Environmental Research Letters

TOPICAL REVIEW « OPEN ACCESS

A review of barriers in implementing dynamic electricity pricing to
achieve cost-causality

To cite this article: Daniel C Matisoff et al 2020 Environ. Res. Lett. 15 093006

View the article online for updates and enhancements.

This content was downloaded from IP address 136.55.39.178 on 20/10/2020 at 16:28


https://doi.org/10.1088/1748-9326/ab9a69

I0P Publishing

@ CrossMark

OPEN ACCESS

RECEIVED
18 February 2020

REVISED
23 April 2020

ACCEPTED FOR PUBLICATION
8 June 2020

PUBLISHED
25 August 2020

Original content from
this work may be used
under the terms of the
Creative Commons
Attribution 4.0 licence.

Any further distribution
of this work must
maintain attribution to
the author(s) and the title
of the work, journal
citation and DOL.

Environ. Res. Lett. 15 (2020) 093006

Environmental Research Letters

TOPICAL REVIEW

https://doi.org/10.1088/1748-9326/ab9a69

A review of barriers in implementing dynamic electricity pricing to

achieve cost-causality

Daniel C Matisoff'(, Ross Beppler', Gabriel Chan’

and Sanya Carley’

! Georgia Institute of Technology, 685 Cherry St NW, Atlanta, GA 30332, United States of America
2 Humphrey School of Public Affairs, University of Minnesota, 301 19th Ave. S., Minneapolis, MN 55455, United States of America
3 O’Neill School of Public and Environmental Affairs, Indiana University, 1315 E 10th St, Bloomington, IN 47405,

United States of America
* Author to whom any correspondence should be addressed.

E-mail: matisoff@gatech.edu

Keywords: distributed energy resources, dynamic pricing, renewable energy, electricity systems, smart grid, electricity prices

Abstract

Rapidly changing economics, customer preferences, and policy to address climate change and local
environmental pollutants have driven increased deployment of a wide range of distributed energy
resources in the U.S. electricity system. Distributed energy resources have enabled an expanded

role for energy consumers and non-utility third parties to reshape system costs, drawing renewed
attention to the potential of reforming electricity rate design based on the further application of
cost-causal principals to improve overall system fairness and efficiency. One mechanism to move
toward greater application of cost-causal rate design is dynamic pricing, which varies electricity
prices across time and location to reflect costs of providing electricity to consumers under specific
market conditions and grid operation conditions. While dynamic electricity pricing has penetrated
some markets, and it has not been widely implemented, particularly for residential consumers. In
this review article, we provide a brief summary of electricity rate design, including the possibility of
introducing dynamic prices, and explain why dynamic prices are more reflective of the short-run

marginal costs of electricity supply than volumetric rates. We then explore the barriers to the
widespread adoption of residential dynamic pricing, emphasizing technical, economic, and
political challenges. Our assessment reflects the ability of dynamic prices to engender more
equitable and efficient outcomes by achieving the goal of cost-causality, and we argue that a move
toward more dynamic pricing can constitute a welfare improvement over volumetric rates.
However, dynamic pricing does not completely address the full set of challenges associated with
rate design and, alone, is unlikely to enable the full recovery of fixed costs and the fair attribution of
the positive and negative externalities of electricity provision. Therefore, electricity rate design
requires tradeoffs, making it as much an art as a science. This analysis synthesizes literature across
multiple fields and suggests avenues for further research.

1. Introduction

A number of emerging societal and technological
changes are challenging the infrastructure that is
required to provide electricity service to virtually
every household in the United States and the util-
ity business models developed in the 20th century
to own and operate electricity systems. The declining
cost of distributed energy resources (DERs), the per-
sistence of the challenge of addressing energy afford-
ability, and the increasing urgency of climate change

© 2020 The Author(s). Published by IOP Publishing Ltd

mitigation, among other trends, have created chal-
lenges for the management of the electric grid. In this
context, many state, regional, and federal bodies are
debating new rules to govern the electric grid, while
still ensuring reliable electricity service, making elec-
tricity affordable, providing grid security, reducing
environmental impacts, and enabling some forms of
consumer choice. These various developments have
spawned renewed calls for electricity rate design that
incorporates cost-causal principles (Convery et al
2017, Pérez-Arriaga et al 2017).
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The cost of providing electricity services to con-
sumers varies over time—from minute-to-minute,
day-to-day, and season-to-season—as well as by loc-
ation. The total cost of providing electricity includes
not just the cost of generation, but includes the
costs of large capital investments in the transmission
and distribution system, as well as grid services that
have public good characteristics such as grid secur-
ity and reliability. A traditional flat (‘volumetric’)
electricity rate bundles the costs of providing many
energy services—generation, distribution, transmis-
sion, and other operational costs—into the sale prices
of kilowatt-hours (kWhs). Such a pricing structure
does not reflect the variation in the costs of provid-
ing electricity for a specific kWh of demand. In con-
trast, cost-causal principles of rate-design suggest
varying the rates charged to consumers proportional
to the cost of providing all energy services to that
consumer at each point in time and location (Sher-
wood et al 2016). In other words, cost-causal rate-
design principles' establish prices for energy services
that reflect the underlying short-run marginal sys-
tem costs—including all externalities—of providing
electricity for a specific kWh of energy, as would be
accomplished in idealized competitive markets that
internalize externalities. Standard economic framing
requires prices to equal marginal social costs for social
welfare to be maximized. Cost-causal rate design
seeks to align prices with the specific marginal social
costs of delivering electricity services to a specific con-
sumer at a specific time.

Advocates of cost-causal rate design principles
argue that electricity systems would be more efficient
if rates properly passed all marginal costs through to
consumers and thus aligned the private incentives of
energy consumers with the marginal costs incurred
to meet demand. While cost-causal rate design prin-
ciples primarily address economic efficiency, advoc-
ates have argued that such principles do not preclude,
and may even enable, equity and environmental goals
as well (Convery et al 2017). However, as we discuss
in this review article, cost-causal principles advance
a straightforward goal in abstract but are difficult to
implement in practice for several technical, behavi-
oral, political and institutional, and economic reasons
specific to the electricity sector.

Real-world electricity prices deviate from mar-
ginal social costs, sometimes substantially (Boren-
stein 2016). Electricity rate design differs from the
cost-causal ideal due to the requirement that supply
and demand must always be balanced in near real

IThroughout this article, we define ‘cost-causal principles’ as
rationales to reform electricity rates to assign a greater fraction of
the incremental costs of serving a particular kWh of load to the con-
sumer of that load. This includes not only the attribution of costs of
generation to consumption at a particular place and time, but the
attribution of costs of provision of the transmission and distribu-
tion system and a wide variety of grid services to individual users
based on their consumption patterns.
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time, but retail prices for the vast majority of cus-
tomers do not fluctuate in real time, so some degree
of simplification is required even if marginal costs
are reflected in average prices. While time variant
costs of generation are incorporated into retail prices,
fixed costs and public good characteristics present
more of a challenge. Rate design occurs in a het-
erogenous, balkanized governance system with rate-
design decisions occurring in a polycentric regime of
interacting actors with partially aligned or conflict-
ing institutional incentives that differ substantially by
utility type and by state (Borenstein and Bushnell
2015).” Finally, most jurisdictions do not account for
the external costs of climate change in electricity rates,
and where they do, incremental costs accounting for
climate impacts are below the social cost of carbon.’

In this article, we discuss the institutional con-
texts of electricity rate design and review the argu-
ments for how cost-causal principles of rate design
can address many of the simultaneous, often compet-
ing objectives of electric grid management for the 21st
century.” Our focus in this review is the U.S. elec-
tricity system and service to residential end-users,
but our analysis may also apply in other contexts.’
Following this theoretical justification, we focus on
the set of practical implementation challenges for
reforming electricity rates to incorporate cost-causal
principles. We group these challenges into technical,
behavioral, political and institutional, and economic
categories, largely to reflect the nature of different
fields of study, recognizing that these distinctions
belie the interconnected nature of the challenges of
rate design. Then, after outlining each set of chal-
lenges individually, we proceed to discuss their inter-
actions.

ZFor example, states and regions with competitive retail electri-
city markets differ substantially from those that preclude retail
choice. Further, investor-owned utilities are often rate regulated by
state regulators, whereas municipal and cooperative utility rates are
largely self-regulated.

3For example, in the Regional Greenhouse Gas Initiative—a cap-
and-trade program covering the electricity sector in some New
England and Mid-Atlantic States, the clearing price for emission
allowances was less than $6 per ton in 2019. The Federal Inter-
agency Working Group on Social Cost of Greenhouse Gases estim-
ated the social cost of carbon under a wide variety of assumption,
finding values $10 per ton at the highest discount rate analyzed.
(Interagency Working Group on Social Cost of Greenhouse Gases
2016, RGGI, 2020)

4Our review is focused on retail rates for residential consumers, but
we note that cost-causal principles have been applied to a greater
extent in other parts of the electricity system where implementation
barriers differ (e.g. wholesale rates and commercial and industrial
rates).

5Specific market rules in parts of some states have created condi-
tions where alternative institutional designs create pricing regimes
with less direct regulatory control, such as the competitive market
in Texas. Customers in the competitive zones of Texas can opt to
receive service from retail energy providers that offer dynamic pri-
cing. However, even in areas with competitive generation markets
and competitive and dynamic electricity rates, there are significant
barriers to incorporating cost causal principles.
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We find that while a move toward greater
incorporation of cost-causal rate design principles
generally constitutes a welfare improvement over the
predominant status quo reliance on volumetric resid-
ential retail rates, other considerations require care-
ful attention in reforming electricity rates. Questions
remain about the full recovery of long-lived infra-
structure and the fair attribution of the positive and
negative externalities associated with the operation of
the electricity system. With multiple objectives and
different institutional contexts, there may not be a
single optimal design, implying that rate design will
always require the social negotiation of trade-offs
(Faruqui et al 2012) and the need for rate reform
to strike an appropriate balance between accuracy
and practicality. Further, the methods through which
rates are developed and negotiated is not purely tech-
nical. Rate reform processes are driven as much by
political and institutional factors as by economic
principles. As different jurisdictions—at different
levels of governance—experiment with rate design
and deploy new rate structures, principles of cost-
causality are likely to remain an idealized notion with
the gap between theoretically perfect dynamic prices
and what is implemented in practice requiring con-
tinuous negotiation (Joskow and Wolfram 2012).

2. Reforming rate design to incorporate
cost-causal principles

We begin by providing background on traditional
rate design and ratemaking processes, newer market
changes that elicit questions about the appropriate-
ness of traditional rates, and the different types of
rate designs that have been introduced to incorpor-
ate cost-causal principles.

2.1. Traditional rate design

Bonbright’s (1961) seminal work on public utility
rates advocated for rates that are simple, understand-
able, acceptable to the public, and feasible to apply
and interpret. Additional factors that are considered
in rate design include effectiveness in meeting rev-
enue requirements for financing long-lived infra-
structure, stability of rates and revenues, equity across
customers, and economic efficiency. These multiple
goals may align but often, at least partially, conflict
with each other, leading to the politicization of rate
design.

To comprehend the challenges associated with
the implementation of cost-causal rate-design prin-
ciples, it is helpful to understand the traditional rate-
making process. Public utility rates represent negoti-
ations between utilities, regulatory bodies, and pub-
lic stakeholders—as well as their representatives and
elected officials—to balance the multiple objectives of
rate design under uncertainty about the future (Bon-
bright et al 1988). The majority of jurisdictions cur-
rently employ an embedded cost (i.e. average cost) of

3
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service methodology for at least part of established
rates. In this approach, a total revenue requirement is
established that allows a utility to recover the costs of
service—and in the case of investor-owned utilities,
also earn a ‘reasonable rate of return. This amount is
then assigned to rate classes based in part on historical
load characteristics® (Lazar et al 2020). Some juris-
dictions alternatively apply a marginal cost of service
approach that bases allocated costs on marginal costs
rather than average expended costs.

In practice, the assignment of costs to customer
classes is not merely a mathematical exercise but
instead a political process that appeals to cost-causal
principles among many other norms and constraints.
For instance, determining whose usage necessitated
investment in a new generating facility or an upgrade
of the distribution system requires strong assump-
tions about causality and is therefore not a strictly
analytic exercise. This is reflected in the 2016 rate-
making guidance from the National Association of
Regulated Utility Commissioners (NARUC), which
underscores the persistent challenges of disaggregat-
ing costs by their function and allocating costs to
specific consumers. NARUC’s guidance describes a
number of methods that have been developed, but
acknowledges that a ‘range of reasonableness’ leaves
room for considerable interpretation (National Asso-
ciation of Regulated Utiltity Commissioners Staff
Subcommittee on Rate Design 2016).

Under a typical flat volumetric rate structure
where consumers pay a fixed price for each kWh of
electricity consumed within each month, rates are
only adjusted periodically. Therefore, rates are unre-
sponsive to changes in supply and demand within
and across billing periods. Historically, in an environ-
ment with relatively homogeneous customer classes,
steadily growing demand, monopoly retail electri-
city providers, and no technologically feasible way
to determine individual consumer load patterns, flat
volumetric rates achieved many of the societal goals
of rate design. Flat rates also have the advantage of
being relatively easy to calculate (simply divide the
revenue requirement by the kWh sales for each cus-
tomer class) and relatively easy to understand (a single
price for electricity for all customers within a class at
all points in time within a billing period). However,
the conditions under which flat volumetric rates were
first adopted no longer exist: heterogeneity in cus-
tomer classes has become an important social con-
cern (Thompson 2016); demand is flat or declining

6 A typical rate-making process is composed of three steps: func-
tionalization, classification, and allocation. Functionalization is the
purpose of a cost, which is typically categorized as generation,
transmission, distribution, or other. Once disaggregated into func-
tions, costs are then classified into categories including demand
(fixed costs based on kW), energy (costs that vary by kWh), and
customer (investments to establish basic service, metering, and
other customer service). Finally, costs are allocated to customer
classes to determine how much each customer class should pay.
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in many jurisdictions (EIA 2020); DERs and mar-
ket reforms are challenging monopoly utility struc-
tures; and advanced metering infrastructure is mak-
ing unprecedented levels of new data available.

Because flat rates do not necessarily incorpor-
ate principles of cost causation, they often fail to
transmit price signals that reflect the varying costs
of service provision to energy consumers. If util-
ity rates do not reflect marginal social costs, con-
sumers will be incentivized to make socially sub-
optimal decisions (Borenstein 2016). Relative to a
socially optimal profile of consumption, flat rates can
lead to over-consumption during periods of high cost
and under-consumption during periods of low cost.
Over-consumption during peak hours is especially
costly since utilities must purchase expensive capital
equipment or energy services from other parties to
meet critical peak loads, even though this capacity can
be used for as little as 60 to 100 h a year (Faruqui et al
2009). In most regulatory contexts, the capital costs of
these infrequently run peaker plants and inadequately
utilized transmission and distribution infrastructure
are shared by all electricity consumers, creating short-
run cross-subsidies from consumers who use relat-
ively less electricity during high-cost periods to those
who use relatively more during these periods (John-
son et al 2017).

2.2. Cost-causal rate design principles and
emerging changes to rate design

Legislators, regulators, advocates, and utilities are
rethinking electricity rates and have expanded efforts
to study and pilot alternative rate designs to incor-
porate cost-causal principles. Cost-causal rate design
seeks to allocate costs of providing electricity service
to the actor whose consumption made the incurrence
of the cost necessary. Cost causal principles center the
marginal cost of electricity service delivery as the fun-
damental basis of prices.

Academic researchers have modeled the con-
sequences of alternative rate structures (Azarova et al
2018), and proposed rates that more explicitly incor-
porate cost-causal principles (Burger et al 2019b). In
fact, most jurisdictions have adopted some form cost-
causal rate-design principles, incrementally moving
away from a flat volumetric structure. Many other
sectors within the electricity industry have also moved
toward the incorporation of some cost-causal prin-
ciples, such as the use of locational marginal pricing in
wholesale electricity markets and the Federal Energy
Regulatory Commissions’ dynamic pricing of trans-
mission.

Efforts within the retail residential electricity
market to move away from flat volumetric rates have
included concepts such as fixed charges and block
rates. Figure 1 displays penetrations of electricity rate
structures for residential consumers that vary prices
over time within a day to reflect differences in mar-
ginal costs as of 2017. More recently, more complex
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structures are becoming increasingly prevalent. These
rate options exist across a spectrum with flat volumet-
ric rates on one end and rates that update in real-time
and with location- specific marginal pricing on the
other.

2.2.1. Temporal cost-causal rate design.

Ideally, a program that embodies cost-causal rate
design principles could adapt to reflect cost changes
for delivering energy services in near real-time in
response to system conditions. A number of rate
design options include elements of cost-causal design
principles, specifically with respect to the tim-
ing of demand relative to coincident costs. These
approaches begin to introduce temporal variation
into electricity rates but do not necessarily capture
the full temporal variation in system costs (Borenstein
2005). Proposals to introduce temporal variation in
rates vary in complexity. In this section, we enumer-
ate a number of utility pricing strategies that intro-
duce at least some temporal variation in prices. Figure
2 shows a schematic representation of different time-
varying electricity pricing in relation to a daily load
profile.

The simplest incorporation of a cost-causal prin-
ciple is to establish seasonal differentiation of flat
volumetric rates, to address higher loads in winter
and summer periods or adjustments to the fuel com-
ponent of rates to reflect changes in underlying fuel
costs.

Greater temporal disaggregation can vary electri-
city rates by predictable time-of-use schedules within
a day. ‘Time of Use Pricing’ sets regular rate sched-
ules and a limited numbers of price fluctuations based
on historical supply and demand information. Early
experience with these programs has demonstrated the
elasticity of residential consumer demand to tempor-
ally varying prices (Herter et al 2007, Herter and Way-
land 2010). To the extent that Time of Use rate designs
are more temporally dynamic, they can represent an
efficiency improvement over volumetric charges.

Critical Peak Pricing, where consumers are
charged a higher rate during peak hours, is close
in concept to a dynamic rate in that rate changes
are not known far in advance. Yet Critical Peak Pri-
cing is typically restricted to a maximum duration
and number of price-change events per period, and
uses pre-set price levels, which limits this approach’s
ability to capture all variations in marginal costs.
Variations in creating price differentiation specific-
ally at peak periods include Variable Peak Pricing
and Critical Peak Rebate programs which reward
customers for reducing consumption as opposed to
charging more for consuming during critical peak
periods.

Even higher temporal disaggregation can vary
rates by actual time-of-use service costs, some-
times referred to as ‘Real Time Pricing’ These
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Figure 1. Percent of Residential Consumers on Time-Varying Rates, as of 2017. Compiled from EIA Form 861. The figure only
includes programs that vary residential retail rates within a day and does not include related schemes such as rate reductions or
rebates for load-control adoption. Additional programs are scheduled for adoption in the next few years, notably a large program
in California. For further information about specific pilots and case studies, see Faruqui et al.(2012) and Environmental Defense

dynamic pricing structures provide residential elec-
tricity consumers prices that are directly pegged to
the time-varying marginal costs of providing electri-
city service (Joskow and Wolfram 2012). Real Time
Pricing programs are currently rare for residential
consumers. Where they exist, they typically are only
used for large customers in the commercial and
industrial classes.” One notable exception is Illinois,
where Ameren Illinois and ComEd offer variations of
real-time pricing to their residential customers.® Fur-
ther, while Real Time Pricing is able to pass through
temporally variant generation costs, it does not avoid
controversy in deriving marginal rates for network
costs. And while dynamic pricing comes closest to the
ideal of cost-causal rate design, even the most precise
approach to temporal disaggregation does not neces-
sarily incorporate spatial variation in pricing, as dis-
cussed in section 2.2.2.

2.2.2. Spatial cost-causal rate design.

The costs of delivering electricity services vary not
only with time but also by the location within a net-
work. Cost-causal principles can also capture this
variation. In wholesale markets, such variation is

7For example, Georgia Power implemented one of the first
and most widely used real time power programs which
offers customers a number of implementation options:
https://www.georgiapower.com/business/prices-rates/business-
rates/marginally-priced.cshtml
8https://www.pluginillinois.org/realtime.aspx

captured in nodal, or locational marginal pricing,
which is widely used across the U.S. However, at
the distribution level, to implement spatially disag-
gregated rates, utilities may require greater inform-
ation about the distribution of net load on the
networks to estimate specific locational marginal
prices. As DERs and other ‘grid-edge technology’
penetration has increased, distribution networks have
become more flexible, accommodating two-way flows
of power and taking on many of the same character-
istics of transmission systems (Sotkiewicz and Vign-
olo 2006). This has led to some calls for locational
marginal pricing principles used at the transmission
level to also be applied at the distribution level (Bur-
ger et al 2019a). A wider use of distribution-level
locational marginal pricing would compensate DERs
for their role in reducing line losses (Shaloudegi et
al 2012) and for their flexible dispatchability in a
distribution network with congestion (Huang et al
2015). Locationally-variant pricing could also prop-
erly incent DER placement in a distribution network
to minimize the costs of distribution-system upgrades
(Sotkiewicz and Vignolo 2007). Research suggests
that a distribution-level locational marginal pricing
method would be especially important in systems
with significant electric vehicle loads (Li et al 2014).
To our knowledge there are no existing residential rate
programs that incorporate distributional locational
marginal pricing for the entire class of residential
customers.
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Figure 2. Schematic representation of summer energy demand load profiles and time-varying rate design options. The load
profile (top subplot) shows load for a typical day (solid line) and a day with a critical event (dashed line). Critical peak pricing
and real time pricing are responsive to critical events (dashed lines).”

2.3. Cost-causal principles and distributed energy
resources

Distributed Energy Resources (DERs) are energy
resources deployed at the distribution level, either

for supply—including rooftop solar and other forms
of distributed generation (DG), or for decreased or
controllable demand—including demand response,
energy storage, and energy efficiency. While DERs
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predate centralized generation and waves of DER
deployment have occurred in multiple periods, the
current period of DER deployment has raised crit-
ical questions at the core of the utility business model
and the role of regulation. There are a number of out-
standing issues related to the compensation and pri-
cing of DERs that are inseparable from larger ques-
tions about the cost-causality of electricity tariffs. In
fact, increasing penetrations of DERs are a key driver
of the renewed interest in cost-causal rate design. A
central question is how to set fair compensation for
DERs owned by individuals, aggregators, and other
non-utility actors. Some forms of DER incentives,
such as energy efficiency rebates, may be justified on
cost-causal principles—greater efficiency can reduce
the system peak and therefore avoid capacity expan-
sion. However, state net metering policies typically do
not appeal to cost-causal principles under current rate
designs, which has led some to suggest that net meter-
ing for DG acts as a cross-subsidy whereby other rate-
payers partially subsidize the grid services utilized by
owners of DG (Johnson et al 2017). However, it is also
possible that DG owners are under-compensated for
the social value they create if reimbursement is below
the social value. Studies calculating the value of dis-
tributed solar have found social values both signific-
antly greater than and significantly lower than retail
prices.'’

Many U.S. states have studied design options
for compensating DER owners and incorporated the
same logic of cost-causation described above for rate
design. For example, the federal Public Utilities Reg-
ulatory Policy Act (PURPA) of the late 1970s estab-
lished a requirement for utilities to purchase quali-
fying generation from independent power producers
at avoided cost, which is fundamentally premised on
cost-causal principles; however, the implementation
of PURPA by states has varied substantially. Recently,
at least 25 states have conducted benefit-cost ana-
lysis on distributed solar resources in response to
concerns that the value of the resource may dif-
fer from the compensation received by the own-
ers of solar systems (Carley and Davies 2016). One
example of an alternative approach to DER com-
pensation is to establish a Value of Solar (VOS) or
Value of Distributed Energy Resource (VDER) that
reflects the full social value of solar or DERs (Pitt
and Michaud 2015). VOS and VDER calculations,
now established in tariffs in Austin. Texas, Minnesota,
and New York, estimate solar or DER’s avoided
generation, transmission, distribution, and environ-
mental costs on a per-kWh basis over the life of a
project.'! Barring other market imperfections, DERs

10See Weissman and Fanshaw (2016) for a review: https:/
environmentamerica.org/sites/environment/files/reports/
AME%20ShiningRewards%20Rpt%200ct16%201.1.pdf
1 As implemented and proposed, VOS and VDER rates are not
dynamic. Instead, they calculate monthly or annual schedules for
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that receive reimbursement under a VOS or VDER
will be deployed at a socially optimal level, reflecting
all of the resource’s private and social costs and bene-
fits. However, this approach faces many of the same
obstacles of standard rate design in that the value
of solar differs depending on the input assumptions
and these assumptions are value laden (Hansen et al
2013).

One type of DER that has important implications
for electricity pricing is battery storage, both station-
ary and mobile. Batteries can be charged during low-
cost and off-peak time periods and then deployed
during on-peak times, with the benefit of displacing
other sources of peak generation and flattening load
curves. The literature argues that it is possible to
optimally design end-user batteries to minimize sys-
tem costs and that battery integration can lead to cost
reductions under dynamic pricing schemes (see, e.g.
Van de Ven et al 2013, Kamyab and Bahrami 2016).
Battery storage also has the potential to reduce price
fluctuations under dynamic pricing models due to
a flatter load curve. Mobile storage, as a vehicle-to-
grid source of electricity, has often been touted as a
viable means of load management but persistent bar-
riers still prohibit vehicle batteries from serving such
a role (Noel et al 2019). The most critical barriers
include battery degradation from repeated charging
and discharging, consumer acceptance, and techno-
logical maturity (Van de Ven et al 2013, Sovacool et al
2017).

3. Barriers to implementation of
cost-causal rate design principles

Cost-causal principles suggest that varying rates (and
DER compensation) over space and time in accord-
ance with short-run marginal costs—or avoided
costs—can lead to many system improvements. These
improvements arise by sending price signals that
convey system-wide benefits, rather than only indi-
vidual benefits, for electricity consumption and DER
investment. However, proliferation of cost-causal
rate design principles in the residential sector will
require addressing a host of technical, economic,
behavioral, political and institutional barriers that
may impede the realized benefits of cost-causal rate
design.

In table 1, we present a distribution of all dynamic
pricing articles according to the barriers discussed
or evaluated in each. The articles counted in this
table are those that we were able to locate through
a systematic literature search in the Web of Science,

reimbursement based on approximations of how solar genera-
tion or DERs will avoid other system costs over time (accounting
for temporal and spatial heterogeneity of avoided costs through
approximations and averages). VOS and VDER rates also are lim-
ited in their incorporation of locational differentiation (Baker et al
2013, Vaishnav et al 2017).
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Table 1. Summary of articles from the literature and this paper that discuss barriers to dynamic pricing.

Total No.

Relevant  Technical Behavioral Political and

Articles Barriers Barriers  Institutional Barriers Economic barriers

Inequality/ Institutional Fixed  Enviro. Public
Political ~ Capacity Costs  Externalities =~ Goods/CPR

Web of Sci- 70 13 49 16 8 23 6 3
ence Articles
Additional 46 17 26 14 18 12 3 7
Manually
Identified
Articles
Total 116 30 75 30 26 35 9 10

supplemented by the authors’ knowledge on the sub-
ject and then coded by research assistants for rel-
evance. Appendix 1 summarizes the Web of Science
methodology for assembling a complete list of articles
and the coding scheme and protocol developed for
this review. Although our search uncovered 701 art-
icles, many of these articles did not specifically discuss
barriers to dynamic pricing,'” and additional coding
was needed in order to limit the sample to articles that
were specifically relevant to barriers to dynamic pri-
cing. In addition, numerous articles that the authors
knew to be relevant were not captured, and thus we
supplemented the sample with an additional 77 art-
icles. After coding each article for specific relevance
to the review subject, a close inspection of each art-
icle led us to a final sample of 116 articles that dis-
cussed technical, economic, behavioral, or political
and institutional barriers in some detail (as well as
an additional 41 articles that were otherwise relev-
ant for the review). Of these 116 articles, 75 covered
behavioral barriers, 30 covered political barriers, 26
covered institutional barriers, 35 covered economic
barriers relating to fixed costs, 9 covered economic
barriers related to environmental externalities, and
10 articles covered economic barriers related to pub-
lic good arguments. Thirty articles covered technical
barriers. In our discussion of the literature below, we
pull selectively from these studies and synthesize their
main arguments.

3.1. Technical barriers

The implementation of cost-causal rate design prin-
ciples requires more sophisticated metering techno-
logy than what was traditionally deployed. In par-
ticular, rate design that varies temporally requires
advanced metering infrastructure (AMI), or ‘smart-
meters, (Convery et al 2017). In this section, we focus
on AMI, reflecting the focus in the literature and in

12 A search that limits results to a specific discussion of barriers to
dynamic pricing produced few results.

practice on AMI requirements as a prerequisite for
time-varying rates.

AMI is required to be able to determine a cus-
tomer’s usage in fine temporal intervals and to send
and receive data in near real time between the point
of load and the utility. Definitions of what constitutes
an ‘advanced’ meter vary and some electricity meters
have more functionality than others. AMI installa-
tions range from real-time meters with built-in two-
way communication, capable of recording and trans-
mitting instantaneous data, to basic hourly interval
meters. As the time interval of measurement shrinks,
requirements for communications and data manage-
ment increase. Despite some definitional ambiguity,
the penetration of some forms of AMI has increased
significantly in the last decade. As of the end of 2018,
86.8 million smart meters had been installed in the
U.S., the majority of which was in the residential sec-
tor (U.S. EIA, 2017).

The cost of deploying AMI, however, may be
prohibitive for some utilities, and in general, the
implementation of cost-causal rate design principles
faces the challenge of justifying the lifetime cost of
AMI with the prospective system benefits of varying
rates. Despite recent declines in cost, smart meters
retain a non-trivial price, and in some regions, the
scale of AMI upgrades needed requires hundreds
of billions of dollars in capital investment (Gellings
2011). The recovery of these capital costs provides a
political dilemma similar to fixed-cost recovery for
other energy services. Opponents of smart meters
have pushed back against investment costs (Smith
2009). Proponents of smart meters and cost-causal
rate design insist that the benefits exceed costs,
but significant uncertainty still exists in measuring
incremental costs and benefits associated with AMI
investments (Joskow 2012). One difficulty in cal-
culating benefits of smart grid investment is that
benefits are largely dependent on consumer beha-
vioral response, which varies substantially across
studies (Faruqui and Sergici 2010), as discussed in
section 3.2.
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Most smart meters are composed of several
sensors and control devices that must be supported
by dedicated communication infrastructure'’ (Zheng
et al 2013). Additional data and communications
networks produce increased data security concerns
(Mcdaniel and Mclaughlin 2009). Smart grids have
risks from a number of deliberate threats including
industrial espionage, terrorist attacks, and cyber war-
fare, as well as more inadvertent failures such as user-
error or equipment failure. While there are a number
of protocols, cryptographic algorithms, and encryp-
tion schemes and controls proposed by industry and
academia to secure smart devices (Metke and EkI
2010), the security is ultimately dependent on device
manufacturers and users (Knapp and Samani 2013).
Consumers may also fear breaches in personal pri-
vacy.'* These consumer anxieties contribute to the
political resistance towards the implementation of
smart meters (Zhou et al 2016).

Even with the promise of smart meter data, the
fundamental challenge of establishing consistent and
transparent methodologies for valuation of dispar-
ate services and marginal pricing remains. Data ana-
lysis can reveal patterns of customer use, but the
use and interpretation of results is likely to be stake-
holder dependent. This dynamic presents an oppor-
tunity for aggregation of smart meters by utilit-
ies or third parties that can provide demand-side
management and other services to more effectively
align social benefits with distributed decision making
(Siano 2014).

3.2. Behavioral barriers

The net benefits of smart meter investments and of
implementing cost-causal rate design reforms depend
on whether consumers are able and willing to respond
to more frequent fluctuations in prices. The respons-
iveness of demand to new forms of price signals
remains a critical uncertainty and a key area of inquiry
for cost-causal rate design. Home energy manage-
ment systems and devices that can be remotely con-
trolled allow many energy uses to be automated or
even subject to direct utility intervention. While these

13To manage the data flow from smart meters to data centers will
require an integrated, flexible, interoperable, reliable, and scal-
able two-way communication platform (Gungor et al 2011, 2013).
Meeting the needs of smart grid components requires optimized
latency, frequency range, date rate, and throughput specifications
(Ancillotti et al 2013). A primary goal of the industry must be
standard setting. To date, a number of communication platforms
have emerged (e.g. power line or radio frequency communica-
tions, or internet based networks) that have various advantages and
obstacles (Colak et al 2016). Regardless of which technology even-
tually ‘wins) significant investment is needed in the distribution
grid, where limited information technologies have been deployed.
l4Smart metering data could reveal occupancy and activity within
the home (Krishnamurti et al 2012). Consumers may worry about
the use of such data for targeted nefarious activities (e.g. thieves
finding unoccupied homes), commercial uses (e.g. targeted advert-
ising), law enforcement use (e.g. detection of illicit activities), or for
legal purposes in disputes (Mckenna et al 2012).
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programs demonstrate that many consumers may be
willing to give up some autonomy in order to receive
savings, consumers will likely want to maintain some
level of control. Understanding consumer behavior to
changing rate structures is crucial to accurately fore-
casting the costs and benefits of implementing cost-
causal rate design.

While time-varying rates might better reflect cost-
causal principles, it is not clear whether consumers—
particularly at the residential and small commer-
cial level—have the information, understanding, cap-
ability, or sufficient incentive to respond to rap-
idly fluctuating price signals (Ito 2014). Evidence has
shown that the demand for electricity is particularly
inelastic over the short-term (Reiss and White 2005).
In the presence of uncertainty about consumption
and supply, rational consumers may respond to an
expected price rather than actual time-specific prices
(Borenstein 2009)."> When the costs of understand-
ing time-varying prices are substantial, consumers
may use average prices as a heuristic (Liebman and
Zeckhauser 2004). At present, many consumers, even
those with AMI, may only become aware of their
usage when they receive their bill at the end of the
month (more may not be aware at all, particularly
if they are on automated billing systems), raising
concerns about the salience of time-varying prices
and the attentiveness of consumers to energy price
information.

Accounting for consumer behavior patterns that
diverge from strict economic rationality, the success
of cost-causal rate design principles partly depends on
information provision that makes consumers more
responsive to prices (Jessoe and Rapson 2014). The
literature provides little information about the effect-
iveness of information when moving from time-of-
use or critical-peak pricing to fully dynamic rates.
In a randomized control trial, Ito et al (2018) found
that economic incentives produced large and persist-
ent behavioral changes that reduced peak demand,
while Asensio and Delmas (2015) found the effects
of real-time pricing to diminish over time. In a real-
time pricing system, however, information signals for
critical peaks might be muddled by frequent smaller
fluctuations in price. Consumers may find the pri-
cing information overwhelming and resort to rational
inattention (Sallee 2014).

As a result of the limitations to the responsiveness
of consumer demand to time-varying price signals,
scholars have begun to examine non-price incentives,
such as information about energy’s health and envir-
onmental impacts (Asensio and Delmas 2015), and
behavioral interventions (Allcott and Rogers 2014).
If ordinary consumers have struggled to respond to

15In this case, dynamic pricing may have a similar overall effect as
time-of-use pricing, with consumers relying on heuristics to anti-
cipate what real-time marginal prices will be, which under rational
expectations would align with time-of-use price schedules.
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existing price signals, it seems unlikely that con-
sumers would respond more rationally when facing
even more price information. Rather, evidence sug-
gests that most people are not eager to dedicate
resources to thinking about energy and fuel and per-
ceive that the costs of altering their consumption
behavior outweigh the benefits (Parag and Sovacool
2016).

To fully capture benefits of real-time pricing, it
might be necessary to avoid the need for repeated
human response and to instead rely on automa-
tion and utility-controlled demand response (Hard-
ing and Lamarche 2016). Of course, automation
technologies such as home energy management sys-
tems, smart appliances or thermostats, and other
technology solutions may be capital-intensive and
could increase consumer costs and generate further
equity concerns. However, some inexpensive demand
response technologies also have been deployed, such
as controllable switches on thermal loads (Mathieu et
al 2012).

3.3. Political and institutional barriers

Even if cost-causal rate design is feasible from a tech-
nical standpoint, there remain substantial institu-
tional and political barriers to implementation. In
particular, while cost-causal rate reform may be bene-
ficial in aggregate, benefits may not accrue to all con-
sumers (Borenstein 2007) and approaches vary in the
extent to which they may impose costs or benefits
to utilities. The prospect of winners and losers can
create political and institutional barriers. As men-
tioned above and discussed further below, funda-
mental aspects of rate design are an inherently polit-
ical exercise due to the necessity of large capital
expenditures that can be considered ‘fixed costs’ and
the public goods nature of grid reliability and other
ancillary services and security.

While utilities typically propose electric rate
designs, approvals occur at state public utility/service
commissions (PUCs or PSCs). Although we reviewed
the general process above, legislative acts and judicial
precedent typically do not specify particular meth-
odologies for calculating rate structures. As a New
Mexico commissioner commented, ‘[there is] a zone
between confiscation [of utility assets] and extortion
[of customers] in which the Commission has great
discretion in setting just and reasonable rates’ (Fre-
meth et al 2014).

Current regulatory policy in the utility sector is
determined by periodic rate reviews conducted by
the PUCs. In most jurisdictions, commissioners are
required to provide an evidentiary basis for their
decisions. Incremental changes can be more easily
justified; but obtaining supportive evidence to over-
come ‘burden of proof’ requirements can be costly for
stakeholders wishing to initiate new policies, such as
dynamic rates. Information asymmetries further raise
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costs and tend to insulate current practice against reg-
ulator induced change. Trade secret laws limit pub-
lic accountability. The evidentiary requirement for
change creates a bias toward the status quo as the
benefits of new policy can be outweighed by the costs
of affecting the change. These factors have contrib-
uted to the documented elements of path dependency
of regulated electric utilities and their rate setting pro-
cedures (Parag and Sovacool 2016).

Changing rates will undoubtedly face resistance
as any new rate proposals will result in a set of
winners and losers. Utilities have responded to dis-
ruptive innovation in their markets by using cam-
paign contributions to influence PUC races and other
state-level elections (Rule 2017). Groups represent-
ing the solar industry and solar adopters (War-
rick 2015), environmental organizations (Doblinger
and Soppe 2013), and vulnerable populations have
demonstrated recent interest in rate proceedings due
to the implications for DERs and equity. The res-
idential consumers who will ultimately be impacted
by a move toward greater application of cost-causal
rate design principles are a relatively dispersed group
facing collective action obstacles.

In the case of cost-causal rate design principles,
changing existing rate structures is likely to draw
the interest of coalitions with divergent interests.
Although consumers typically give little thought to
electricity rates and markets, these elements draw
attention when prices rise to cover new investment
(Staff 2017). Without sufficient protections, cost-
causal principles could lead to more volatile and
unpredictable bills. Some consumers tend to value
certainty of regular bills, as evidenced by the popular-
ity of budget billing programs in which consumers
pay a premium for a consistent bill each month,
essentially acting as insurance for electricity bill volat-
ility. In order to support proposals for rate reform,
consumers expect and are promised lower prices;
however, these expectations frequently conflict with
economic realities (Spence 2005). Dynamic pricing
shifts risk to consumers (Faruqui 2012), which may
engender concern from consumer advocates.

Moving towards cost-causal rate design prin-
ciples for residential consumers will also have to
compete for policy salience with other proposals in
utility regulation. For example, Woo and Zarnikau
(2017) have suggested increasing the number of rate
classes as consumers become increasingly heterogen-
eous. Other competing proposals include decoup-
ling, performance-based regulation, and specific fees
for types of utility services (Tian et al 2016). More
comprehensive reform that addresses alternatives to
utility business models provides another approach
to reforming the electricity sector (Augustine and
Mcgavisk 2016, Barbose et al 2016, Rai et al 2016).
Finally, within the realm of cost-causal rate design
options, there remain numerous alternatives. An
improved understanding of these approaches and
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their distributional effects is warranted, as these
effects impact the political feasibility of all potential
options, and proposals are not mutually exclusive.

3.4. Economic barriers

Economic barriers capture both theoretical and
practical concerns of implementing cost-causal rate
design principles in a manner consistent with exist-
ing incentives, market rules, and business models.
For our purposes, we delineate economic barriers
as those related to the traditional market failures of
natural monopolies, externalities, and common pool
resources.

3.4.1. Allocating fixed costs.

An inherent challenge in applying cost-causal rate
design principles is moving to a pricing basis that
does not guarantee the financing of long-lived infra-
structure that serves many consumers, some of which
can be considered ‘fixed costs.” Traditional rate design
based on average costs virtually guarantees the abil-
ity to finance shared infrastructure (see section 2.1),
but cost-causal principles imply prices based on
short-run marginal costs that may fall below average
costs.

Central to the regulation of utilities is the concep-
tual delineation of fixed costs. Fixed costs are gen-
erally understood as the shared infrastructure costs
required to support electricity service, but actual
delineations of fixed versus variable costs vary across
states and utilities. In principle, over the long-run, all
costs are variable (Wood et al 2016), and the lack of
a strict definition of the timeframe and scope over
which a variable cost becomes a fixed cost creates
ambiguity. In practice, definitions of utility fixed costs
generally include transmission and distribution costs
as well as a utility’s recurring operations costs. How-
ever, in some contexts, fixed costs can also include
generation capacity, and in other contexts, trans-
mission and distribution costs are attributed to spe-
cific deployment of either supply or demand and are
not considered fixed costs.'® The impact of incre-
mental demand on incremental costs—or the mar-
ginal avoided cost of avoided demand or of new
generation—has led to contentious debates in many
states due to the conceptual ambiguity of fixed costs
(Hirsh 1999, Baskette et al 2006).

16For example, avoided distribution and transmission costs asso-
ciated with reducing demand through specific residential energy
efficiency technologies are a key component in state evaluations of
utility efficiency programs (Goldberg; 2018). As another example,
residential demand charges could be thought of as an approach
to attributing specific transmission and distribution costs to spe-
cific consumers. Demand charges, employed in several states—
particularly for large consumers, include charges based on a con-
sumer’s individual peak usage (Hledik 2014). However, empirical
evidence suggests demand charges do not accurately reflect con-
sumers’ contribution to network peaks (Passey et al 2017). and may
be too inaccurate to be used in ratemaking to attribute distribution
and transmission costs to specific consumers (Borenstein 2016).
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While definitions of fixed costs vary, cost-causal
principles are derived from short-run marginal costs
and do not necessarily guarantee the recovery of a
utility’s costs, fixed or otherwise, that are necessary
to provide electricity service (Wood et al 2016). Rate
design that incorporates calculated short-run mar-
ginal transmission costs may not raise enough rev-
enue to recoup the fixed costs of building and main-
taining transmission infrastructure over the long-
run. Instead, financing transmission infrastructure
may be better accomplished through regulation of a
‘natural monopoly.

The distribution and transmission functions
of utilities—and to a lesser extent, generation
functions—have many characteristics of natural
monopolies, where one firm can provide a good or
service at lower cost than many competing firms
due to high capital costs and economies of scale that
drive marginal costs below average costs with increas-
ing quantity (Weimer and Vining 2015). In order to
prevent distribution utilities from exercising market
power, these utilities have been regulated by state
PUCs (in the case of most investor-owned utilit-
ies), locally-elected boards (in the case of most elec-
tric cooperatives), municipal governments or elec-
ted/appointed bodies (in the case of most municipal
utilities), and other organizations (e.g. federal over-
sight of federal power marketers). In firms with sub-
stantial capital costs, such as utilities with transmis-
sion or distribution functions, setting price equal to
short-run marginal cost typically fails to cover total
costs, and firms would fail to make necessary invest-
ments. To enable such investments, regulators allow
utilities to charge prices in excess of marginal costs, at
a rate based on average costs plus a ‘reasonable’ rate
of return.

The under-recovery of fixed costs is not solved
by designing and implementing rates that are inten-
ded to send dynamic price signals to consumers
to align their private decisions with socially effi-
cient choices. Conversely, the ‘fixed” infrastructure
upgrades needed to achieve dynamic rates (see section
3.1) exacerbate the fixed cost problem further. A cost-
causal rate design must also consider the additional
objective of utility fixed cost recovery. Frameworks
that treat all costs as if they were variable costs that
can be attributed to specific units of demand violate
the ideals of cost-causal rate design that only attrib-
utes short-run marginal costs (Borenstein and Hol-
land 2003). Because rate design must achieve both
objectives, it is likely that the rate must incorporate
more than a marginal component (i.e. a fixed charge
plus dynamic price), further contributing to the ana-
lytical challenge of determining each component.

3.4.2. Negative externalities of electricity production.
Another key economic challenge in electricity pricing
is that the generation and distribution of electricity
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produces negative externalities that fall under hetero-
geneous regulatory regimes that do not fully intern-
alize the harm caused by delivering electricity service.
To account for the environmental impact of electri-
city delivery under cost-causal principles, electricity
prices should include environmental externalities.
Regulation of criteria air pollutants under the Clean
Air Act sets individual pollution standards based
on protecting public safety, not equalizing marginal
benefits of pollution reduction. Further, implement-
ation of the Clean Air Act is delegated to states, which
creates further heterogeneity in the marginal environ-
mental impacts of delivering electricity service. With
the exception of California and New England, elec-
tricity is not regulated for its climate impacts. Even
still, current carbon prices in those systems are below
the social cost of carbon, and therefore do not fully
internalize climate impacts. Other external environ-
mental impacts of electricity service fall into an even
wider patchwork of federal, state, and local regulation
(e.g. coal ash containment, strip mining for coal, the
management of nuclear waste, methane leakage from
natural gas distribution, water impacts of hydraulic
fracturing, landscape value degradation from trans-
mission siting, and some solar siting’s impact on
endangered species). The power sector’s patchwork of
regulations result in shadow prices for environmental
impacts that likely vary significantly from social dam-
ages, and therefore, current electricity prices fail to
provide an accurate price signal of total environ-
mental impacts.

In short, to truly achieve cost-causal pricing,
the externalities associated with electricity must
be internalized. An important nuance to includ-
ing external environmental costs is that the envir-
onmental impact of electricity consumption—and
of DER generation—changes substantially over the
course of a day, across seasons, and at specific loc-
ations (Li et al 2017). Marginal emissions factors in
wholesale markets can help approximate the marginal
environmental impact of consumption decisions. For
example, the environmental impact of electric vehicle
charging has shown significant regional heterogen-
eity in the United States (Holland et al 2016). Just
as cost-causal rate design principles suggest varying
rates based on the marginal costs of delivering electri-
city service, incorporating environmental externalit-
ies should also vary by the specific impact associated
with meeting load.

3.4.3. Public good characteristics of the grid.

A third economic barrier to implementing cost-causal
rate design follows from the need to meet specific
physical criteria to maintain proper network fre-
quency, reliability, and security standards. While elec-
tricity itself—the actual electrons consumed—is a
private good, when consumers use electricity, they are
actually making use of a bundle of that which include
reliability, voltage, and frequency. Components are
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interdependent, which makes it difficult to disaggreg-
ate and, as a result, electric power networks create a
system where consumers share frequency and voltage
services (Pless and Fell 2017). Thus, grid voltage and
frequency have common pool resource attributes, and
grid security and reliability are often thought of as
public goods. Joskow and Tirole (2007) note that
the possibility of network collapse makes operating
reserves a public good and without regulatory man-
dates on operating reserves, there would be underin-
vestment in such reserves and lower overall levels of
reliability. As in the canonical literature on the provi-
sion of public goods, it is economically challenging to
design marginal incentives for individuals to prevent
free riding when resources are non-excludable.

While some aspects of electricity are readily trans-
lated into marginal costs, many others are not.
Addressing these economic barriers introduce inter-
actions presented in other challenges. This illustrates
why a single field or perspective is insufficient to
address the challenge of cost causal rates. In the fol-
lowing section we delve further into the interplay
between barriers and illustrate how entwined they
are.

4, Discussion—interaction of barriers

The modern U.S. electricity sector requires rate
designs that are more sophisticated and efficient than
the flat, volumetric rates that have historically dom-
inated. As the sector evolves—and confronts new
challenges and opportunities such as the integration
of utility- and residential-scale distributed energy
resources, the expansion of smart technologies, and
regional wholesale market competition—so too have
rate designs. Over the past decade, we have wit-
nessed a proliferation of new rate structures. Many
states are making incremental changes to rate design
and are still far from dynamic rates that would
improve overall system efficiency. Further, our dis-
cussion highlights the technology, economic, behavi-
oral, and political challenges associated with allocat-
ing the large fixed costs and other costs and benefits
associated with the provision of energy resources on
the electric grid.

In this review article, we set out to collect and
summarize a disparate literature on rate design draw-
ing from the engineering, economics, and policy lit-
eratures, to better understand the barriers to dynamic
pricing, and to examine whether these barriers can
be overcome to achieve a more optimal rate design.
After a brief overview of historical developments and
the growth of rate designs that incorporate some
elements of cost-causal principles, though rarely in
a complete fashion, we explored various techno-
logical, economic, behavioral, and political chal-
lenges associated with moving toward dynamic pri-
cing. The content of these sections collectively sug-
gests that, although cost-causal rates are potentially
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optimal in theory, in practice there are a number
of technological, market, and political challenges to
implementation that are especially prevalent in tradi-
tionally regulated markets. These challenges include
large technological investments needed to enable
dynamic pricing and the political difficulties involved
in allocating these costs. In particular, utilities fre-
quently have goals to keep rates and bills low for
low-income customers. The allocation of large fixed
costs poses significant challenges for equity goals, as
well as for efficient energy use and the use of rooftop
solar. Requiring massive investment and allocating
large fixed costs and public goods associated with a
move to cost-causal pricing may be incompatible with
equity goals. Further, dynamic pricing is subject to
persistent barriers. For example, dynamic pricing is
imperfectly aligned with the large fixed costs and pub-
lic good attributes of the electric grid; people may not
respond to dynamic price signals in electricity mar-
kets; and rate setting—in particular for the fixed costs
and public good attributes of the grid—is inherently
a political process in which the costs cannot be con-
verted into dynamic marginal costs. Advocating for a
move to more dynamic prices is, at best, an incom-
plete way of conceptualizing the challenge of provid-
ing cost-causal rates.

To begin to address these barriers, we sug-
gest a number of research areas that can inform
policy approaches to address nascent challenges with
dynamic pricing and related technological challenges.
An increased deployment of smart meters needs to be
coupled with standards that harmonize communica-
tion and security protocols. Improved understanding
of the benefits and costs of smart meters can help poli-
cymakers to design cost-causal cost-recovery meas-
ures that can lead to increased customer support for
these measures.

Network costs, including the security and reliabil-
ity of the electric grid will require a different approach
than energy rates. An improved understanding of
the role of DERs in changing distribution network
costs and their allocation is required. The impact of
DERs on network costs depends on DER penetration,
location, concentration, size and technology. These
additional costs or benefits can be allocated to the
DER owners through network tariffs (Picciariello et
al 2015). How these network costs can be allocated to
DER owners requires an improved understanding of
electricity consumer behavior, and the barriers asso-
ciated with consumer understanding of complex pri-
cing schemes. The behavioral patterns of individuals
interact with the penetration of DERs, various pri-
cing approaches, and other smart grid technologies
(such as automated smart appliances) are import-
ant research areas that can help policy-makers under-
stand the consequences of technological and policy
changes of smart grid deployment.

Finally, an updated understanding of rate-making
politics and policies is warranted, given the rapid
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technological changes taking place and pressure on
current rate structures. The work on the politics and
policy of ratemaking suggests that utilities, interest
groups, and the public influence decision making
by affecting personnel and controlling information
streams. That said, there remain a number of com-
peting theories attempting to explain the operation
of public utility commissioners. An economic the-
ory of regulation suggests that public service com-
missioners are captured by organized interests (Sti-
gler 1971, Peltzman 1976). In contrast, Berry’s study
of commissions found that commissioners operate
with two objectives: a ‘nonpecuniary’ principle of
rates and a goal of survival (Berry 1984). Gormley’s
study on public utility commissions focuses on the
role of grass roots advocates and finds that they can
be effective in PUC decision-making processes when
issues are low in technical complexity (Gormley Jr
1983). More recently, Ka and Teske (2002) found that
legislative ideology is a central driver of redistributive
decisions such as rate making. Understanding the
policy process in this domain is critical to promoting
progress, but remains unclear. Further, the primary
work on these issues pre-date the disruption of dis-
tributed energy technologies and the opportunities of
the smart grid. Additional study of the politics of reg-
ulatory rate-making is warranted in light of the signi-
ficant impacts these decisions have.

5. Conclusion

Technological change and societal preferences have
interacted with the constraints of electric grids and
goals of regulators to create challenges for grid oper-
ation and utility business models. As a result, the
industry is currently undergoing a period of change
at the nexus of engineering, economics, and policy.
Electricity rate design has received a great deal of
scrutiny with the emergence of distributed resources.
Some have proposed that ‘cost-causal’ rate design can
address current issues and promote efficiency, equity,
and environmental goals (Convery et al 2017). How-
ever, the cost-causal goal is difficult to achieve in the
face of energy services that have disparate economic
characteristics, technological requirements, behavi-
oral barriers, and political obstacles. Nearly all rate
proposals derived to address the industry disruptions
have sought to efficiently attribute fixed and vari-
able costs (Blank and Gegax 2014, Whited et al 2016,
Wood et al 2016).

One specific proposal to promote cost-causality
is to introduce dynamic rates that vary by time and
location. These rate structures have historically been
offered only to larger commercial and industrial cus-
tomers, but are starting to make inroads into mar-
kets in the U.S. Still, these rate reforms primar-
ily deal with the time-variant generation of electri-
city, and have yet to address broader cost-of-service
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considerations. We have identified some of the com-
plexities associated with achieving such a goal. These
challenges explain, in part, why regulators have pur-
sued more incremental changes. Going forward, we
need to recognize these challenges and understand
how they constrain policy solutions. Not all proposed
rates move towards cost-causality and the interac-
tion of multiple market failures, large fixed costs,
and equity considerations can highlight the inher-
ent tradeoffs in simultaneously pursuing multiple
policy goals. Rather than reacting to the challenges as
they arise, we encourage regulators and policy makers
to design tariff structures that reflect market condi-
tions, to develop pilot programs, to experiment with
opt-out as opposed to opt-in rates, and to employ
robust experimental designs to accurately measure
impacts. Partnerships with researchers can help facil-
itate improved learning in this space. Many U.S. dis-
tribution systems are aging, and utilities are embark-
ing on large distribution network replacement pro-
grams. Because these investments are long-lived, util-
ities should be forward-looking in their investment
strategy. Deploying automation and communication
technologies is prudent even if the deployment of dis-
tributed generation, electric vehicles, and alternative
rate structures is expected to be slow (Joskow 2012).
Convincing consumers to bear the costs of such tech-
nology upgrades will not be easy, and the academic
community can play a role in providing evidence and
disseminating information.
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Appendix: Systematic Review of Literature
I. Scoping

The scope of this literature review is to survey all peer-
reviewed publications that focus on the barriers to
the adoption of dynamic (or more generally, time-
varying) electricity pricing. In our review article, we
create a taxonomy of four types of barriers organized
by the following key questions (see paper for more
detail):

1. Technical barriers: can the required deploy-
ment of enabling technology (particularly
advanced metering infrastructure) act as a bar-
rier to time-varying electricity pricing?
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2. Behavioral barriers: can the limitations of
human behavior to respond to price signals act
asabarrier to fully realizing the benefits of time-
varying electricity pricing?

3. Political and institutional barriers:

1. Isthereality or perception that time-varying
electricity can exacerbate inequality (by
disproportionately impacting low-income
households) likely to create a political bar-
rier to the implementation of time-varying
electricity pricing?

2. Does the limited institutional capacity
of electricity regulatory bodies (i.e. utility
commissions) pose a barrier to the imple-
mentation of time-varying electricity pri-
cing?

4. Economic barriers:

1. Could the implementation of time-varying
electricity pricing erode the ability of a util-
ity to recover its ‘fixed costs, thus posing a
barrier to time-varying electricity pricing?

2. Could concerns regarding environmental
externalities and the ability of time-varying
electricity pricing to incorporate appropri-
ate charges for environmental externalities
pose a barrier to time-varying electricity pri-
cing?

3. Because electricity systems rely on shared
infrastructure with public-good/common-
pool-resource attributes, could the diffi-
culty of disaggregating specific costs of ser-
vice pose a barrier to time-varying electri-
city pricing?

II1. Process

We used Web of Science to conduct a comprehens-
ive search of the literature. To search for articles, the
challenge is to find the most complete set of past
studies without having to sift through an unmanage-
able quantity of material. Carefully selected search
terms make this possible. To this end, we used the
“Topic® search, which searches title, abstract, author
keywords, and Keywords Plus.
We employed the following search criteria:

1. electric* Topic
. price* OR pricing OR rate Topic
3. ‘time-varying OR dynamic OR ‘real-time’
Topic
4. policy OR econ™ OR psych* OR cost Topic

In search results, we limited results to ‘ARTICLE’
under ‘Document Types’
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819 411
ENERGY FUELS ECONOMICS

274
ENVIRONMENTAL STUDIES

559
ENGINEERING ELECTRICAL ELECTRONIC

250

ENVIRONMENTAL SCIENCES

Figure Al. Web of Science Results for Topic Search for Dynamic Pricing Relevant Articles.
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Figure A2. Screenshot of results for dynamic pricing related articles, limited by date and discipline.
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These search criteria yielded 2507 articles
with the following breakdown by Web of Science
Categories:

We then narrowed the search results to
the following Web of Science Categories: ECO-
NOMICS OR ENVIRONMENTAL STUDIES
OR ENVIRONMENTAL SCIENCES OR OPER-
ATIONS RESEARCH MANAGEMENT SCI-
ENCE OR MANAGEMENT OR ENGINEERING
MULTIDISCIPLINARY OR BUSINESS OR BUSI-
NESS FINANCE OR REGIONAL URBAN PLAN-
NING OR SOCIAL SCIENCES MATHEMATICAL
METHODS OR STATISTICS PROBABILITY

OR PUBLIC ADMINISTRATION OR GEO-
GRAPHY OR LAW OR URBAN STUDIES OR
AREA STUDIES OR AGRICULTURAL ECO-
NOMICS POLICY OR HISTORY OR HISTORY
OF SOCIAL SCIENCES OR INTERNATIONAL
RELATIONS OR POLITICAL SCIENCE OR
SOCIAL SCIENCES INTERDISCIPLINARY OR
SOCIOLOGY.

You searched for:

TOPIC: (electric*) AND TOPIC: (price* OR pri-
cing OR rate) AND TOPIC: (‘time-varying OR
dynamic OR ‘real-time’) AND TOPIC: (policy OR
econ™ OR psych OR cost)
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Refined by: PUBLICATION YEARS: (2019 OR
2011 OR 2018 OR 2010 OR 2017 OR 2016 OR
2015 OR 2014 OR 2013 OR 2012) AND DOCU-
MENT TYPES: (ARTICLE) AND WEB OF SCIENCE
CATEGORIES: (MULTIDISCIPLINARY SCIENCES
OR ECONOMICS OR BUSINESS OR ENVIRON-
MENTAL SCIENCES OR LAW OR ENVIRON-
MENTAL STUDIES OR SOCIAL SCIENCES INTER-
DISCIPLINARY OR BUSINESS FINANCE OR
URBAN STUDIES OR MATHEMATICS INTERDIS-
CIPLINARY APPLICATIONS OR AGRICULTURAL
ECONOMICS POLICY OR REGIONAL URBAN
PLANNING OR AREA STUDIES OR OPERA-
TIONS RESEARCH MANAGEMENT SCIENCE OR
POLITICAL SCIENCE OR PUBLIC ADMINISTRA-
TION OR MANAGEMENT OR SOCIAL SCIENCES
MATHEMATICAL METHODS)

Timespan: All years. Indexes: SCI-EXPANDED,
SSCI, A&HCI, CPCI-S, CPCI-SSH, BKCI-S, BKCI-
SSH, ESCI, CCR-EXPANDED, IC.

Limiting the search results to articles from 2010-
2019 yielded 701 articles (see figure A2). Had we
attempted to limit the search to just articles that
contained explicit discussion of barriers to dynamic
pricing—we would not have produced any results;
expanding the search to more years produced an
unmanageable amount of results to individually code.
Because the Web of Science was unable to pro-
duce articles that specifically discuss the barriers to
dynamic pricing (emphasizing the innovative and
unique nature of our research discussion) it was
necessary supplement this initial list of 701 articles
with articles that the authors knew to be relevant. The
authors added 77 articles to create a list of 778 articles
that were potentially relevant. Then, with the assist-
ance of three graduate students, the authors coded
papers that explored the role of barriers in the imple-
mentation of dynamic prices. Graduate students read
each abstract and determine which (if any) barriers
are discussed in each article. The summary results of
this coding are incorporated in table 1 in the main
paper. Complete results of the coding exercise are
available from the authors upon request.

ORCID iDs

Daniel C Matisoff ® https://orcid.org/0000-0003-
4575-5282
Gabriel Chan
919X

Sanya Carley ® https://orcid.org/0000-0001-9599-
4519

https://orcid.org/0000-0001-9382-

References

Allcott H and Rogers T 2014 The short-run and long-run effects
of behavioral interventions: experimental evidence from
energy conservation Am. Econ. Rev. 104 3003-37

Ancillotti E, Bruno R and Conti M 2013 The role of
communication systems in smart grids: architectures,

16

D C Matisoff et al

technical solutions and research challenges Comput.
Commun. 36 1665-97

Asensio O I and Delmas M A 2015 Nonprice incentives and
energy conservation Proc. Natl. Acad. Sci. 112 E510-15

Augustine P and Mcgavisk E 2016 The next big thing in renewable
energy: shared solar Electr. J. 29 36—42

Azarova V, Engel D, Ferner C, Kollmann A and Reichl J 2018
Exploring the impact of network tariffs on household
electricity expenditures using load profiles and
socio-economic characteristics Nat. Energy 3 317-25

Badtke-Berkow M, Centore M, Mohlin K and Spiller B 2015 A
primer on time-variant electricity pricing Environmental
Defense Fund (New York: Environmental Defense Fund)

Baker E, Fowlie M, Lemoine D and Reynolds S S 2013 The
economics of solar electricity Annu. Rev. Resour. Econ.
5387-426

Barbose G, Miller J, Sigrin B, Reiter E, Cory K, Mclaren J, Seel J,
Mills A, Darghouth N and Satchwell A 2016 On the Path to
SunShot: Utility Regulatory and Business Model Reforms for
Addressing the Financial Impacts of Distributed Solar on
Utilities (Golden, CO: NREL)

Baskette C, Horii B, Kollman E and Price S 2006 Avoided cost
estimation and post-reform funding allocation for
California’s energy efficiency programs Energy
31 1084-99

Berry W D 1984 An alternative to the capture theory of
regulation: the case of state public utility commissions Am.
J. Pol. Sci. 524-58

Blank L and Gegax D 2014 Residential winners and losers behind
the energy versus customer charge debate Electr. J. 27 31-39

Bonbright J, Danielsen A and Kamierschen D 1988 Principles of
Public Utilities Regulations (Arlington, VA: Public Utilities
Reports)

Bonbright J C, Danielsen A L and Kamerschen D R 1961
Principles of Public Utility Rates (New York: Columbia
University Press)

Borenstein S 2005 The long-run efficiency of real-time electricity
pricing The Energy Journal 26 93-116

Borenstein S 2007 Wealth transfers among large customers from
implementing real-time retail electricity pricing The Energy
Journal 28 131-49

Borenstein S 2009 To What Electricity Price Do Consumers
Respond. Residential Demand Elasticity under
Increasing-Block Pricing (Berkeley, CA: University of
California, Berkeley)

Borenstein S 2016 The economics of fixed cost recovery by
utilities Electr. J. 29 5-12

Borenstein S and Bushnell ] 2015 The US electricity industry after
20 years of restructuring Annu. Rev. Econ. 7 437-63

Borenstein S and Holland S P 2003 On the efficiency of
competitive electricity markets with time-invariant retail
prices National Bureau of Economic Research (Cambridge,
MA: National Bureau of Economic Research)

Burger S P, Jenkins ] D, Huntington S C and Perez-Arriaga 1]
2019a Why Distributed?: A critical review of the tradeoffs
between centralized and decentralized resources IEEE Power
Energy Mag. 17 16-24

Burger S P, Knittel C R, Pérez-Arriaga I ], Schneider I and Scheidt
F V 2019b The efficiency and distributional effects of
alternative residential electricity rate designs National
Bureau of Economic Research (Cambridge, MA: National
Bureau of Economic Research)

Carley S and Davies L L 2016 Nevada’s Net Energy Metering
Experience: The Making of a Policy Eclipse? Brookings
Mountain West Report University of Utah College of Law
Research Paper No. 188

Colak I, Sagiroglu S, Fulli G, Yesilbudak M and Covrig C-F 2016 A
survey on the critical issues in smart grid technologies
Renewable Sustainable Energy Rev. 54 396-405

Convery F J, Mohlin K and Spiller E 2017 Policy brief—Designing
electric utility rates: insights on achieving efficiency, equity,
and environmental goals Rev. Environ. Econ. Policy
11 156-64


https://orcid.org/0000-0003-4575-5282
https://orcid.org/0000-0003-4575-5282
https://orcid.org/0000-0003-4575-5282
https://orcid.org/0000-0001-9382-919X
https://orcid.org/0000-0001-9382-919X
https://orcid.org/0000-0001-9382-919X
https://orcid.org/0000-0001-9599-4519
https://orcid.org/0000-0001-9599-4519
https://orcid.org/0000-0001-9599-4519
https://doi.org/10.1257/aer.104.10.3003
https://doi.org/10.1257/aer.104.10.3003
https://doi.org/10.1016/j.comcom.2013.09.004
https://doi.org/10.1016/j.comcom.2013.09.004
https://doi.org/10.1073/pnas.1401880112
https://doi.org/10.1073/pnas.1401880112
https://doi.org/10.1016/j.tej.2016.04.006
https://doi.org/10.1016/j.tej.2016.04.006
https://doi.org/10.1038/s41560-018-0105-4
https://doi.org/10.1038/s41560-018-0105-4
https://doi.org/10.1146/annurev-resource-091912-151843
https://doi.org/10.1146/annurev-resource-091912-151843
https://doi.org/10.1016/j.energy.2005.03.009
https://doi.org/10.1016/j.energy.2005.03.009
https://doi.org/10.2307/2110903
https://doi.org/10.1016/j.tej.2014.04.001
https://doi.org/10.1016/j.tej.2014.04.001
https://doi.org/10.5547/ISSN0195-6574-EJ-Vol26-No3-5
https://doi.org/10.5547/ISSN0195-6574-EJ-Vol26-No3-5
https://doi.org/10.5547/ISSN0195-6574-EJ-Vol28-No2-6
https://doi.org/10.5547/ISSN0195-6574-EJ-Vol28-No2-6
https://doi.org/10.1016/j.tej.2016.07.013
https://doi.org/10.1016/j.tej.2016.07.013
https://doi.org/10.1146/annurev-economics-080614-115630
https://doi.org/10.1146/annurev-economics-080614-115630
https://doi.org/10.1109/MPE.2018.2885203
https://doi.org/10.1109/MPE.2018.2885203
https://doi.org/10.1016/j.rser.2015.10.036
https://doi.org/10.1016/j.rser.2015.10.036
https://doi.org/10.1093/reep/rew024
https://doi.org/10.1093/reep/rew024

10P Publishing

Environ. Res. Lett. 15 (2020) 093006

Doblinger C and Soppe B 2013 Change-actors in the U.S. electric
energy system: the role of environmental groups in utility
adoption and diffusion of wind power Energy Policy
61 274-84

Energy Information Administration, U.S. 2020 Annual Energy
Outlook (available at: https://www.eia.gov/outlooks/aeo/)

Faruqui A 2012 The ethics of dynamic pricing, Smart Grid
(Amsterdam: Elsevier) pp 61-83

Faruqui A, Hledik R and Palmer ] 2012 Time-varying and
dynamic rate design Regulatory Assistance Project

Faruqui A, Hledik R and Tsoukalis ] 2009 The Power of Dynamic
Pricing Electr. J. 22 42-56

Faruqui A and Sergici S 2010 Household response to dynamic
pricing of electricity: a survey of 15 experiments J. Regul.
Econ. 38 193-225

Fremeth A R, Holburn G L and Spiller P T 2014 The impact of
consumer advocates on regulatory policy in the electric
utility sector Public Choice 161 15781

Gellings C 2011 Estimating the costs and benefits of the smart
grid: a preliminary estimate of the investment requirements
and the resultant benefits of a fully functioning smart grid
Technical Report Electric Power Research Institute (EPRI) pp
1022519

Goldberg EM T W D 2018 Updating the Energy Efficiency
Cost-Effectiveness Framework in Minnesota Conservation
Applied Research and Development (CARD) Report

Gormley Jr W T 1983 Policy, politics, and public utility regulation
Am. J. Pol. Sci. 86-105

Gungor V C, Sahin D, Kocak T, Ergut S, Buccella C, Cecati C and
Hancke G P 2011 Smart grid technologies: communication
technologies and standards IEEE Trans. Ind. Inf. 7 529-39

Gungor V C, Sahin D, Kocak T, Ergut S, Buccella C, Cecati C and
Hancke G P 2013 A survey on smart grid potential
applications and communication requirements IEEE Trans.
Ind. Inf. 9 28-42

Hansen L, Lacy V and Glick D 2013 A review of solar PV benefit &
cost studies Report Rocky Mountain Institute

Harding M and Lamarche C 2016 Empowering Consumers
Through Data and Smart Technology: experimental
Evidence on the Consequences of Time-of-Use Electricity
Pricing Policies J. Policy Anal. Manage. 35 906-31

Herter K, Mcauliffe P and Rosenfeld A 2007 An exploratory
analysis of California residential customer response to
critical peak pricing of electricity Energy 32 25-34

Herter K and Wayland S 2010 Residential response to critical-peak
pricing of electricity: california evidence Energy 35 15617

Hirsh R F 1999 PURPA: the spur to competition and utility
restructuring Electr. J. 12 60—72

Hledik R 2014 Rediscovering Residential Demand Charges Electr.
J. 27 82-96

Holland S P, Mansur E T, Muller N Z and Yates A ] 2016 Are there
environmental benefits from driving electric vehicles? The
importance of local factors Am. Econ. Rev. 106 3700-29

Huang S, Wu Q, Oren S S, Li R and Liu Z 2015 Distribution
Locational Marginal Pricing Through Quadratic
Programming for Congestion Management in Distribution
Networks IEEE Trans. Power Syst. 30 21708

Interagency Working Group on Social Cost of Greenhouse Gases
2016 Technical Update of the Social COst of Carbon For
Reulatory Impact Analysis (available at:
https://www.epa.gov/sites/production/files/2016-
12/documents/sc_co2_tsd_august_2016.pdf)

Ito K 2014 Do consumers respond to marginal or average price?
Evidence from nonlinear electricity pricing Am. Econ. Rev.
104 537-63

Ito K, Ida T and Tanaka M 2018 Moral suasion and economic
incentives: field experimental evidence from energy demand
Am. Econ. ]. Econ. Policy 10 240—-67

Jessoe K and Rapson D 2014 Knowledge is (less) power:
experimental evidence from residential energy use Am.
Econ. Rev. 104 1417-38

Johnson E, Beppler R, Blackburn C, Staver B, Brown M and
Matisoff D 2017 Peak shifting and cross-class subsidization:

17

D C Matisoff et al

the impacts of solar PV on changes in electricity costs Energy
Policy 106 436—44

Joskow P and Tirole J 2007 Reliability and competitive electricity
markets Rand. J. Econ. 38 60-84

Joskow P L 2012 Creating a smarter US electricity grid j. Econ.
Perspect. 26 29-47

Joskow P L and Wolfram C D 2012 Dynamic pricing of electricity
Am. Econ. Rev. 102 381-5

Ka S and Teske P 2002 Ideology and professionalism: electricity
regulation and deregulation over time in the American
states Am. Politics Res. 30 323-343

Kamyab F and Bahrami S 2016 Efficient operation of energy hubs
in time-of-use and dynamic pricing electricity markets
Energy 106 343-55

Knapp E D and Samani R 2013 Applied Cyber Security and the
Smart Grid: Implementing Security Controls into the Modern
Power Infrastructure (Rockland, MA: Syngress)

Krishnamurti T, Schwartz D, Davis A, Fischhoff B, de Bruin W B,
Lave L and Wang J 2012 Preparing for smart grid
technologies: A behavioral decision research approach to
understanding consumer expectations about smart meters
Energy Policy 41 790-7

Lazar J, Chernick P, Marcus W and Lebel M Ed 2020 January
Electric Cost Allocation for A New Era: A Manual
(Montpelier, VT: Regulatory Assistance Project)

Li M, Smith T M, Yang Y and Wilson E J 2017 Marginal emission
factors considering renewables: A case study of the US
midcontinent independent system operator (MISO) system
Environ. Sci. Technol. 51 11215-23

Li R, Wu Q and Oren S S 2014 Distribution Locational Marginal
Pricing for Optimal Electric Vehicle Charging Management
IEEE Trans. Power Syst. 29 20311

Liebman J B and Zeckhauser R J 2004 Schmeduling Working Paper

Mathieu J, Dyson M, Callaway D and Rosenfeld A 2012 Using
residential electric loads for fast demand response: The
potential resource and revenues, the costs, and policy
recommendations ACEEE Summer Study on Energy
Efficiency in Buildings, Citeseer pp 189-203

Mcdaniel P and Mclaughlin S 2009 Security and privacy
challenges in the smart grid IEEE Secur. Priv.

775-77

Mckenna E, Richardson I and Thomson M 2012 Smart meter
data: balancing consumer privacy concerns with legitimate
applications Energy Policy 41 807—-14

Metke A R and EkI R L 2010 Security technology for smart grid
networks IEEE Trans. Smart Grid. 1 99-107

National Association of Regulated Utiltity Commissioners Staff
Subcommittee on Rate Design 2016 Distributed Energy
Resources Rate Design and Compensation

Noel L, de Rubens G Z, Kester ] and Sovacool B K 2019 Navigating
expert skepticism and consumer distrust: rethinking the
barriers to vehicle-to-grid (V2G) in the Nordic region
Transp. Policy 76 67-77

Parag Y and Sovacool B K 2016 Electricity market design for the
prosumer era Nat. Energy 1 16032

Passey R, Haghdadi N, Bruce A and Macgill I 2017 Designing
more cost reflective electricity network tariffs with demand
charges Energy Policy 109 642—9

Peltzman S 1976 Toward a More General Theory of Regulation
(Mass.: National Bureau of Economic Research Cambridge)

Pérez-Arriaga I ], Jenkins J D and Batlle C 2017 A regulatory
framework for an evolving electricity sector: highlights of
the MIT utility of the future study Econ. Energy Environ.
Policy 6 71-92

Picciariello A, Reneses J, Frias P and Soder L 2015 Distributed
generation and distribution pricing: why do we need new
tariff design methodologies? Electr. Power Syst. Res.

119 370-6

Pitt D and Michaud G 2015 Assessing the value of distributed
solar energy generation Current Sustainable/Renewable
Energy Rep. 2 105-13

Pless J and Fell H 2017 Bribes, bureaucracies, and blackouts:
towards understanding how corruption at the firm level


https://doi.org/10.1016/j.enpol.2013.07.028
https://doi.org/10.1016/j.enpol.2013.07.028
https://www.eia.gov/outlooks/aeo/
https://doi.org/10.1016/j.tej.2009.02.011
https://doi.org/10.1016/j.tej.2009.02.011
https://doi.org/10.1007/s11149-010-9127-y
https://doi.org/10.1007/s11149-010-9127-y
https://doi.org/10.1007/s11127-013-0145-z
https://doi.org/10.1007/s11127-013-0145-z
https://doi.org/10.2307/2111054
https://doi.org/10.1109/TII.2011.2166794
https://doi.org/10.1109/TII.2011.2166794
https://doi.org/10.1109/TII.2012.2218253
https://doi.org/10.1109/TII.2012.2218253
https://doi.org/10.1002/pam.21928
https://doi.org/10.1002/pam.21928
https://doi.org/10.1016/j.energy.2006.01.014
https://doi.org/10.1016/j.energy.2006.01.014
https://doi.org/10.1016/j.energy.2009.07.022
https://doi.org/10.1016/j.energy.2009.07.022
https://doi.org/10.1016/S1040-6190(99)00060-3
https://doi.org/10.1016/S1040-6190(99)00060-3
https://doi.org/10.1016/j.tej.2014.07.003
https://doi.org/10.1016/j.tej.2014.07.003
https://doi.org/10.1257/aer.20150897
https://doi.org/10.1257/aer.20150897
https://doi.org/10.1109/TPWRS.2014.2359977
https://doi.org/10.1109/TPWRS.2014.2359977
https://www.epa.gov/sites/production/files/2016-12/documents/sc_co2_tsd_august_2016.pdf
https://www.epa.gov/sites/production/files/2016-12/documents/sc_co2_tsd_august_2016.pdf
https://doi.org/10.1257/aer.104.2.537
https://doi.org/10.1257/aer.104.2.537
https://doi.org/10.1257/pol.20160093
https://doi.org/10.1257/pol.20160093
https://doi.org/10.1257/aer.104.4.1417
https://doi.org/10.1257/aer.104.4.1417
https://doi.org/10.1016/j.enpol.2017.03.034
https://doi.org/10.1016/j.enpol.2017.03.034
https://doi.org/10.1111/j.1756-2171.2007.tb00044.x
https://doi.org/10.1111/j.1756-2171.2007.tb00044.x
https://doi.org/10.1257/jep.26.1.29
https://doi.org/10.1257/jep.26.1.29
https://doi.org/10.1257/aer.102.3.381
https://doi.org/10.1257/aer.102.3.381
https://doi.org/10.1177/1532673X02030003006
https://doi.org/10.1177/1532673X02030003006
https://doi.org/10.1016/j.energy.2016.03.074
https://doi.org/10.1016/j.energy.2016.03.074
https://doi.org/10.1016/j.enpol.2011.11.047
https://doi.org/10.1016/j.enpol.2011.11.047
https://doi.org/10.1021/acs.est.7b00034
https://doi.org/10.1021/acs.est.7b00034
https://doi.org/10.1109/TPWRS.2013.2278952
https://doi.org/10.1109/TPWRS.2013.2278952
https://doi.org/10.1109/MSP.2009.76
https://doi.org/10.1109/MSP.2009.76
https://doi.org/10.1016/j.enpol.2011.11.049
https://doi.org/10.1016/j.enpol.2011.11.049
https://doi.org/10.1109/TSG.2010.2046347
https://doi.org/10.1109/TSG.2010.2046347
https://doi.org/10.1016/j.tranpol.2019.02.002
https://doi.org/10.1016/j.tranpol.2019.02.002
https://doi.org/10.1038/nenergy.2016.32
https://doi.org/10.1038/nenergy.2016.32
https://doi.org/10.1016/j.enpol.2017.07.045
https://doi.org/10.1016/j.enpol.2017.07.045
https://doi.org/10.1016/j.epsr.2014.10.021
https://doi.org/10.1016/j.epsr.2014.10.021
https://doi.org/10.1007/s40518-015-0030-0
https://doi.org/10.1007/s40518-015-0030-0

10P Publishing

Environ. Res. Lett. 15 (2020) 093006

impacts electricity reliability Resour. Energy Econ.
47 36-55

Rai 'V, Reeves D C and Margolis R 2016 Overcoming barriers and
uncertainties in the adoption of residential solar PV
Renewable Energy 89 498-505

Regional Greenhouse Gas Initiative 2020 Allowance Prices and
Volumes (available at: https://www.rggi.org/auctions/
auction-results/prices-volumes)

Reiss P C and White M W 2005 Household electricity demand,
revisited Rev. Econ. Stud. 72 853-83

Rule T A 2017 Buying power: utility dark money and the battle
over rooftop solar LSU J. Energy L. Res. 5 1

Sallee ] M 2014 Rational inattention and energy efficiency J. Law
Econ. 57 781-820

Shaloudegi K, Madinehi N, Hosseinian S H and Abyaneh H A
2012 A Novel Policy for Locational Marginal Price
Calculation in Distribution Systems Based on Loss
Reduction Allocation Using Game Theory IEEE Trans.
Power Syst. 27 811-20

Sherwood J, Cross-Call D, Chitkara A and Li B 2016 A review of
alternative rate designs: Industry experience with
time-based and demand charge rates for mass-market
customers Report Rocky Mountain Institute (RMI)

Siano P 2014 Demand Response and Smart Grids - A survey
Renewable Sustainable Energy Rev. 30 461-78

Smith R 2009 Smart Meter, Dumb Idea Wall Street Journal

Sotkiewicz P M and Vignolo ] M 2006 Nodal pricing for
distribution networks: efficient pricing for efficiency
enhancing DG IEEE Trans. Power Syst.
2110134

Sotkiewicz P M and Vignolo ] M 2007 Towards a Cost
Causation-Based Tariff for Distribution Networks With DG
IEEE Trans. Power Syst. 22 1051-60

Sovacool B K, Axsen ] and Kempton W 2017 Tempering the
promise of electric mobility? A sociotechnical review and
research agenda for vehicle-grid integration (VGI) and
vehivle-to-grid (V2G) Annu. Rev. Environ. Resour.
42 377-406

Spence D B 2005 The Politics of Electricity Restructuring: theory
vs. Practice Wake Forest L. Rev. 40 417

Staff E 2017 Wind and solar power are disrupting electricity
systems The Economist

D C Matisoff et al

Stigler G J 1971 The theory of economic regulation Bell . Econ.
Manage. Sci. 3-21

Thompson A L 2016 Protecting low-income ratepayers as the
electricity system evolves Energy Law J. 37 265-306

Tian T, Liu C, O’Shaughnessy E, Mathur S, Holm A and Miller J
2016 Midmarket Solar Policies in the United States: A Guide
for Midsized Solar Customers (Golden, CO: National
Renewable Energy Lab)

Vaishnav P, Horner N and Azevedo I L 2017 Was it worthwhile?
Where have the benefits of rooftop solar photovoltaic
generation exceeded the cost? Environ. Res. Lett. 12 094015

Van de Ven P M, Hegde N, Massouilie L and Salonidis T 2013
Optimal control of end-user energy storage IEEE Trans.
Smart Grid. 4 789-97

Warrick J 2015 Utilities wage campaign against rooftop solar
Washington Post 7

Weimer D L and Vining A 2015 Policy analysis: Concepts and
practice (London: Routledge)

Weissman G and Fanshaw B 2016 Shining Rewards: the Value of
Rooftop Solar Power for Consumers and Society Environ.
Ame. Res. Policy Center (available at: https://
environmentamerica.org/sites/environment/files/
reports/ AME%?20ShiningRewards%20Rpt%
200c¢t16%201.1.pdf)

Whited M, Woolf T and Daniel ] 2016 Caught in a Fix: The
Problem with Fixed Charges for Electricity. Synapse Energy
Economics for Consumers Union

Woo C K and Zarnikau J 2017 A solar rate option for the
development of behind-the-meter photovoltaic systems
Electr. J. 30 1-3

Wood L, Hemphill R, Howat ], Cavanagh R, Borenstein S,
Deason J and Schwartz L 2016 Recovery of utility fixed costs:
Utility, consumer, environmental and economist
perspectives. FEUR Report No. 5 Lawrence Berkeley National
Laboratory, Berkeley, CA

Zheng J, Gao D W and Lin L 2013 Smart meters in smart grid: an
overview 2013 IEEE Green Technologies Conference
(GreenTech) pp 57-64

Zhou S and Matisoff D C 2016 Advanced Metering Infrastructure
Deployment in the United States: the Impact of Polycentric
Governance and Contextual Changes Rev. Policy Res.

33 646-65

18


https://doi.org/10.1016/j.reseneeco.2016.11.001
https://doi.org/10.1016/j.reseneeco.2016.11.001
https://doi.org/10.1016/j.renene.2015.11.080
https://doi.org/10.1016/j.renene.2015.11.080
https://www.rggi.org/auctions/auction-results/prices-volumes
https://www.rggi.org/auctions/auction-results/prices-volumes
https://doi.org/10.1111/0034-6527.00354
https://doi.org/10.1111/0034-6527.00354
https://doi.org/10.1086/676964
https://doi.org/10.1086/676964
https://doi.org/10.1109/TPWRS.2011.2175254
https://doi.org/10.1109/TPWRS.2011.2175254
https://doi.org/10.1016/j.rser.2013.10.022
https://doi.org/10.1016/j.rser.2013.10.022
https://doi.org/10.1109/TPWRS.2006.873006
https://doi.org/10.1109/TPWRS.2006.873006
https://doi.org/10.1109/TPWRS.2007.901284
https://doi.org/10.1109/TPWRS.2007.901284
https://doi.org/10.1146/annurev-environ-030117-020220
https://doi.org/10.1146/annurev-environ-030117-020220
https://doi.org/10.2307/3003160
https://doi.org/10.1088/1748-9326/aa815e
https://doi.org/10.1088/1748-9326/aa815e
https://doi.org/10.1109/TSG.2012.2232943
https://doi.org/10.1109/TSG.2012.2232943
https://environmentamerica.org/sites/environment/files/reports/AME%20ShiningRewards%20Rpt%20Oct16%201.1.pdf
https://environmentamerica.org/sites/environment/files/reports/AME%20ShiningRewards%20Rpt%20Oct16%201.1.pdf
https://environmentamerica.org/sites/environment/files/reports/AME%20ShiningRewards%20Rpt%20Oct16%201.1.pdf
https://environmentamerica.org/sites/environment/files/reports/AME%20ShiningRewards%20Rpt%20Oct16%201.1.pdf
https://doi.org/10.1016/j.tej.2017.03.003
https://doi.org/10.1016/j.tej.2017.03.003
https://doi.org/10.1111/ropr.12203
https://doi.org/10.1111/ropr.12203

	A review of barriers in implementing dynamic electricity pricing to achieve cost-causality
	1. Introduction
	2. Reforming rate design to incorporate cost-causal principles
	2.1. Traditional rate design
	2.2. Cost-causal rate design principles and emerging changes to rate design
	2.2.1. Temporal cost-causal rate design.
	2.2.2. Spatial cost-causal rate design.

	2.3. Cost-causal principles and distributed energy resources

	3. Barriers to implementation of cost-causal rate design principles
	3.1. Technical barriers
	3.2. Behavioral barriers
	3.3. Political and institutional barriers
	3.4. Economic barriers
	3.4.1. Allocating fixed costs.
	3.4.2. Negative externalities of electricity production.
	3.4.3. Public good characteristics of the grid.


	4. Discussion—interaction of barriers
	5. Conclusion
	Acknowledgments
	Appendix: Systematic Review of Literature
	I. Scoping
	II. Process
	References


