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The U.S. Electricity Market is Big (by any measure)

• 150 million utility customers (residential/commercial/
industrial).

• 4.08 trillion kilowatthours (kWh) of electricity generated at
utility-scale sources in 2016 (additional 0.02 trillion kWh
generated by distributed, small-scale solar PV).

• 2016 revenues from the sale of electricity: $386 billion.

• Annual CO2 emissions (35% of the total U.S. energy-related
CO2 emissions) were 1,821 million metric tons in 2016.
(Canadian emissions were 722 mmt).

2 / 42



U.S. electricity sector has seen some big changes

Figure I: U.S. Electrical Grid as Power Control Areas
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Source: Cicala, 2017

Electricity sector restructuring brought big changes in the 1990s and
2000s.
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U.S. electricity sector has seen some big changes
72 Brookings Papers on Economic Activity, Spring 2015

this increase in total natural gas production as well as the change in pro-
duction from unconventional shale gas reservoirs. The increase in shale 
extraction began in the late 2000s, accelerated in 2010, and amounted to 
more than one trillion cubic feet a month by late 2013. As a result of this 
sustained growth in extraction, natural gas prices have fallen substantially 
in the United States. Figure 1 plots the real1 U.S. price of natural gas since 
1997.2 While prices averaged $6.81 per thousand cubic feet (mcf) (in 2013 
dollars) from 2000 to 2010, prices since 2011 have averaged $3.65 per mcf.

In this paper, we estimate the broad implications of this boom in 
unconventional natural gas for U.S. welfare. We examine the effects on 
natural gas purchasers and producers, paying particular attention to how 
benefits and costs are allocated across sectors and across space. We also 

1. Prices throughout the paper are deflated to 2013 dollars using the CPI (all urban less 
energy).

2. We focus on the Henry Hub price in Louisiana, the most liquidly traded natural gas 
hub in the country. Prices are quoted in $/mmBtu (dollars per million British thermal units), 
and we convert this to $/mcf (dollars per thousand cubic feet). The heat content of natural 
gas varies, but the average conversion typically used is 1.025 mmBtu per mcf.

Figure 1. U.S. Natural Gas Production and Price, 1997–2015
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With sustained growth in extraction, domestic natural gas prices have
fallen substantially.
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U.S. electricity sector has seen some big changes

RPS Demand a Key Driver for RE Growth: 
62% of Increased RE Generation, 58% of New RE Capacity 

4

Growth in U.S. Renewable 
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Total U.S. Renewable Generation 
Capacity (GW)

* RPS capacity: The entity purchasing RECs is subject to an 
RPS but has not yet met its terminal RPS obligations, and the 
project commenced operation after enactment of the RPS

* Min. Growth Required for RPS accounts for the use of pre-2000 
vintage facilities in meeting RPS obligations, where it occurs
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VRE deployment has been significantly driven by state and federal
policies.
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U.S. electricity sector has seen some important changes

Source: Tweed, 2015

Increasing penetration of smart meters (as of 2015) /AMI.
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What are the causal impacts of these developments?

• It can be difficult to isolate the effect of one factor (e.g. shale
gas) from other confounding factors (renewable energy
policies, recessions, etc).

Source: https://xkcd.com/552/

• To evaluate causal impacts, we need a credible estimate of the
‘counterfactual’.

• One approach: Build an electricity market simulation model to
capture key structural aspects and relationships.

• Alternative approach: Use quasi-experimental (or
experimental) variation to empirically identify causal effects.
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Causal inference meets electricity markets

We wish we could simultaneously observe the same “subjects” (i.e.
markets, firms, consumers) in different states of the world.

Field experiments: Randomly assign intervention across subjects
to eliminate bias introduced by confounding factors.

Quasi-experiments: Identify a comparison group that is as similar
as possible to the treatment group. Use comparison group(s) to
estimate counterfactual.
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Goal for today: Highlight empirical research that seeks to tease
apart cause and effect in U.S. electricity market interactions.

• Experimentation with electricity sector restructuring.

• Emerging impacts of :
I Shale gas boom/low gas prices
I Increased penetration of variable renewable energy generation
I Smart grid facilitated demand response

Upshot: Careful empirical studies help us understand how
electricity markets work in the real world... and shed some light on
what the future holds.
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The Old Model

• Under rate-of-return regulation, vertically integrated regulated
monopolies recovered operating costs and earned a rate of
return on prudently incurred capital investment.

• This regulatory environment provided a stable level of
resource adequacy.. but weak incentive to invest and operate
efficiently!
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Electricity sector restructuring

No single definition of restructuring in the U.S. context.

We’ll focus on two key elements:

1. Creation and expansion of Regional Transmission
Organizations (RTOs) to promote non-discriminatory access
and facilitate market-based dispatch.

2. Move away from compensation based on cost recovery towards
payment based on the market value of electricity produced.

The ex ante hope: Discipline of the competitive market would
provide powerful incentives for efficiency improvements.
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Effects of restructuring on system-wide efficiency?

Cicala(2017) uses the staggered expansions of wholesale electricity
markets to estimate the causal impact of market-based dispatch.

Figure II: Share of Generating Capacity Dispatched by Markets
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Note: Vertical red lines indicate dates of transition to market-based dispatch.

sequently either met with production in the real time market or unwound by buying

back one’s allocated output at the real time price (Wolak (2000); Hortacsu and Puller

(2008); Ito and Reguant (2016); Cramton (2003); Jha and Wolak (2013); Borenstein

et al. (2008), among others).

As of 2012, 60 of the 98 PCAs operating in 1999 had adopted market dispatch,

either during the initial creation of a new market or as part of the expansion of

an existing market. Adopting market dispatch is a discrete change in the decision

algorithm that allocates output to generating units: the local PCA cedes control of

their transmission system to an Independent System Operator, who conducts the

auctions.

All told, there have been 15 distinct events in which PCAs have transitioned to

market dispatch overnight. Figure II denotes each of these events with a vertical red

line, and shows that over the period of study markets have expanded from covering

about 10% of capacity to roughly 60%. The remaining areas have retained their tra-

ditional dispatch methods, though a number have continued to explore the possibility

of joining existing markets.5 This variation in market adoption forms the basis of

the empirical strategy for causal estimates by allowing the comparison of changes in

allocative e�ciency following the transition to market dispatch relative to areas that

5For example, the East Kentucky Power Cooperative joined PJM on 6/1/2013, there was a
major southern expansion of MISO on 12/18/2013, and Pacificorp has formally begun to explore
the possibility of joining CAISO.

6

He compares outcomes before and after a market transition with
changes over the same time period in areas that had not (yet)
undergone any regulatory changes.
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Effects of restructuring on system-wide efficiency?

Cicala (2017): ‘Imperfect Markets versus Imperfect Regulation in
U.S. Electricity Generation’

• Detailed hourly data on plant operations, demand across the
U.S. from 1999 - 2012.

• Estimates an econometric model to evaluate:
I ‘Out of merit’ losses from dispatching higher marginal cost

units relative to installed capacity.
I Gains from trading electricity across areas.

• Estimates that market-based allocation of production reduce
production costs by $3B per year:

I Estimated gains from trade across service areas increase by
20%.

I Costs from using uneconomical units fall 20%.
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Effects of restructuring on plant-level operating efficiency?

• Prior to restructuring, all U.S. nuclear power reactors owned
by regulated utilities.

• During restructuring, 48 nuclear power reactors (out of 103
total) were sold to independent power producers selling power
in competitive wholesale markets.

• Using a 40-year monthly panel of all nuclear reactors in the
United States, Davis and Wolfram(2012) look at
differences-in-differences in operating efficiency, carefully
control for reactor characteristics.
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Deregulation, Consolidation, and Efficiency: Evidence from US Nuclear Power

(Davis and Wolfram, 2012)
VOL. 4 NO. 4 207DAVIS AND WOLFRAM: DEREGULATION, CONSOLIDATION, AND EFFICIENCY

consolidated reactor operations among a smaller set of companies.17 In this section, 
we examine empirically this interaction between deregulation and consolidation, com-
paring differences across reactors both in divestiture status and in the size of the com-
pany that operates each reactor. Determining the causal impact of company size is 
challenging because it reflects endogenous merger and acquisition decisions by plant 
operators. We use several different approaches to attempt to tease out causality, but 
these results should nonetheless be interpreted with caution.

Figure 3 plots the average number of reactors operated per company over the 
period 1970–2009. Averages are plotted separately by eventual divestiture status and 
are weighted by reactor not by company. As late as the mid-1990s, the average reac-
tor was operated by a company that operated fewer than four reactors. Beginning in 
2000 and 2001, there is a large increase in consolidation. By the end of the sample, 
the average divested reactor was operated by a company that operated between nine 
and ten reactors.

In principle, consolidation could improve operating performance in several ways. 
Whereas a utility with a single reactor must rely on contract employees to perform 
infrequent tasks, such as refueling outages, which take place, on average, every 
18 months, a consolidated nuclear company can hire highly skilled employees and 
train them to appreciate the idiosyncrasies of the company’s reactor fleet.18 Also, 

17 Economists have long recognized the potential gains in operating performance from consolidation in the 
nuclear power sector. See, for example, Joskow (1982), “The way reactors are built and operated must be changed 
… At present, more than forty utilities have nuclear-power plants operating or under construction. Some of these 
utilities are very large, while others are very small. It is at least arguable that there are opportunities for economies 
of scale in the construction and safe operation of nuclear facilities that are not being exploited because of the frag-
mented ownership pattern that flows from the present structure of the electric-utility industry in the United States.”

18 Robin Jeffrey, deputy chairman of British Energy, explains, “You need to have a significant number of highly 
qualified staff across all the range of disciplines, and it’s more cost-effective to service a number of plants than to 
service a single plant.” See “Shut Down: Can Nuclear Plants Survive Deregulation? The Jury is Still Out,” Wall 
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Figure 2. The Effect of Divestiture on Operating Performance by Month of Year

Deregulation and consolidation associated with a 10 percent increase in
operating performance (primarily via reduced reactor outages)

• Increase in electricity production due to deregulation and
consolidation exceeds 40 billion kilowatt hours annually.

• Annual decrease of 35 mmt of CO2 (more abatement than all
US wind and solar generation during the same period!)
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Effects of restucturing on capital investment?

The most important opportunities for cost savings (under
restructuring) are associated with long-run investments in
generating capacity.

Paul Joskow, 1997

In theory, rate-of-return regulation favors gold plated capital
investment and excessive capacity margins.

In practice, it’s really hard to isolate causal effect of restructuring
on investment efficiency (given long investment time horizons and
infrequency of capital investments).
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Effects of restucturing on capital investment?

• Fowlie (2010) compares compliance decisions in a
cap-and-trade program at generating units in restructured
states with very similar units in regulated markets.

• Generators in restructured markets less likely to invest in
capital-intensive forms of abatement and more likely to pursue
lower cost compliance options (e.g. purchase pollution
permits).

A coal plant being retrofit with capital intensive ($200M) pollution abatement equipment.
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Electricity sector restructuring report card

Good news:

• Market prices close to short-run marginal cost much of the
time.

• Power plants operating more efficiently

• System operators dispatching power plants more efficiently

But what about reliability/resiliency/resource adequacy?

• Can energy and ancillary service markets attract sufficient
investment in resources?

• How much of the planning and financing of power plants
should be coordinated outside the energy market via resource
adequacy incentives?
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Resource adequacy in restructured U.S. electricity markets

	

23	
	

2 Overview of Current RA Policies in US Markets 
	

 
• We	summarize	the	key	parameters	of	the	major	energy-only,	RA	requirements,	and	centralized	capacity	

markets.	
• Markets	share	many	similar	characteristics,	but	differ	on	specific	attributes	such	as	the	

incentives/penalties	for	non-performance	and	the	measurement	of	qualifying	capacity	values.	
• Capacity	prices	are	more	transparent	in	centralized	capacity	markets.	
• Prices	in	all	markets	have	experienced	large	differences	over	time	depending	upon	whether	new	capacity	

is	procured	through	the	markets.	
•  

 
Current US ISO resource adequacy policies contain similar requirements and goals but differ 
considerably in implementation and breadth.  The range of RA paradigms is illustrated in Figure 
5.  Resource adequacy structures can be organized into three groups: (1) traditionally “planned” 
markets operating fully under regulation (2) energy-only markets which rely on energy prices to 
signal investment, and (3) regions where a separate explicit distinct platform and revenue stream 
for capacity is established either implicitly or explicitly.  These capacity payments can be 
required either through established bilateral RA requirements (BRAR) that can be met with 
capacity procured in a variety of ways, or through centralized capacity markets (CCM) that 
discover a single capacity price applied to resources in a locational area.   
 
In practice, the boundaries between these categories are not as sharp as implied by Figure 5.  As 
discussed below, many participants in regions with RA requirements or centralized capacity 
markets remain regulated.  And RA needs in planning regions are often met through procurement 
of generation from unregulated independent power producers.  Further, while requirements in 
BRAR regions are often met through self-supply and bilateral arrangements, some also feature 
voluntary centralized capacity auctions.  In the following sections we describe how the capacity 
approaches have been implemented. 
 

 
Figure 5: Resource Adequacy Paradigms  

Source: “Electricity Capacity Markets at a Crossroads”. James Bushnell, Michaela Flagg, and Erin Mansur.

There is an emerging and controversial mismatch between 2000’s
era resource adequacy regimes and changing market conditions...
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Goal for today (Revisited): Highlight empirical research that
seeks to tease apart cause and effect in U.S. electricity market
interactions.

• Experimentation with electricity sector restructuring.

• Emerging impacts of :
I Shale gas boom/low gas prices
I Increased penetration of variable renewable energy generation
I Smart grid facilitated demand response

A growing empirical literature investigates the causal impacts of
low natural gas prices and increasing renewable energy penetration
on key economic outcomes (e.g. emissions, electricity prices).
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Electricity sector GHG emissions: The big picture
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A data-driven approach to analyzing emissions impacts of low gas prices

• Cullen and Mansur (2016) use variation in natural gas prices to
estimate the relationship between domestic power sector CO2

emissions and the coal-to-gas cost ratio.

• A decrease in the natural gas spot price from $12/mmbtu to
$2/mmbtu (2008-present) is associated with a 10 percent drop in
emissions.

Figure 6: Estimated CO2 Response to Fuel Prices

(a) Eastern Interconnection

(b) ERCOT Interconnection

(c) Western Interconnection

20

Source: Cullen and Mansur(2016)
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A data-driven approach to analyzing emissions impacts of a carbon tax?

• A carbon price provides similar incentives for fuel switching as does
a change in the coal:gas price ratio.

• This mapping is important; We have no national carbon price that
we could use to identify the marginal cost of abating carbon
(limited variation in regional carbon pricing programs).

• Use estimates to impute implications for fuel switching under a
carbon price:

Figure 7: Imputed CO2 Response to Carbon Prices

(a) Eastern Interconnection

(b) ERCOT Interconnection

(c) Western Interconnection
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A data-driven approach to analyzing marginal benefits of
increased renewable energy generation

• A growing literature investigates the emissions impacts of
marginal increases in renewable energy generation and
investment (e.g. Callaway et al., 2017; Novan, 2015).

• Empirical estimates can depart significantly from simulation
model predictions.

• Empirical estimates vary significantly across regions and
across time

• Fell and Kaffine (2017) underscore the importance of the
interaction between rising wind penetration and low natural
gas prices.

I The marginal response of emissions to fuel prices is larger in
magnitude under high levels of wind generation.

I The marginal effect of wind generation to be multiple times
larger in magnitude in several regions under low natural gas
prices than it otherwise would have been.
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What’s driving wholesale price changes?

Background

Wholesale power pricing and the composition and operation of 
the bulk power system have witnessed changes in recent years
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Wholesale price impacts (in theory)?

Figure illustrates a competitive market dispatch curve. The curves on the left are calibrated to match fuel prices in
2008. The curves on the right are calibrated using 2010 fuel prices. Source: Sahraei-Ardakani (2015)

• Simulation models suggest renewable energy has played a
relatively small role in driving down wholesale prices.

• Empirical research-in-progress is trying to disentangle the
causal effects of increased renewables and low gas prices on
wholesale electricity prices in different regional power markets.
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Retirements of thermal generation assets

Background

Wholesale power pricing and the composition and operation of 
the bulk power system have witnessed changes in recent years
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What to do about ‘Missing Money’?

• Tenuous financial position of some baseload plants need not
imply that restructured markets (and associated resource
adequacy policies) are broken.

• Key question: Do RA policies adequately value characteristics
of incumbent baseload relative to the new resources that are
crowding them out?

• Simplifications used to operationalize capacity procurement do
become more important when very different resources
compete for capacity payments.

• In the U.S., to shield baseload plants from the competition
that threatens their future viability, the U.S. Department of
energy has proposed to reverse twenty years of regulatory
restructuring.....

28 / 42



We’ve spent a lot of time on the supply-side.. let’s not
forget the demand-side!

Figure: Hourly electricity demand (SMUD) May 29-June 4, 2013
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Variable demand begets variable wholesale prices

Figure: Hourly electricity demand (SMUD) and RT LMP (CAISO)
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Majority of electricity customers pay time-invariant rates!

• Over-consumption in periods of high marginal costs requires
over-investment in capacity to meet peak demand.

• Can also lead to under-consumption in periods of relatively
low marginal costs.

• Aggressive renewable energy targets are much more costly to
meet absent demand response.

• If the grid operator has no way to elicit a demand response,
she must rely on supply response to maintain reliability etc..

Lots of reasons to grease the wheels of a more responsive
demand-side!
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The electricity grid is getting smarter!

• More than 60 million smart meters deployed to almost half of
US households (EIA, 2016).

• Demand response resources are starting to play a role in
capacity markets in some regions.

• Smart grid infrastructure investment could facilitate
widespread adoption of time varying pricing programs (and
leverage valuable demand response resources).
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Some important policy questions:

• Will consumers accept/participate in time-varying pricing
programs?

• Do consumers respond to time-varying prices?

• How does automation affect this demand response?

• Can demand response to dynamic prices be dispatched like
supply?
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What is time-varying pricing (for now)?

Critical Peak Pricing (CPP) programs charge lower rates during a
majority of hours, but high prices during a few peak event days when
wholesale prices are high/grid stability compromised.
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Give consumers a nudge?

• When confronted by a choice with a default option, people
seem predisposed to accept the default.

• A ‘default bias’ has been documented for a range of important
choices: health care plans, retirement plans, organ donation ...

• We tested whether making time varying electricity pricing
becomes the default option would increase household
participation? [Answer: Yes!!]

• How does this default effect affect electricity demand
response?

35 / 42



Opt in!
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Opt out!
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A powerful nudge!
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Average kW impacts - critical peak and non-critical peak
events

Average reduction in peak demand (averaged across all households
receiving the opt-in or opt-out offers) are approximately 5%
(opt-in) and 13% (opt out).

The demand reduction among participants in the opt-in group is
consistent with a price elasticity of approximately -0.25.
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Do consumers respond to varying price levels?

• Gillan (2017) partnered with a demand response provider that
recruits residential customers who are willing to receive text
messages that incentivize them to reduce their consumption
during 1-hour event windows.

• A subset of customers assigned to the control group.

• Remaining customers were exposed to between 1 and 3 events
per week, called between 11AM and 10PM.

• The price incentive during these events from $0.05 per kWh
to $3.00 per kWh (average utility price is $0.16 per kWh).
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Do consumers respond to varying price levels?
Customers in the treated group consumed on average 12 percent
less than the customers in the control group.. but remarkably price
insensitive!

Figure 5: E↵ect of Marginal Price
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(a) E↵ect of Price Change in log(kWh)
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The figure plots the point estimates for the change in the conditional mean of consumption as a result of changes in the
e↵ective price of electricity in dollars per kWh. Note the di↵erence in the scales of the axes between the left and right
panels. The left panel shows the e↵ect with log consumption on the vertical axis and the price change on the horizontal
axis. The right panel shows the treatment e↵ect heterogeneity by households with and without automation. Vertical
bars in both panels show 95 percent confidence intervals estimated using standard errors clustered by household and
by hour-of-sample. The dashed line plots the linear parametric estimation of the response as a function of the price
change. The figure also reports the estimates for the slope and intercept of the parametric estimation with two-way
clustered standard errors in parentheses.
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The Changing Economics of Electricity Markets

• Quasi-experimental variation in restructuring activity has
helped us identify important effects on operating efficiency,
dispatch efficiency, investment.

• Quasi-experimental variation in natural gas prices and
renewable energy production harder to isolate, but researchers
are examining impacts on emissions, wholesale prices, fuel mix.

• Field experimentation shows us the ways in which consumer
response to dynamic electricity prices aligns with - and departs
from- standard demand theory.

• More empirical work to do!! The changing landscape creates
challenges and opportunities for market design, policy
implementation, and economics research.
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