The rationale for tiered rates is to
encourage lower total electricity consumption and to provide a
baseline level of electricity at a low price (for lower-income
customers, for example). Tiering, however, does not account
for the timing of consumption, and there is no clear theoretical
method for designing tiered rates. Still, the flat rate with IBP is
the default rate for many utilities, including the IOUs in
California, thus we design a tiered 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
researchers have studied the wholesale price impacts of renewable
energy. For example, Sáenz de Miera et al. [2] and Sensfuß et al. [3]
consider the short-run wholesale price impacts of increased
renewable energy using modeling frameworks that account for the
“merit-order” effect. Lamont [4] and Mills and Wiser [5] use models
that simultaneously consider economic investment and dispatch to
generate wholesale prices representing markets in long-run equi-
librium for increased-renewable scenarios. Other researchers have
examined the links between current retail rates and customer
economics of behind-the-meter PV. For example, Darghouth et al.
[6] quantify the value of bill savings for net-metered residential PV
using current retail electricity rates. Borenstein [7] explores the
impact on bill savings of mandatory time-of-use (TOU) rates for net-
metered residential PV customers, and he shows that PV customers
can often benefit from time-varying retail rates over flat rates [8].
Mills et al. [9] investigate retail rate structure impacts on the value
of bill savings for commercial California customers, focusing in part
on how much PV can reduce customer demand charges. A follow-
on to this study examines the impacts of changes to rate design and
net metering rules on future distributed PV deployment resulting
from changing customer economics from PV [10].

However, prior to this paper series, the literature has not con-
sidered how retail rate design and compensation mechanisms
interact with changes in future wholesale price profiles.1 This paper
is designed to fill that gap. Our previous article [1] examined these
issues using a baseline set of assumptions, which included an energy-
only wholesale market and rates that recovered costs entirely
through volumetric charges. This paper examines essential variations
to wholesale market and retail rate design, which are particularly
relevant given current electricity-policy debates in the United States.
2. Methods2

Two scenarios are considered throughout the analysis in this paper
and are summarized in Table 1: (1) a reference scenario in which the
renewable energy capacity is based on 2011 levels and remains con-
stant through 2030, and (2) a 33% renewable electricity (RE) mix
scenario in which a third of the electricity supply is from a mix of
renewable energy technologies. 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 hydro storage;
and concentrating solar power (CSP) has a 6-h storage capacity.

To investigate potential impacts of wholesale market design
and various rate structures on the value of bill savings for resi-
dential PV customers, we use the following methodology:

) Model the impacts of a wholesale electricity market design with
price caps and two rate structures (one with IBP and one with
two-part tariffs) on hourly wholesale market prices

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

) Using net metering (and, in some cases, an alternate form of
compensation) to remunerate behind-the-meter residential PV
generation, for each retail rate type and scenario considered,
compute the bill savings from PV for residential customers by
calculating their annual bill with and without PV generation.

The production-cost and capacity-expansion model used to
develop wholesale electricity prices in this analysis is from Mills
and Wiser [5]. This model assumes an energy-only market, where
prices are permitted to reach very high levels in some hours to



Table 1
Electricity market scenarios

Scenario 2030 Renewable penetration (energy) Distributed PV

PV (%) Wind (%) CSP w/sto-
rage (%)

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
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recover the fixed costs of peaker plants. The baseline analysis in
our previous article [1] used this model to develop hourly
wholesale electricity prices. In this paper, one of the scenarios
investigated is an alternative market design with lower price caps,
based on the energy-only model results but with prices truncated
at times when prices rise above the cap.

We use growth-adjusted load data based on California's gross retail
load in 2010 [13] as 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 lifetime in 2030
[5] and new plants that, together, meet load and reserve requirements,
given the renewable electricity generation profiles. Darghouth et al.
[14] provide renewable generation site-selection details.

Our analysis is based on electricity market characteristics that
are, in part, loosely based on California's, but is not intended to be
a forecast of California's electricity market, nor are our conclusions
intended to have implications specific only to the California mar-
ket. We chose to base some of our assumptions on California's
electricity market in 2030 as (a) California has the highest levels of
installed solar capacity of any state in the US, (b) its renewable
energy capacity continues to grow, with aggressive renewable
portfolio standards, making it a good candidate for a high
renewable scenario, and (c) the availability of electricity market-
related and customer data enables such analysis.

Standard rate-design principles are used to develop the retail
electricity rates [1]. Rates are set to recover the utility's fixed costs
and variable costs plus a fair rate of return. The flat rate, without
tiering, is the average cost of generating, transmitting, and deli-
vering electricity to residential customers. The time-of-use (TOU)
rate charges higher prices during times of peak wholesale prices
and is systematically computed using a k-means clustering algo-
rithm. Real-time pricing (RTP) charges the hourly wholesale price in
addition to a volumetric charge. These three rates (flat, TOU, and
RTP) are developed for the alternative wholesale market design and
the two-part tariff. The detailed framework and methodology for
developing each of the retail rates can be found in Darghouth [11].

The two compensation mechanisms considered in this paper are
net metering and hourly netting. Net metering effectively compen-
sates all PV generation at the underlying retail rate. For time-varying
rates, net metering compensates hourly PV generation at the rate
applicable in each hour. Under net metering, bill savings are not
dependent on the customer's load profile. With hourly netting, PV
generation can displace electricity consumption within the hour
(effectively compensating generation that offsets consumption at the
retail rate), but any excess electricity is compensated at the wholesale
price. Because the rate of compensation depends on consumption 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 of 226 customers of the three IOUs in California, for which
we have hourly consumption profiles for a 1-year period.3 We use
3 Customers in the sample were not PV system owners. They consumed a
median of 8568 kW h/year and a mean of 9431 kW h/year. This is higher than
household mean values for all customers in PG&E (6734 kW h/year), SCE (6783),
and San Diego Gas & Electric (SDG&E, 5943) [15] but lower than the gross
modeled contemporaneous PV generation, matched to each cus-
tomer's location, to calculate annual bills with PV. In most of the
analyses presented, each customer's PV system size is designed to
meet 75% of the customer's annual consumption (we call this a
75% PV-to-load ratio). We also present results for 25% and 50%
PV-to-load ratios for a subset of the results.

The value of bill savings is expressed as dollar savings per
kilowatt hour of PV generation. It is calculated by taking the dif-
ference between the customer's annual bill with and without PV
and dividing by the customer's annual PV generation.

To summarize, the scenarios include two wholesale market
design options (with and without a wholesale market price cap), two
renewable penetration scenarios (reference and 33% renewable
penetration), three rate design options (flat, TOU, and RTP rates), and
two compensation mechanisms (net metering and hourly netting).

2.1. Lower wholesale price cap

There are a variety of wholesale market designs that enable all
market participants to recover their fixed and variable costs. One
market solution is the energy-only market design, where prices in
most hours are set by the highest bidder, as per the merit order
curve. In the hours where capacity is constrained, however, prices
are allowed to spike as high as the value of lost load, which allows
for peaker plants to recover their fixed costs through wholesale
prices. This was the energy market design used for the analysis in
our previous article [1]. However, a number of markets implement
a wholesale price cap which is much lower than the value of lost
load, and side payments are made to generators to ensure suffi-
cient capacity to meet load. The impact of the latter market design
(lower price cap with a separate capacity market) on electricity bill
savings from PV under net metering is investigated in this paper.
More detailed reviews of the energy-only model and capacity
markets can be found in Stoft [17], CPUC [18], Wen et al. [19], Oren
[20], Joskow [21], Newell et al. [22], and Darghouth et al. [1].

Electricity rates that are designed efficiently, to send the proper
price signals to customers, would recover the generation capacity
costs during peak times, as it is only in the peak hours that indi-
viduals contribute to increased generation capacity costs. For the
TOU and RTP rates, the capacity costs would be recovered via a
volumetric adder only in the peak period or hours. These rates
would be equivalent to those under an energy-only market, because
all price spikes in the modeled wholesale market occur during the
peak TOU period. As the flat rate is time-invariant, the capacity costs
would recovered via a volumetric adder spread over all hours, and
hence result in the same rate level whether under an energy-only
market or a market with a price cap with side capacity payments.
Hence, when rates are designed more efficiently, we would not
expect any difference in the bill savings from PV resulting from the
wholesale market characteristic related to price caps.

However, a number of utilities do not design their TOU rates in
this way, instead choosing to recover at least a portion of their
generation capacity costs via a volumetric adder spread over all
hours. For example, the Ontario Energy Board set their TOU rates
in this way until recently [23]. Some utilities recover these costs
over both the mid-peak and peak periods, which span over a large
portion of the day. Were TOU and RTP rates to always be calculated
efficiently, then our results would be the same with or without a
price cap, given that generation capacity costs are to be recovered
in peak periods in both cases. However, recognizing that some
time-varying rates do not send customers efficient price signals,
(footnote continued)
electricity consumption for the subset of customers with net-metered PV: 13,776
(PG&E) and 17,208 (SCE) kW h/year [16].



5 This is not quite equivalent to the RTP rate presented in Darghouth et al. [1]
with volumetric charges only, because none of the remaining charges are recovered
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we also compute retail rates based on an electricity market with
lower price caps and capacity costs recovered evenly over all
electricity consumption via a volumetric adder. This effectively
changes the time-varying rates so that, instead of being based on
wholesale prices that can reach $10,000/MW h, 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 price (ph;cap) such that:

ph;cap ¼
ph if phr1000
1000 if ph41000

(
ð1Þ

For the generators selling power during peak hours when prices
are higher than $1000/MW h under the higher price cap, the lost
income is recovered by a volumetric capacity cost adder (Rcap). This
ensures that plants depending on these high payments to recover
their capital costs provide sufficient capacity in those peak-demand
hours. The revenue requirement with a lower price cap and a
capacity-cost adder is the same as with a higher wholesale price
cap. Thus, the capacity-cost adder (Rcap) 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 purchasing wholesale elec-
tricity under the lower price cap and the total revenue from the
capacity-cost adder. In addition, the flat rate, which is based on a
load-weighted average wholesale price, does not change with the
lower price cap plus the capacity-cost adder, because the total
revenue is equal to the flat rate under the higher price cap.

We recalculate all rates (with net metering and hourly netting) using
the capped wholesale price time series for the reference scenario and
the 33% RE mix scenario, where all rates are calculated with the stan-
dard rate-design principles as in Darghouth [11]. The only exception is
that the capacity-cost adder,ðRcapÞ, is added to the rate at all hours.

Two-part tariff

In the analysis presented in our previous article [1], we only
considered electricity rates with volumetric charges (i.e., a custo-
mer with zero net electricity consumption would have a zero
electricity bill). In this paper, one of the rates we consider has a
fixed customer charge. Several utilities have considered or are
considering charging PV customers a monthly fee or standby
charge to cover fixed costs related to grid connection or increasing
the monthly fixed charge (while decreasing the volumetric charge)
to better reflect their cost structures. In this way, a customer with
a zero net annual consumption would still have a non-zero bill
equal to the fixed charge. The current analysis includes a version of
the two-part tariff, a lower volumetric rate and a fixed customer
charge, under the reference scenario and the 33% RE mix scenario.

In particular, we consider a two-part tariff with a uniform fixed fee,
which recovers all of the utilities' fixed costs through a customer
charge that does not vary with customers' annual consumption in
addition to transmission and distribution (T&D) related costs.4 T&D
capacity costs are recovered in the fixed customer charge as these tend
to scale with the number of customers (beyond the month-to-month
time scale) and, furthermore, most utilities have chosen not to dif-
ferentiate fixed customer charges based on the size of the customer's
electrical connection. With net metering and hourly netting, custo-
mers cannot displace any part of the customer charge. The variable
portion of the rate—which can be displaced by PV generation—only
recovers the costs of electricity purchases on the wholesale market.
4 The fixed charge includes recovery of costs related to renewable purchase
power agreements, T&D infrastructure capacity costs, miscellaneous charges such
as a public purpose program charge, and the fixed costs of operations and main-
tenance related to utility-owned generation (hydro power plants, pumped storage,
and nuclear plants).
Since an energy-only market design is assumed in this study, the fixed
costs of peaker plants required to ensure resource adequacy (i.e.,
“generation capacity costs”) are reflected in wholesale electricity pri-
ces, and hence generation capacity costs are recovered through the
variable portion of the two-part tariff.

With the real-time rate, the customer's energy charge is assumed
equal to the wholesale price each hour, and the fixed charge is
determined by the residual revenue required to recover total utility
costs.5 The real-time rate is likely the most efficient rate, because it
sets the volumetric cost to the marginal cost of generating electricity
and the fixed cost to recover all revenue shortfalls. However, this rate
likely recovers too many of the fixed costs from PV customers. Thus it
might be a lower bound to what a utility actually may implement,
because PV can displace some fixed costs, such as offsetting T&D
upgrades, and this rate does not consider potential benefits of
behind-the-meter PV such as reduced line losses and environmental
benefits. See, for example, Ràbago et al. [24] for a review of the
potential benefits of PV not accounted for in this analysis.

2.2. Tiered rates

We create a tiered flat rate for both the reference and the 33%
RE mix scenario (i.e., a rate with IBP but without any time-
differentiated pricing). The tiered rate is based on the flat rate,
where all costs are recovered through a single rate. Because there
is little theoretical rationale for the specific characteristics of any
tiered flat rate, a number of assumptions must be made regarding
the size of the steps (in kilowatt hours) and the increase in rate
with each step. In this study, the tiered flat rate has three tiers
(including a baseline) and can be described fully in the following
three equations to produce a unique solution:

tbaseline URgen;baselineþt2 URgen;2þt3 URgen;3 ¼ Rgen;flat ð2Þ

Rgen;baselineþRadder
� �

U 1þs2ð Þ ¼ Rgen;2þRadder ð3Þ

Rgen;2þRadder
� �

U 1þs3ð Þ ¼ Rgen;3þRadder ð4Þ

where Rgen;baseline, Rgen;2, and Rgen;3 are the components for the
baseline, second, and third tier, respectively, that recover the total
cost of wholesale purchases; Rgen;flat is the component of the non-
tiered flat rate that recover the total cost of wholesale purchases;
Radder is the volumetric adder that recovers all other costs (including
fixed costs); tbaseline, t2, and t3 are the percentages of net load
attributed to the baseline, second, and third tier, respectively; and s2
and s3 are the percent increases in rate from baseline to tier 2 and
from tier 2 to tier 3, respectively. The values for each of these
constants are summarized in Table 2.

These values are loosely based on the current tier structure for
Pacific Gas & Electric (PG&E) and Southern California Edison (SCE).
The baseline amount in California is designed 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 baseline to tier 2 is 50%, and the step increase
from tier 2 to tier 3 is 100%. Baseline regions and seasonal levels are
equivalent to those of the three major IOUs, as of January 2013.6
with a volumetric charge. Thus comparisons between the RTP rate in Darghouth
et al. [1] and with a customer charge are not made directly in figures or the text.

6 The three IOUs in California (SCE, PG&E, and SDG&E) have developed baseline
regions based on climate zones, and they assign a baseline level of electricity
consumption appropriate for each climate zone. Baseline regions with higher
temperatures in the summer are allotted a higher baseline level than more tem-
perate coastal regions, for example.



Table 2
Assumptions for tiered flat rate – scenario I

tbaseline t2 t3 s2 s3

0.55 0.50 Utbaseline 1�tbaseline�t2 50% 100%

Table 3
Tiered flat rate for reference scenario ($/kW h)

Tier 1 Tier 2 Tier 3

Rtotal 0.120 0.180 0.360
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3. Results

In this section, we will compare the bill savings for each com-
bination of the three rate designs, three PV-to-load ratios, two
renewable penetration scenarios and two compensation mechan-
isms under an energy-only market, a wholesale market with price
cap and side capacity payments, and with and without fixed cus-
tomer charges7. Additionally, we will compare bill savings with net
metering under IBP to bill savings under a flat rate in the reference
scenario. Positive values in the figures indicate that bill savings from
PV for the customer would be higher than in the reference scenario,
and negative values indicate lower bill savings from PV, as com-
pared with the baseline scenario specified for each figure. All
modeled retail rates are summarized in Table 4; scenarios in the
table have been labeled A–H and are explicitly labeled in the text.

3.1. Volumetric rate under an energy-only market (scenarios A & C)

When retail rates are modeled such that all utility costs are
recovered via a volumetric charge (i.e., no fixed customer charges),
under the reference scenario (A), time-varying rates increase bill sav-
ings with net metering when compared to the flat rate. This is because
wholesale electricity prices are generally higher than average during
times when PV generates electricity (i.e., PV output is positively cor-
related to summer peak load), and PV generation therefore benefits
from time-differentiated compensation. Relative to the reference case,
the bill savings increase under the 33% RE mix scenario (C) with the
flat rate and net metering (due to the increased costs of renewables)
but decrease for time-varying rates (because wholesale prices during
times of PV generation erode with increasing PV penetration).

For both the reference (A) and the 33% RE mix scenario (C),
hourly netting decreases bill savings by 27–47% relative to the
same rate with net metering. Over most hours in which hourly
excess PV is exported to the grid, wholesale prices are lower than
retail rates (whether flat, TOU, or RTP), yielding a sizable decrease
in the value of bill savings, particularly 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 Fig. 1 and are discussed comprehensively in Darghouth
[11]. Fig. 1 shows the value of bill savings from PV under each of
the rate options for the reference scenario (A and B) and the 33%
RE mix scenario (C and D), relative to the flat rate with net
metering in the reference scenario; these results are for the
energy-only market and the lower price cap with the capacity-cost
adder, assuming a 75% PV-to-load ratio.8
7 Some scenario or rate combinations are not applicable or not covered in this
study. The RTP rate, as defined in this study, always has a fixed charge which is not
calculated in the same way as the fixed charge for flat and TOU rates (i.e. the fixed
charge for RTP rate is designed to recover all costs not recovered via the variable
portion of the rate whereas the fixed charge for the flat and TOU rates is designed
to recover fixed costs and T&D capacity costs). The only IBP analysis is under the flat
rate in the reference scenario.

8 All figures show a percentage increase or decrease from a baseline, because
this study is mostly interested in the directional change and relative magnitudes of
bill savings rather than the exact numbers, which depend more on the retail rate
levels developed from the underlying assumptions. However, the absolute bill
savings for all points in the figures can easily be computed, given that the begin-
ning reference point (bill savings for the flat rate with net metering in Fig. 1) is
3.2. Lower wholesale electricity price cap and volumetric capacity
charge (scenarios B & D)

With a lower wholesale electricity price cap, price spikes are
limited to $1000/MW h (versus $10,000/MW h with the energy-
only market), although the number of spikes on any given day does
not change. The rates are designed such that in both cases, with
and without an energy-only market, the same revenue levels are
collected to ensure sufficient cost recovery to maintain the same
level of resource adequacy. With a lower cap, this is done by way
of a parallel capacity market. As explained in Section 2.1, the costs
of ensuring sufficient capacity are recovered through a flat volu-
metric charge, which is added to the retail rate for residential
customers. The resulting capacity-cost adder ranges from $0.019/
kW h to $0.020/kW h, 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 price cap and parallel capacity market. Therefore, the
values of bill savings from PV with net metering are equal in both
reference scenarios ($0.179/kW h – A and B), as shown by the two
leftmost solid diamonds in Fig. 1.

Results for the energy-only market (with a $10,000/MW h price
cap) are discussed in detail in our previous article [1] and are pre-
sented here to enable comparison with results for the lower price
cap. For the reference scenario under the low price cap (B), the bill
savings from PV for customers under the TOU rate with net metering
are 4.6% higher than under the flat rate with net metering. As with
the energy-only market, this increase in bill savings is due to the
coincidence between the higher-priced TOU periods and PV gen-
eration; the peak TOU period in the high-priced season is 1 to 7 pm
during business days. However, this increase in value of bill savings,
relative to the flat rate, is lower than for the energy-only market
(12.7%); although the peak period in the high-priced season is similar
to the peak period in the energy-only model, the peak rate is about
half the level ($0.283/kW h versus $0.493/kW h for the low-price-cap
and energy-only model, respectively). The capacity-cost adder is
added to all hours, raising the rate in all other hours by $0.02/kW h,
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 lower price cap is similar to that with the energy-only model, even
though the rates during the peak hours are lower due to the low
price cap. Again, the effect of the $0.02/kW h capacity-cost adder in
all hours counters the decrease in the peak-period rate.

With hourly netting under the reference scenario (B), there is a
considerable decrease in the value of bill savings for all rates with
the low price cap and capacity-cost adder. For both the energy-only
market and the lower price cap (scenarios A & B), the decrease in
value with hourly netting is due to low wholesale price compen-
sation levels for hourly net excess PV generation. Because the
average wholesale price of net excess PV generation is significantly
lower than the retail rate, the average value of bill savings is lower
for hourly netting. As seen in Fig. 1, with hourly netting, the value is
even lower than in the energy-only model owing to the lower price
(footnote continued)
equal to $0.179/kW h. The absolute bill savings levels for all scenarios are also found
in the appendices of Darghouth [11].
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Fig. 1. Value of bill savings for the reference scenario and the 33% RE mix scenario,
relative to the reference scenario's flat rate with net metering, assuming an energy-
only market and a lower price cap with a capacity-cost adder (75% PV-to-load ratio
assumed).
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cap and the reduction in average hourly wholesale prices of the
customers' hourly net excess PV generation.

For the 33% RE mix scenario (D), the value of bill savings with
net metering is again the same for the flat rate regardless of the
wholesale price cap level. In contrast, both time-varying rates with
net metering lead to higher bill savings from PV in the low-price-
cap design compared with the energy-only design. In addition, the
dramatic value reduction observed with increasing PV penetration
for the energy-only model in the 33% RE mix scenario (D – shown in
Darghouth et al. [1]) is not observed with the lower price cap
(Fig. 2), even though peak prices still shift to later in the day. This
counterintuitive result is due to the volumetric adder being a higher
proportion of the total retail rate, with the lower price cap. The
portion of the rate that recovers the wholesale market purchases,
Rgen, does decrease significantly (by 48%) owing to the shifting peak
prices. However, Rgen represents less than 30% of the total rate, and
the decrease in Rgen is countered by the increase in Radder because of
increased RE purchases, resulting in a similar rate under the refer-
ence (B) and 33% RE mix (D) scenarios. This explains why the TOU
and RTP rate only erode by 1% and 2%, respectively, under the 33%
RE mix scenario (D) compared with the reference scenario (B).

The value of bill savings from PV under hourly netting in the
33% RE mix scenario (D) is lower than in the reference scenario for
50% and 75% PV-to-load ratios (Fig. 2). As expected, as PV-to-load
ratios increase, the values of bill savings decrease with hourly
netting, because a greater percentage of PV generation is hourly
excess and thus is compensated at the low wholesale prices. At
50% and 75% PV-to-load ratios, the only rate in the 33% RE mix
scenario (D) that leads to higher bill savings is the flat rate with
net metering, compared with the reference scenario.

3.3. Two-part tariffs (scenarios E, F, G, & H)

In this section, we consider a potential alternative rate structure
to those considered in our previous article [1]: the two-part tariff. As
explained in Section 2.2, two-part tariffs include a customer charge
(that does not vary with electricity load and by which utilities' fixed
costs are recovered) and a volumetric charge (by which utilities'
variable costs are recovered). Customer charges are fixed and hence
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cannot be displaced by PV generation with net metering, which
affects the value of bill savings from PV significantly.

Most importantly, rates with a fixed customer charge reduce the
value of bill savings from PV greatly compared with rates without
customer charges that recover all costs with volumetric charges.
The erosion in bill savings is shown in Fig. 3 for the reference sce-
nario (E); under net metering, the bill savings decrease by 52–58%,
resulting from a decrease in the volumetric portion of the rate.
Under hourly netting the bill savings decrease by 33–36%. The
decrease under hourly netting is less significant than under net
metering, because a smaller proportion of PV generation is com-
pensated at the full retail rate than under net metering. There are
no large variations in the decrease in bill savings from PV from one
rate option to the next, because each of the rates considered is
affected similarly; utilities recover the same amount for fixed costs
via a customer charge for both time-invariant rates (e.g., flat rate)
and time-varying rates (e.g., TOU rate).

Fig. 4 shows PV bill-savings results for the two-part tariff
structure in the reference (E) and 33% RE mix scenarios (F), relative
to the reference scenario with flat rate and net metering. The TOU
rate with net metering provides the greatest value in the reference
scenario (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 rates. The bill
savings from PV are only slightly lower with hourly netting, because
the average wholesale price of customers' exported electricity is
only slightly less than the average TOU rate. The significant decline
in value observed with volumetric rates was due to the wholesale
price being much lower than the retail rate. Because there is no
fixed-cost-related volumetric adder with the two-part tariff, the
erosion in value resulting from using hourly netting instead of net
metering is much less significant. With the RTP rate,9 the value is
almost as high as the TOU rate, 28% higher than the flat rate with
net metering.10 The lowest-value rate for the reference scenario is
9 As explained in Section 2.2, RTP is defined in this case as the wholesale price
each hour plus a customer charge without a volumetric adder to recover variable
costs other than wholesale electricity purchases.

10 It may seem surprising that the value of bill savings is so much higher for
RTP than for the flat rate, because the values were much more similar in the
reference case with volumetric charges. This is mainly because the total residential
revenue from the volumetric portion of the RTP rate (assuming all customers are on
RTP rates) happens to be greater than the total revenue from the volumetric por-
tion of the flat rate (assuming all customers are on the flat rate). This is due to the
the flat rate with net metering. The flat rate with hourly netting
leads to a higher value, because the average wholesale price during
times of hourly excess generation is higher than the flat rate.

Under the 33% RE mix scenario (F), all rates except for
the flat rate with net metering reduce bill savings compared
with the flat rate with net metering under the reference scenario
(footnote continued)
way the RTP rate is defined with these assumptions; the volumetric portion of the
RTP rate is always equal to the wholesale price and does not depend on the utilities'
fixed/variable cost recovery (as do all other rates considered here).
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11 This analysis uses the reference scenario for 2030 to design the tiered flat
rate. For a more detailed analysis of the impact of actual tiered rates available in
California (as of 2009) on the value of bill savings from PV [6].
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(E – see Fig. 4). The other rates erode bill savings because the
scenario's high PV penetration reduces wholesale prices during
times when PV generates. RTP is affected the most. Averaging over
the TOU periods benefits PV's TOU value slightly relative to RTP.
Customers with hourly netting and the flat or TOU rates would
receive a lower value of bill savings than those with net metering
owing to the portion of generation compensated at the low
wholesale price instead of the retail rate. Hourly netting leads to a
sharper decline in value, relative to net metering, for the flat rate
than for the TOU rate. This is because the TOU rate is already low
during hours of net excess PV generation. Since the price differ-
ence for this net excess PV generation is greater for the flat rate
than for the TOU rate, the decrease in value is greater for the flat
rate than the TOU rate under hourly netting. Customers with the
RTP rate receive among the lowest values from PV bill savings. The
RTP rate is equal to the hourly wholesale electricity price, which is
the most negatively correlated to the levels of PV generation.

3.4. Increasing-block pricing (scenario I)

Some utilities, including California IOUs, offer IBP or tiered flat
rates. With tiering, volumetric charges increase with each subsequent
usage tier, and utilities typically have 2–5 tiers. We designed a tiered
rate for the flat rate in the reference scenario to analyze the impacts of
tiering on the value of bill savings.11 Section 2.3 describes the tiered-
rate design methodology used in this analysis. Table 3 shows the
tiered rates for the reference scenario.

We computed utility bills for the customer sample using this
rate option with and without PV for three PV system sizes (25%,
50%, and 75% PV-to-load ratio) to calculate the value of bill savings
for each customer. Similar to the results in Darghouth et al. [6],
customers with the highest consumption levels who faced high
marginal costs in the third tier had the highest level of bill savings
from PV (a 102% increase over the non-tiered flat rate), and those
with the lowest consumption levels had the lowest bill savings from
PV (about 33% lower than the non-tiered flat rate), shown in Fig. 5.

The value of bill savings from PV decreases with increasing PV-
to-load ratios, particularly for customers in the upper tiers. As PV
generation increases, net consumption enters the lower tiers, and
hence the marginal value of PV generation is at a lower-tiered rate.
This results in lower average customer value from PV generation.

These results depend on the assumptions used in the design of
the tiered rate. The steeper the increasing-block prices, the greater
the differences between the lowest and highest tiers and the non-



Table 5
Summary results, bill savings for all scenarios and all rates considered

Scenario number Wholesale market type Market model Customer charge Bill Savings from PV ($/kW h)

Net metering Hourly netting (75% PV-to-load ratio)

Flat rate TOU rate RTP rate flat rate TOU rate RTP rate

A Reference Energy-only $0 0.179 0.201 0.181 0.125 0.136 0.132
B Reference Price cap $0 0.179 0.187 0.183 0.113 0.117 0.117
C 33% RE Energy-only $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 Energy-only $59 0.075 0.097 0.096 0.08 0.092 n/a
F 33% RE Energy-only $59 0.084 0.064 0.058 0.064 0.058 n/a
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tiered flat rate. However, these results indicate that the variability of
impact on PV bill-savings value due to tiered rates can be greater
than the variability associated with other rate options and com-
pensation 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 of an energy market with price caps and a parallel capacity
market that ensures resource adequacy. Under this type of market
design, wholesale electricity prices are less volatile than under an
energy-only market design; however, the capacity payments create
an additional cost that must be recovered through retail rates. In
this analysis, we recover these via a flat volumetric adder for retail
residential customers, as do most U.S. utilities today. The differences
with the energy-only market can affect retail rates and the value of
bill savings for behind-the-meter PV in several important ways.
Although there is no change in the value of bill savings under flat
retail rates with net metering, time-varying rates reduce value
during periods when the wholesale price cap is reached and
increase value during all other periods, due to the additional volu-
metric capacity adder.12 This results in only a small increase in the
value of bill savings for customers with the time-varying rates and
net metering under the reference scenario, because PV generates in
hours with scarcity prices that would be reduced due to the price
cap (TOU and RTP with net metering lead to savings that are only
2% and 5% higher than the flat rate with net metering, respectively).
Conversely, with higher PV penetrations, the value of bill savings
under time-varying rates increases because the price spikes in these
scenarios do not occur when PV generates (i.e. the volumetric
capacity adder increases off-peak rates relative to the off-peak rates
without the adder). Thus, the reduced energy costs during those
hours do not affect PV compensation, while the additional volu-
metric charge to recover capacity-market costs increases retail rates
during hours when PV generation occurs (TOU and RTP with net
metering lead to savings that are 7% and 18% higher than with the
energy-only market, respectively). In short, a market with price
caps and a parallel capacity market reduces the erosion in the value
of net-metered TOU and RTP bill savings relative to the flat rate that
occurs in an energy-only market at high solar penetration.

Our previous article [1] considered three potential residential
retail rate structures (a flat rate, a TOU rate, and an RTP rate), and
12 If the TOU and RTP rates are less “peaky,” because of policy decisions on how
to recover capacity costs through rates for example, then bill savings from PV will
be less affected by PV output correlationwith periods of scarcity. This is particularly
important for wholesale market scenarios with low PV penetrations, because there
is a higher level of correlation between PV generation and periods of scarcity than
for higher-PV-penetration scenarios.
in all cases fixed costs were recovered through volumetric charges.
Some jurisdictions, however, are considering relying more heavily
on customer charges for fixed-cost recovery. Hence, in this paper
we considered, as a lower bound to PV value, a case in which all
fixed costs are recovered through a fixed customer charge rather
than a volumetric adder (resulting in a customer charge of $59/
month). The most salient result is the substantial decline, over 50%
using the assumptions in this analysis, in the value of bill savings
for the flat and TOU rates with net metering, relative to that of the
full volumetric rate. The policy implications are also significant;
depending on how the rate is designed, moving away from
volumetric-only rates to two-part tariffs could significantly affect
the customer economics of residential PV and the behind-the-
meter PV market. To retain demand for PV at a similar level, such a
reduction in value from bill savings would need to be countered by
a feed-in tariff, an upfront subsidy, or another compensation
mechanism to increase the PV system's value to the customer.

Using the specified assumptions, we found that the flat and TOU
rates with the two-part tariff provide 52–58% lower value compared
with similar rates with volumetric-only charges, assuming net
metering. Specifically, this study assumes that all utility fixed costs
are recovered through the fixed customer charge, resulting in a
relatively high monthly charge of $59 for 2030 rates (in 2012 US$).
Fixed charges for California investor-owned utilities are currently
limited to $10/month, as per legislation (AB 327), and some Cali-
fornia municipal utilities are ramping up their fixed charge to $20/
month in the coming years. We chose to model this higher fixed
charge, however, as an upper bound to what utilities may consider
in the future. Clearly, a $20 customer charge, with a volumetric
adder to recover the remaining utility fixed costs (scenarios G and
H), would result in a substantially less erosion in bill savings (17%-
19% reduction) compared with similar rates with volumetric-only
charges, assuming net metering. As customer charges increase,
value of bill savings from PV continue to decrease linearly. With a
$20 customer charge, all of the relationships in Fig. 4 are main-
tained, though the effects of the fixed charge are less pronounced.

At low PV penetrations, time-varying rates provide the highest
value of bill savings from PV, as exemplified in the reference-
scenario results (the TOU and RTP rates lead to savings 30% and 28%
higher than the flat rate, respectively). As with the volumetric-only
rates, the portion of the rates derived from wholesale energy pur-
chases is higher during times of PV generation, and hence PV
generation benefits from above-average rates. With high PV pene-
trations, peak prices shift to later in the day when PV stops gen-
erating. Thus prices when PV generates are low, leading to lower
value of bill savings from PV, as seen in the 33% RE mix scenario
results (the TOU and RTP rates lead to savings 24% and 31% lower
than the flat rate, respectively). Without the volumetric adder, the
differences between the two-part tariff time-varying rates and the
average wholesale prices are smaller, and hence, for time-varying
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rates, the impact of moving from net metering to hourly netting is
less significant than with volumetric-only rates.

Our results assume fixed customer profiles to calculate bill sav-
ings from PV under each wholesale market model and retail rate
scenario. However, different consumer load 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 bill savings are independent from the customer's
load level or the coincidence of PV generation and consumption,
when their PV generation is less than their annual load levels.13 As
such, the bill savings per unit energy generated from PV does not
depend on the shape of the customer's load profile. In contrast, for
customers under partial net metering, customers who can shift
their profile to increase coincidence between their electricity con-
sumption and PV generation would receive greater bill savings from
PV than customers who do not, as excess generation is compen-
sated at a different, lower rate than the full retail rate. The increase
in bill savings depends on the customer's ability to shift their load
profile.

Our analysis examining the bill savings from PV with IBP under
the reference scenario (I) highlights the significance of this rate
structure for the customer economics of behind-the-meter PV. In
particular, the variations in the value of bill savings across custo-
mers when PV is net metered with an IBP rate are even more sig-
nificant than the variations associated with other rate options,
compensation mechanisms, and electricity market scenarios. Under
IBP, the value of bill savings is highly dependent on the customer's
monthly use: customers with high levels of consumption receive a
relatively high value of bill savings from PV, and the converse is true
for customers with low use. The magnitude of this variability
depends on the steepness of the use tiers. For example, using the
rate-design parameters specified for a flat rate with IBP (which are
based roughly on current IBP residential rates in California), cus-
tomers in the lowest use tiers receive a value of bill savings from PV
that is 33% lower than for customers on the non-tiered flat rate with
net metering. Customers in the highest tier receive a value of bill
savings from PV up to 102% higher than the non-tiered flat rate,
depending on their PV system size (generally, for IBP rates, the
smaller the PV system size, the greater the average value of bill
savings from PV). This suggests that introducing IBP rates and/or
revising existing IBP rates might have an even greater impact on the
value of bill savings from behind-the-meter PV than the other
uncertainties explored in this paper. Policy decisions regarding
tiering (e.g., the steepness of the tiers or whether there should be
tiering at all) would have significant impacts on the customer
economics of PV, because the bill savings from PV under net
metering could change significantly with changes in tiering policy.
5. Conclusions

Utilities throughout the United States are considering various
rate structures that could affect the bill savings from residential PV
substantially. To illuminate the customer economics behind such
choices, this paper examines the effects of three sets of assump-
tions related to wholesale electricity market design and retail rate
structure, which are either currently implemented or have been
considered by U.S. utilities or public utility commissions: (a) retail
13 This is true as long as the customer's annual load is greater than or equal to
their annual PV generation. If the customer’s PV generation is greater than their
annual load, the resulting bill credit carries over indefinitely or the PV customer is
compensated for the annual excess generation at an avoided-cost rate (which is
lower than the retail rate in most cases). In both cases the bill savings per kW h
generated is lower, and hence customers often avoid sizing their PV systems to
generate more than their average annual bill.
rates based on a wholesale market design with a price cap and
capacity-cost recovery through a time-invariant volumetric
charge, (b) rates with a two-part tariff and fixed-charge recovery
through a fixed customer charge, and (c) a flat rate with IBP.
Although the results presented here use data and assumptions
based on California's electricity markets, the higher-level trends
and conclusions might be applicable to various electricity market
conditions, given the similar underlying dynamics between rate
structures and customer economics of behind-the-meter PV. More
specifically, we find that the erosion in bill savings associated with
the combination of higher PV penetrations and time-varying rates
(a finding in our previous article [1]) could be less severe with
wholesale electricity market designs with a price cap when
capacity costs are recovered via a fixed volumetric adder over all
hours. The reduction in bill savings would potentially be exacer-
bated, however, by setting retail rates that include a fixed custo-
mer charge. Rates with IBP lead to large differences in bill savings
from PV among customers, as the savings are dependent on the
consumption levels. Larger customers, who face higher marginal
rates for electricity, displace this higher priced electricity with PV
generation, which leads to higher bill savings per kilowatt hour of
PV generation. Introducing IBP rates and/or revising existing IBP
rates could have a substantial impact on customer economics of
net-metered residential PV, potentially even more than from any
of the other changes to electricity markets and rate design con-
sidered in this paper series. Specifically, revising IBP rates to
decrease the top tier rates would decrease bill savings for larger
electricity customers. However, decreasing top tier rates may be
accompanied by an increase in bottom tier rates, which would
improve the bills savings from PV from smaller electricity
customers.

Our results clearly indicate that, in addition to PV cost trajec-
tories in the coming years, the future bill savings from customer-
sited PV will be very sensitive to policies relating to retail elec-
tricity rate structures, PV compensation mechanisms, and whole-
sale electricity market design. These findings complement pre-
vious studies, which have either mainly focused on existing
renewable deployment levels [6,7,9] or the value of solar PV
generation in the wholesale markets in high renewable future
scenarios [5], by considering retail rate design and net metering
concurrently with potential changes in wholesale price profiles
associated with future electricity market scenarios. Future bill
savings from PV will impact the demand for PV, as bill savings are
currently the principal economic driver for customer sited PV
(greater bill savings leading to increased demand for PV). Our
findings indicate that wholesale market design could impact
future demand for PV, given the varying levels of bill savings with
various rate designs, which is corroborated by the follow-up study
[10]. Independent of this, as the deployment of renewable gen-
eration technologies increases, policymakers might therefore need
to balance the competing goals of encouraging efficient market
and rate designs and supporting the deployment of customer-sited
PV. If a chosen design reduces the bill savings to residential PV
customers substantially, another compensation mechanism—such
as a feed-in tariff or upfront subsidy—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. For example, customer-sited energy storage and
customer load control could maximize PV exports to the grid
during high-retail-rate periods (under net metering) or, if com-
pensation were provided through an hourly netting mechanism,
minimize hourly excess electricity generation.
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6. Future research

The impact of value-preserving strategies on residential PV bill
savings is a potential area for future research. Additional future
research could expand on the scope of this study. For example,
because this study relies on California-based assumptions, ana-
lyses based on assumptions in different regions would further
corroborate this study's findings. Investigation of other rate design
options, such as demand charges for residential customers, could
augment results presented here. A study of commercial PV bill
savings under various electricity market scenarios also would be
useful, since load profiles and electricity rate structures vary
between commercial and residential PV customers (e.g. under-
standing how demand charges impact the customer economics of
PV with increasing renewable penetrations). Finally, insights could
be gained through analyzing additional wholesale market sce-
narios and/or additional compensation mechanisms, such as
“value of solar” rates that compensate PV generation at a price
recalculated annually to reflect the value of solar generation to the
utility.
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