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Revenue Decoupling for Electric Utilities:

Impacts on Prices and Welfare

Arlan Brucal and Nori Tarui*

November 2018

Abstract

Under traditional (cost-of-service) electric utility regulation, regulated utilities may
not recover their fixed costs when their sales are lower than expected. Revenue de-
coupling (RD) is a mechanism that allows price adjustments so that the regulated
utility recovers its required revenue. This paper investigates the welfare and distribu-
tional impacts of RD. Theoretically, we find that the excess burden of subsidies for dis-
tributed generation is larger with RD than without. Contrary to how RD is specified
on dockets in many states, electricity prices appear to demonstrate downward rigid-
ity, while statistically significant upward adjustments on average are observed across
utilities that experienced decoupling. We also find empirically that RD has generated
negative welfare effects in most states even if we consider the social marginal costs of
electricity generation given different energy mix across regional markets.
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1 Introduction

Efforts to enhance energy efficiency and distributed electricity generation—as opposed
to generations by large utilities—have received increased attentions by energy policy
makers and researchers. Under the traditional natural-monopoly regulation (i.e., cost-of-
service or rate-of-return regulation), however, the output prices are set above the marginal
costs and hence the profits tend to increase with the sales volume. Therefore, a utility’s
interest—to sell more electricity—is misaligned with the regulatory agenda of attaining
energy efficiency and conservation (Eto et al., 1997). Despite such throughput incentive,
the sales of electricity have not been growing over the last decade in the United States,
leading to concerns that the utilities are not able to recover the full costs because the
sales grow more slowly than expected. Among the potential regulatory options, revenue
decoupling (RD) emerged as an approach to help utilities overcome the disincentive to
support the state’s energy-efficiency agenda by disentangling the effect of increased sales
volume to the utility’s revenues without affecting the design of customer rates (Morgan,
2013). However, the recent adoption of RD among states generated controversies ranging
from perceived high rate impacts to reallocation of risks from the utilities to consumers.
Despite these controversies, little analytical work has been done to provide clear guidance
regarding the effects of RD on electricity prices and economic welfare.!

We contribute to the literature in three respects. First, we delineate the potential wel-
fare and distributional impacts of RD using a simple model with distributed generation
and an electric service provider. The model allows us to assess the welfare implications
of two regimes, (1) traditional rate of return regulation with no RD and (2) the RD regime.

Second, we investigate empirically the impacts of RD on electricity prices by exploiting

IKnittel (2002), Brennan (2010), Kihm (2009), and Chu and Sappington (2013) provide useful discus-
sions on the performance of revenue decoupling from various perspectives. None of them focuses on
how decoupling works in the presence of subsidies for distributed generation or RD’s price and wel-
fare impacts. Comprehensive technical reports and anecdotal evidences are available (see, for example,
Regulatory Assistance Project, 2011 and Morgan, 2013); however, they present divergent views more than
clear guiding principles on the potential impact of RD.



the variations in the timing of RD adoption among utilities. Using quasi-experimental
technique based on matching, we were able to establish the causal effect of RD imple-
mentation on electricity prices across customers. Finally, we also provide an indication
on how RD influences welfare in each state considering the social cost of emissions.
Given the declining costs of distributed generation?, our analysis suggests that RD
could maintain the utility’s profits at the expense of households or end-users through
higher electricity rates and lower equilibrium output. The risk burden, due to uncer-
tainty in the output of distributed generation, also shifts from the utility to the consumers.
While RD can provide welfare gains to high-income earners who can afford to have dis-
tributed generation or more efficient appliances, it implies losses to low-income earners
(or renters) who do not have distributed generation. Overall, the excess burden of subsi-
dies for distributed generation (such as solar panels) is larger with RD than without.
Our empirical investigation with data on investor-owned utilities in the United States
indicates that the magnitude of price adjustments due to decoupling is sizable and that
how it works in practice may be different from how it should work nominally. Previous
studies indicated that (i) the immediate impacts of decoupling on electricity prices have
been small (Morgan, 2013; Kahn-Lang, 2016), and (ii) decoupling adjustments have been
symmetric—both upward adjustments due to unexpected decreases in sales and down-
ward adjustments due to unexpected increases in sales have been observed (Morgan,
2013). Morgan’s observation is based on the actual size of the decoupling adjustments
between 2005 and 2011 (Figure 1) and thus represents the instantaneous impacts of de-
coupling on electric rates. Building on an empirical study about the short-run impacts of
RD on electricity prices (Kahn-Lang, 2016), we estimate the price impacts by adopting an
econometric strategy that addresses the endogeneity of RD adoption. We find that decou-

pling tends to increase the electricity rates rather substantially over months upon imple-

ZPollowing convention, we define distributed generation as the process of generating electricity from
decentralized—often small-scale but numerous—energy sources. An example is the roof-top solar photo-
voltaics (PV).



mentation (about 19% on average over two years). We also find that lower adjustments
on prices are not statistically significant when the sales increase beyond what is predicted
based on the trends. This finding suggests that, contrary to how decoupling is specified
on dockets in many states, decoupling adjustments have not been implemented sym-
metrically. The prices appear to demonstrate downward rigidity as well as statistically
significant upward adjustments on average across utilities that experienced decoupling.

Turning to the welfare impacts of decoupling, we demonstrate empirically that rev-
enue decoupling has generated negative effects in most states. This is because the re-
tail electricity prices tend to exceed the social marginal costs of electricity generation in
all states with decoupling in 2011, which implies that further price increases due to RD
would amplify the distortions due to gaps in the price and the marginal costs.

In what follows, Section 2 provides a brief overview of RD adoption in the United
States. We apply a simple theoretical framework to illustrate RD (Section 3) to study its
welfare and distributional impacts (Section 4). We then discuss our empirical strategy
and the results regarding the impacts of decoupling on electricity prices (Section 5) and
on welfare by taking into account the social marginal costs of electricity generation across
the U.S. states that have adopted decoupling (Section 6). Section 7 provides a summary
and discussion of the policy implications. The appendix contains additional theoretical

properties of revenue decoupling regarding its distributional impacts and risk allocations.

2 An overview of revenue decoupling

2.1 How revenue decoupling works

Revenue decoupling is generally defined as a rate-making mechanism designed to “de-
couple” the utility’s revenues from its sales. By removing the dependence of the utility’s
earnings from sales, RD essentially removes the utility’s disincentives to administer and

promote customer efforts to reduce energy consumption or to install distributed genera-
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Based on Morgan (2013) page 10. The horizontal axis indicates the ranges of rate adjustments (%) where
negative numbers indicate negative adjustments or refunds to rate payers while the positive numbers in-

dicate upward price adjustments. The number of adjustment cases between 2005 and 2011 are indicated in
the bar chart.

Figure 1: Monthly electric utility decoupling adjustment rate impacts

tion that often utilizes renewable energy.

Table 1 provides a simple illustration of how RD works®. Consider a scenario where
the actual sales in the current year are 1 percent lower than the baseline amount of 1
million kWh. Without any revenue adjustment mechanism, this translates to about 1
percent revenue shortfall in the said year. Hence, any shock that lowers demand, be it
due to energy efficiency improvement or conservation (or any exogenous income shock),

results in lower equity earnings. If the state decides to adopt RD, customers’ unit price

3This illustration is based on a simple full decoupling mechanism. In reality, there are a number of ways
to implement RD, but the guiding mechanism is the same (i.e., all of them have a true-up mechanism that
adjusts the electricity rates in order to collect the allowed revenue). For a more complete discussion of RD,
see Regulatory Assistance Project (2011).



increases in order to achieve the allowed revenue.

Table 1: An example of how RD works.

No RD in place RD in place

Revenue Requirement $115,384,615

(Based on expenses, allowed return, taxes)
Sales Forecast (kWh) 1,000,000,000
Actual Sales (kWh) 990,000,000
Unit Price ($/kWh) 0.1154 0.1166
Decoupling Adjustment ($/kWh) —— 0.0012
Actual Revenue $114,230,769 $115,384,615

Source: The Regulatory Assistance Project (RAP), 2011.

RD, in effect, provides mechanisms for customers to receive refunds or pay surcharges
based on whether the revenues the utility actually received from customers were greater

or smaller than the revenues the mechanism calculates, respectively.*

2.2 Current Implementation

Table 2 describes how RD was implemented across U.S. states over the last decade. Cali-
fornia was the first state to implement RD in the 1990s (Morgan, 2013). However, it was
during and immediately after the US financial crisis that the policy was widely adopted in
many states. Since Vermont approved RD mechanism in 2006, the number of states adopt-
ing the policy has increased. As of 2016, 19 states (including the District of Columbia)

offer RD to the electric utilities.”

2.3 Divergent Views on RD

As a growing number of states have ventured into adopting policies and regulations with

energy efficiency objectives, debates on the effectiveness of revenue decoupling flooded

4Note, however, that the difference can occur for many reasons, including weather and economic con-
ditions that are not entirely within the control of the customers nor the utility. In this context, it is apparent
that RD insulates the utility from business risks that are now absorbed by the customers (Moskovitz et al.,
1992).

>Adoption of RD in a state does not necessarily mean all utilities in the state have revenue decoupling
mechanism.



Table 2: Implementation of Revenue Decoupling in the United States

Since 1990’s 2006 2007 2008 2009 2010 2011 2012
California California  California  California California California California California
Vermont* Idaho Idaho Connecticut Connecticut Connecticut Connecticut
Maryland  Maryland Idaho Hawaii Hawaii Hawaii
New York  New York Maryland Idaho Idaho Idaho
Vermont*  Vermont* Michigan Maryland Maryland Maryland
New York Michigan Massachusetts Massachusetts
Oregon New York Michigan Michigan
Vermont* Oregon New York New York
Washington, DC Vermont Oregon Ohio
Wisconsin Washington, DC Vermont* Oregon
Wisconsin Washington, DC Rhode Island
Wisconsin Vermont*
Washington, DC
Wisconsin

Note: Based on Morgan (2013). The above implementation reflects each State Commission’s approval of
the first decoupling mechanism. Passing of a legislation may have been completed earlier. Some states
may have pending RD implementation to date.

the energy industry. One of the supporting arguments for RD includes the potential im-
provement in efficiency among service providers. Conservation advocates argue that RD
can enhance generation and distribution efficiency by providing utilities the incentives
to reduce costs and not through increase in sales (Regulatory Assistance Project, 2011;
Sullivan et al., 2011). They also argue that RD is necessary, if not sufficient, for utilities to
promote energy efficiency and/or invest in renewables (Costello, 2006; Lowry and Makos,
2010). RD improves a utility’s financial situation and lowers risks, thus can potentially
reduce the cost of capital (Costello, 2006). Decoupling adjustments rates have been “im-
perceptible” to consumers, which generally stay within the 1-percent band (Morgan,
2013). RD is considered to be less contentious, and hence less costly to set rates and
conduct cost recovery, than the Loss Revenue Adjustment (LRA). Other policies includ-
ing LRA requires sophisticated measurement and/or estimation. Moreover, it is easier
for state commissions to administer/monitor as opposed to other alternatives (Costello,
2006; Lowry and Makos, 2010; Moskovitz et al., 1992; Shirley and Taylor, 2006).

Critics of RD, on the other hand, argue that the policy is a blunt instrument to promote
energy efficiency, particularly on the part of the utility. Because utilities must rebate the

difference between price and costs to consumers, the firm no longer has an incentive to



minimize costs under RD (Kihm, 2009). Studies such as Knittel (2002) showed that RD
is not effective in influencing utilities to improve generation efficiency because they do
not receive significant economic gains from producing energy more efficiently. Moreover,
critics suggest that the policy not only transfers the business risks from the utility to the
customers but also may cause customers in one rate class to absorb some of the impact of
demand downturns in another class (Lowry and Makos, 2010). Residential electric bills,
for instance, may increase due to a downturn in industrial demand.

Thus far, no evidence exists to support RD as necessary for the successful implemen-
tation of utility-funded energy efficiency initiatives (Brennan, 2010). As for the long-term
effect, if the company’s profits-to-capital ratio is regulated at a certain percentage then

there is a strong incentive for companies to over-invest in order to increase profits over-

all.

3 Modeling electricity markets with revenue decoupling

3.1 Consumers

There is a continuum of consumers of measure N > 0. Let u; be consumer i’s utility
function. Given total electricity consumption e; and the consumption of numeraire good
v, the utility is u;(e;, y;) = vi(e;)+y; where v} > 0 and v/ < 0.° This specification, with zero
income elasticity of electricity demand, could be justified in light of some recent empirical
findings of zero or very small income elasticity.”

Each household chooses how much electricity to purchase from the utility z; > 0 and
whether to purchase a solar PV (d; = 1) or not (d; = 0). Upon installing a solar PV,

household i’s solar output is given by g, > 0. We abstract from hourly, day-to-day, and

®In a later section, we discuss an extension where electricity generation imposes negative externalities
on consumers.

"Reiss and White (2005) estimate the income elasticity for California households to be between -0.01 and
+0.02.



seasonal variations in load profiles as well as intermittency of solar electricity outputs.
We thus assume grid-supplied electricity (z;) and electricity from distributed sources (g;)
are perfect substitutes: e; = z; + d,g;. Existence of provisions such as net energy metering
might imply that they are indeed almost perfectly substitutable. As long as they are close
substitutes, the main arguments of this paper would be valid.

We also assume there is no peak-load pricing and consumers face a simple two-part
tariff, with a unit volumetric electricity rate p > 0 and a fixed payment f > 0. Household
i maximizes its utility subject to a budget constraint pz; + f + qd; + v; < m;, where m; > 0
is household i’s income and q the (rental) price of a solar panel.® The income consists of
wage income (where labor endowment is fixed and its supply is assumed to be inelastic)
and the household’s share of the electric utility’s profits. Thus, household i’s objective

function is given by

ma Vi\T; dz i i
xiZO,diE)ELO,l} ( * g ) * Y

s.t. pri+ f+qd; +y; < m,.

The first order condition for utility maximization is given by
vi(r; +digi) =p, di=1 ifg >q/p, di=0 ifg <q/p.

Now suppose that households are ordered in terms of PV output: ¢, > g; forall 7,5 €
[0, N] such that i < j. Let h(n) be the total solar output when households 0 to n install

solar panels:

h(n) = / gidi  (and hence g, = h'(n)).
0

Then all households i with ¢; > ¢/p install solar panels and the rest do not.

81f x; represents the annual electricity consumption, then ¢ represents the annual rental price of a solar
panel.



Now, let

N N
v(e) = max / vi(e;)di  s.t. / e; < e.
0 0

(ei)o<i<nN
By construction, v is concave with v" > 0,v” < 0. The consumers’ utility-maximizing

choice satisfies

/O {oi(es) + y}di = v(e) + M — £N — ple — h(n)) — qn,

where M = fON m;di, v'(X) = p and h'(n) = g, = ¢/p. Therefore, maximizing v subject to
an aggregate budget constraint pr+g¢n+y < M yields the households’ utility-maximizing

allocation given p, g. The first-order condition is given by

v'(e) = v'(x + h(n)) = p; (1)

W' (n) = (2)

T IR

Solving these conditions for x and n yields the demand for grid-supplied electricity,

z(p, q), and the demand for solar panels, n(p, ¢), given the prices p, g.

3.2 Electric Utility

Let F' > 0 be the fixed cost of providing electricity services (fixed and given at least in the
short run). Though not essential for the analysis, assume that the marginal cost ¢ > 0 is
constant. Thus the utility’s service is subject to increasing returns to scale. The utility’s

profit can then be expressed as

T=pr+ Nf—cx—F.



3.3 Supply of solar panels

We assume that production of solar panels exhibits constant returns to scale and that the
solar panels are supplied competitively. We could imagine a small open economy, with a
limited option for trading electricity internationally, which faces a constant price of solar

panels q.

3.4 Regulation with and without decoupling

We consider two regulatory regimes: (1) traditional rate of return regulation with no rev-
enue decoupling; and (2) the revenue decoupling regime. With no decoupling, the elec-
tricity price is held fixed between rate cases’. Under revenue decoupling, the electricity
price is allowed to change for the utility to earn a fixed, pre-approved level of revenue.

We assume that the number of customers IV, as well as the fixed fee per customer, f is
fixed throughout the analysis. In many cases, the fixed payment is much smaller than the
tixed cost of operating the utility. With F' redefined appropriately, the rest of the analysis
assumes away the presence of the term N f.

Our focus is on residential electricity markets. We abstract away from electricity mar-
kets for industry and commercial sectors, and cross-subsidization across sectors in elec-

tricity pricing—issues to be investigated in future studies.

3.4.1 Traditional non-RD regulation

Under the traditional rate-of-return utility regulation, electricity rates are fixed in the
short run at the levels approved by the public utilities commissions (Joskow, 1974).1°

We can write the regulatory constraint as some fixed price that includes the maximum

9Electricity rates are held constant fixed between rate cases, where the utility files before the public
utility commission (PUC) for rate adjustments usually due to changes in operating and maintenance costs
of electric distribution.

0Fuel cost adjustments are allowed between rate cases for many utilities, where the rates are adjusted
upon short-term fluctuations in the fuel prices.

10



allowable mark-up over incurred production costs, p :

F+cx
—

< (1+a)AC = (1+a)

The utility’s profit is thus given by

™ = pz(p,q) — cx(p,q) — F.

We assume that p > ¢ throughout the analysis. This is based on the observation that the
volumetric electricity rates tend to exceed the marginal cost of electricity, and that the
monthly fixed fees for residential electricity are not sufficient to cover the fixed cost of
electricity services (Friedman, 2011). The same has been observed in residential natural

gas markets (Borenstein and Davis, 2012).

3.4.2 Revenue Decoupling

While some RD methods include an explicit procedure for changing the level of autho-
rized revenue during years between rate cases, we will only focus on the balancing ac-
counts that guarantee the exact collection of a fixed authorized revenue for a given time.

Let R be the revenue level associated with the initial price level and equilibrium level
of x. In this case the electric rate is adjusted so that the revenue is balanced when demand

changes: R = pz(p, q). We can therefore write the utility’s profit as

m=R—cx(p,q) — F.

In this representation of an equilibrium between rate cases, the decision of the producer
is limited: given p, ¢, it supplies output z(p, ¢). Our approach does not deal with how
revenue requirement might change over rate cases, but we will discuss an implication of

RD on the long-run dynamics beyond rate cases in the conclusion section.

11



4 Effects of revenue decoupling

4.1 Changes in the cost of solar panels
4.1.1 Effects on electricity price and quantity

Here we study the effect of an exogenous change in the price (or the cost) of solar panels g.
We first compare the impacts on electricity price and quantity with and without revenue
decoupling.

With no revenue decoupling, the equilibrium condition is given by equations (1) and
(2). With revenue decoupling in place, the necessary and sufficient condition for an (in-
terior) equilibrium is given by (1) and (2) with pr — R = 0. Total differentiation of the
equilibrium conditions in the two cases yield the following proposition about the effect
of a decrease in the cost of solar panels on the equilibrium price and quantity of grid-

supplied electricity.

Proposition 1 Without RD, a decrease in the cost of solar panels reduces the equilibrium electric-
ity sales. With RD, a decrease in the cost of solar panels reduces the equilibrium electricity sales,
and increases the electricity price, if and only if the demand for electricity is inelastic (i.e., the price

elasticity is less than one in absolute value).

The proof is in the appendix. In the empirically relevant case with inelastic electricity
demand, the grid-supplied electricity consumption decreases, and the price p increases,

as g drops.

4.1.2 Effects on welfare

Now we turn to the welfare effects with and without RD. We assume that the utility’s
profit is returned to consumers as dividends: household i receives a profit share s;m where

s; > 0 for all 7 and fON s;di = 1. Let W, denote the representative consumer’s welfare

12



under policy regime r (r € {RD,noRD}). In the absence of distortions other than the

markup in electricity pricing, the welfare is given by
W, = u(z, + h(n,)) — p,z, — qn, + [px, — cx, — F] = u(z, + h(n,)) — cx, — qn, — F.

Under traditional rate-of-return regulation with no revenue decoupling, we have:

deoRD /dxnoRD / /dnnoRD dnnoRD dxnoRD
—_— = +v h C

dq dq dq dq dq

( _ ) d-rnoRD
=(p—c — NpoRD-
p dq RD

If p is set close enough to ¢, the welfare is expected to increase as ¢ declines. However,
with a sufficiently large markup, the welfare may decrease as ¢ drops.

Under revenue decoupling, we have:

dWRD . (7—C)deD —n
dq =D dp RD-

Consider the case where |n,| < 1. It follows from (10) and (13) in the proof of Proposition

1 (in the appendix) that

= >
dgq 1—|n.| dg dg

drrp 1 dxporp _ dZnorD

This implies that, with revenue decoupling, the negative effect of a decrease in ¢ on to-
tal welfare is exacerbated by the amount of consumer adjustment for x if the electricity

demand is inelastic.

Proposition 2 Without revenue decoupling, the total economic welfare increases as the cost of
installing solar panels goes down, provided g—z is sufficiently low (or if p is set close enough to c).
Under revenue decoupling, the negative effect of a decrease in q on total welfare is exacerbated by

the amount of consumer adjustment for x, provided that the electricity demand is inelastic.

13



4.2 Changes in the subsidy for solar installation

In the United States, federal tax credits for consumer energy efficiency—including those
for solar panels—exist. Many U.S. states also provide state-level tax credits for installing
solar panels. For qualified households, these tax credits work as a subsidy for installing

solar panels. With subsidy s > 0 per unit, the consumer price of solar panels is given by
q=q—Ss.
4.2.1 Effects on electricity price and quantity

Without revenue decoupling, the interior equilibrium satisfies (1) and (2) with p = p.

Under revenue decoupling, the interior equilibrium satisfies (1), (2) and

pr— R =0.
The effect of an increase in the solar subsidy on electricity prices and quantities is the
same as that of a decline in the cost of solar panels.

Proposition 3 Without RD, an increase in the subsidy for solar panels reduces the equilibrium
electricity sales. With RD, an increase in the subsidy for solar panels reduces the equilibrium
electricity sales, and increases the electricity price, if and only if the demand for electricity is

inelastic.

4.2.2 Effects on welfare

Under solar subsidy with policy regime r, the welfare is given by

W, = u(x, + h(n,)) — pz, — qn, + [px, — cx, — F] — sn, = u(x, + h(n,)) — cx, — qn, — F,

14



where ¢ = ¢ — s. Differentiate the above expression with respect to s:

aw, , dz dn dx dn

ro_ h r h/ Gltr | ro r

o = v+ b { )G - e
B dz, , , dn, dn, dzx, dn,
=(p—2c) 7 +v'(z, + h(n,))h (n,) i q T = (p—c) s s T

With no revenue decoupling, we obtain the following intuitive expression:

deoRD E n

= - - T n_—, 3
7 (p dngq-%W7q 3)

where 7, , is the cross-price elasticity of the demand for electricity with respect to the
price of solar panels. The second term is the usual Harberger excess burden formula for a
subsidy (called the “primary welfare effect’ in Goulder and Williams, 2003). The first term,
which would not exist under marginal-cost (or competitive) pricing with p = ¢, captures
the effect of a solar subsidy on the demand for solar panels (due to an increase in solar
subsidies). We call this the ‘electricity markup effect.” To the extent that the electricity
price exceeds the marginal cost, the subsidy on solar panels generates an extra distortion
on the use of grid-supplied electricity.

Next, we consider the welfare impact under revenue decoupling. It follows from (15)

that
dWRD _( o >dCI)RD . d?’LRD
ds P97 Tds

The appendix shows that we can rewrite the expression to the following:

qan n n

Nog @ ‘{‘%+%ﬁ}%a — Il
j—|-3 S .

1 —n.| q L — [ 1 — ||

dWﬂ:_( —0)
ds P

(4)

The above formula reveals how revenue decoupling amplifies the welfare impact of solar
subsidies. The first and the third terms (the electricity markup effect and the primary wel-

fare effect) are negative while the second term is positive. The third term represents the

15



usual Harberger excess burden formula for a subsidy, but it is multiplied by 1/(1 — |7.]).
The first term was also present in the absence of decoupling, but is also now multiplied
by 1/(1 — |n,|). The second term is positive, but the sum of the second and the third term
is negative. The second term is likely smaller in magnitude than the first and the third
term because it involves a product of elasticities on the numerator. Therefore, depending
on the size of the price elasticity of electricity demand, revenue decoupling exacerbates

the excess burden due to solar subsidies.

Proposition 4 With no revenue decoupling, the excess burden due to an increase in the subsidy
on solar panels exceeds the primary welfare effect due to a markup in electricity pricing. Under rev-
enue decoupling, both the primary welfare effect and the electricity markup effect are exacerbated

when demand is inelastic.

The appendix contains additional results regarding the distributional impacts of de-
coupling on households with different income levels (and different propensity to pur-
chase solar panels) as well as the effects of decoupling on risk allocations between elec-
tricity consumers and producers when there is uncertainty about electricity generation

from renewable energy sources.

4.3 Externalities of electricity generation

We describe how the analysis changes if we assume that the utility’s electric portfolio is
highly fossil-fuel intensive and the grid-supplied electricity involves negative external-
ities in the form of air pollution. Let § > 0 represent the marginal external damages
associated with the production and delivery of grid-supplied electricity . We assume
that, in the absence of emissions prices, each household does not take into account the

external effects of its consumption. The welfare expression under no RD is given by

Whonrp = v(2(p, q) + h(n(p, q))) — qn(p, @) — cx(p, q) — F — 5(z(p, q))-
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Under RD, the welfare is now expressed as:

Wrp = v(x(p,q) + h(n)) — cx(p,q) — F — 0z(p,q)

Therefore,

deonRD /d_x + Ulh/d_n —n — d_n _ Cd_x — 8_x
dg  dg dq qdq dq dq
=(p—c— 5)2—2 —n
under no RD while
dWRD o [UI—C—Q]%@ % _
dg dpdg  0q

holds under RD. To the extent that the markup p — ¢ exceeds the marginal external dam-

ages ¢, the qualitative results are the same as in the previous section.

5 Effects of RD on electricity prices: empirical evidence

5.1 Empirical strategy

Here we investigate how revenue decoupling has influenced the electricity prices that
consumers face in the United States. The empirical analysis in identifying the effect of
revenue decoupling on electricity prices consists of three features. First, we focus on
the change from non-RD to RD regime within the same utility operating in a particular
state.!! In particular, we consider utilities that are observed at least 12 months prior to the
adoption of RD and 24 months thereafter. By focusing on within state-utility changes we

are able to account for the effect of unobserved individual characteristics across utilities

'We define a utility as an investor-owned electric service provider operating in a particular state, which
means that utilities operating in two or more states are treated as unique utilities.
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that may bias our estimates.

Second, we use difference-in-difference approach (hereafter referred to as DD) to com-
pare electricity prices of decoupled utilities with those that remain in old rate-making
schemes. The association between policy changes and subsequent outcomes are easily
assessed using pre-post comparisons. This design is valid only if there are no underlying
time-dependent trends in outcomes that are correlated to the policy change. In our case, if
electricity prices were already increasing even before the implementation of RD, perhaps
due to idiosyncractic shocks influencing electricity demand among affected households,
then using pre-post study would lead to biased estimates and potentially erroneous as-
sociation of the change to the implementation of RD. The DD approach solves this issue
by taking into account initial difference in prices between decoupled and non-decoupled
before the adoption of RD, and the difference in prices between the two groups after the
policy adoption, thus implicitly taking into account unobserved factors that may affect
prices faced by the treatment or the control group.

Third, we employ a one-to-one propensity score matching to develop a reasonable
counterfactual, which has been the main challenge in any quasi-experimental study. As
pointed out by Dehejia and Wahba (2002), estimates obtained by comparing a treatment
group with the rest of the population could be biased if the two groups have different pre-
treatment characteristics. In our context, this can happen when utilities suffering from a
decline in sales possibly due to increased share in distributed generation or improved
energy efficiency among customers have apply for the RD scheme. To address this issue,
we identify a control utility of similar electricity price trends (measured in log difference
between the electricity price a month before and 6 months before) and is operating in
the same time period. In this way, we can argue that these utilities most likely faced the
same macroeconomic conditions and price trends before RD is adopted. This approach,
however, reduces our sample significantly. Fortunately, the number of utility-month-year

observations are large enough to generate results with confidence.
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To illustrate how our matching procedure performs, we plot the distribution of the
treatment and control group using a quantile-quantile (Q-Q) plot. If the two distributions
of pre-treatment price trends are similar, the points in the Q-Q plot will approximately
lie on the 45-degree line. We do this for the unmatched and matched sample. Figure 2
illustrates that our matching procedure generally dominates the unmatched approach in
making the two groups comparable. In particular, we find that in the unmatched sample
the distribution for the treated group is more dispersed and skewed than the control

group. This pattern holds for residential, commercial and all customers.

Figure 2: Quantile-quantile plot of log(price),_; - log(price),_¢ : Treated (RD) vs. Control
(non-RD) utilities
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The plot compares the distribution of the log difference in electricity prices between ¢t — 1 and ¢ — 6, ¢ being
the year-month of the RD adoption, between treatment and control groups using unmatched sample (left
panel) and matched sample (right panel). The data covers the period 2001.1-2012.12.

We also assess the performance of our matching procedure by comparing the sam-
ple means of the variables used in the matching of treatment and control groups (see
Table 3). We find no statistically significant difference in the pre-RD period for the vari-

ables that were used in matching, suggesting that our matched sample exhibit parallel
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pre-treatment trends in prices. Moreover, we also find no statistically significant differ-
ence between the means of the two groups for other variables that were not used in the
matching (except that residential revenues are different with marginal significance). Thus
our procedure is not subject to potential bias associated with selection on unobservables
that affect both assigning of treatment and outcome of interest.

After obtaining the matched pairs, we examine the effect of adopting RD on electricity
prices using the DD approach. More specifically, we estimate the following equation on
the matched sample:

pit = o + B + yPosty + IRDy + €, )

where p;; is the electricity price charged by utility ¢ in period (month-year) ¢, Post is
equal to 1 when the matched utilities are in the post-RD regime and 0 otherwise, and
RD,; is a dummy variable that turns to unity when a utility is subject to decoupling .
Coefficients o and 3 represent utility-state and time fixed effects, respectively, to account
for the unobserved utility-state characteristics and month-year specific shocks that are
common to all utilities (e.g. macroeconomic shocks). ¢ is the error term. Coefficient §

measures the effect of implementing RD on the outcome variable.

5.2 Data

We use US EIA monthly data (2000.01-2012.12) on about 200 investor-owned utilities to
investigate how decoupling influenced electricity rates. We drop utilities in California
from the sample because decoupling was adopted in the state prior to 2010, the begin-
ning of the sample period. The data contain information about the utilities” sales (in
kWh), revenues, and the average electricity prices by end-use sector. We combine the EIA
data with information about the timing of revenue decoupling implementation by utili-
ties using data from Kahn-Lang (2016). Table 4 presents the descriptive statistics of the

entire sample.
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Table 3: Balancing test of matched RD and non-RD utilities.

Unconditional Mean

nonRD RD  p-value

Pre-RD Prices (in $/kWh)

Residential 0.15 0.17 0.597
Commercial 0.14 0.15 0.837
Industrial 0.12 0.12 0.988
Total 0.14 0.15 0.705
Pre-RD Price Trend

Residential 0.080 -0.010 0.179
Commercial 0.080 0.040 0.196
Industrial 0.060 0.040 0.997
Total 0.200 0.140 0.621
Pre-RD Sales (in GWh)

Residential 832.28 444.15 0.132
Commercial 435.21 352.33 0.577
Industrial 29446 177.61 0.446
Total 1567.18 97432  0.229
Pre-RD Sales Trend

Residential 0.17 0.13 0.527
Commercial 0.00 0.07 0.259
Industrial 0.05 -0.07 0.525
Total 0.12 0.05 0.246
Pre-RD Revenues (in million $)

Residential 119.89  59.56 0.074
Commercial 56.81 43.22 0.444
Industrial 24.07 14.30 0.401
Total 201.17 11711  0.132
Pre-RD Revenue Trend

Residential 0.20 0.11 0.255
Commercial 0.05 0.08 0.746
Industrial 0.08 -0.04 0.545
Total 0.15 0.06 0.262

Notes: Figures reflect the unconditional means of the matched RD and non-RD utilities during the month
before they adopted RD, unless otherwise stated. Trends are measured in log difference. p-values are for
testing the statistical significance of the mean difference between the two groups.

Source: US-EIA.

In Table 4, we observe that the utilities that experienced decoupling have higher av-

erage prices than those without decoupling. This observation applies to all sectors (i.e.
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Table 4: Summary Statistics

Not Decoupled Decoupled
Obs Mean SD Obs Mean SD

Prices ($/kWh)
Residential 26529  0.10 0.05 2604 0.15 0.08
Commercial 25033  0.09 2.36 2602 0.13 1.20
Industrial 26552  0.09 0.06 2604 0.13 0.07
Total 27076  0.10 1.92 2604 0.13 0.07

Sales (in GWh)
Residential 26965 339.44 581.02 2604 421.31 423.64
Commercial 26495 242.13 348.25 2604  229.38 309.81
Industrial 26963 319.67 575.54 2604 380.06 448.34
Total 27169 898.52 1,388.56 2604 1,035.95 1,086.13

Revenues (million $)

Residential 26903 34.43 65.10 2604  53.06 60.19
Commercial 26496 13.60 20.73 2602 16.10 20.28
Industrial 26935 28.03 59.82 2604  42.13 57.17
Total 27126  75.83 137.74 2604 111.86 124.41
No. of unique State-Utilities 192 17
Years 2000-2011 2000-2011

Note: Decoupled utilities are those in a particular state that had adopted RD, which means that the values
include pre- and post-RD regime. Non-decoupled utilities are those that had not adopted RD during the
sample period.

Source: US-Energy Information Administration.

residential, commercial, and industrial). Decoupled utilities have higher sales, except for

commercial customers, and higher revenues for all customers.

5.3 OLS Results

Before we proceed to our results based on our matched sample, we perform a simple
OLS regression on the unmatched sample. In this procedure, we ignore potential bias
associated with self-selection of utilities to the policy and just controlling for utility- and
time-fixed effects. The results, as presented in panel A of Table 5, show that customers
within each sector experienced an increase in electricity rates following the utility’s adop-

tion of revenue decoupling. However, only the effect on the residential sector’s electricity
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price is significant.

In panel B, we additionally control for pre-RD trends in the average price of each sec-
tor. With this control, the effect of RD on the electricity price remains the same for the res-
idential sector while the overall impact is estimated more precisely. This result suggests
that there may be some unobserved non-random utility-state-level characteristics associ-
ated with the adoption of RD which may influence pricing for each customer group. The

results indicate that it is important to address this selection bias in the analysis.

Table 5: The effect of adopting RD on prices, unmatched sample.

Residential Industrial Commercial Total

A. Basic OLS 0.013** 0.008 0.040 0.039
(0.006) (0.006) (0.028) (0.031)
R-sq. (within) 0.37 0.13 0.01 0.01
Observations 27041 27064 25595 27588
B. OLS with Matching Variables  0.013** 0.010 0.020 0.013**
(0.006) (0.006) (0.015) (0.006)
R-sq. (within) 0.40 0.18 0.01 0.04
Observations 25575 25665 24210 26101
Time Fixed Effects yes yes yes yes
Utiliy-State Fixed Effects yes yes yes yes

Note: The table shows the result of estimating equation 5 on the unmatched sample. Each column in each
panel is a separate regression for a particular outcome variable. ¥, **, *** indicate statistical significance at
0.10, 0.05, and 0.01 level, respectively.

5.4 Results from propensity score matching combined with difference-

in-differences

As a first step, we present the impact of revenue decoupling on electricity prices graph-
ically by plotting the average price difference between the treated and control utilities

over time (Figure 3). The plots have two features worth discussing. First, it appears that
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our matching procedure generated matched pairs that are very similar prior to the treated
group’s adoption of RD. Both groups display very similar price paths prior to the policy
change, as reflected by the flat and statistically insignificant difference in pre-RD average
prices. This similarity in pre-RD price trends holds true for all customers. Second, the
difference starts to go up two to three months after the policy change, suggesting that de-
coupled utilities start to charge higher prices immediately after the policy change. Note
that the difference continues to grow over time, which provides an indication that per-
haps there is some rigidity in the downward movement of prices after the policy change.

We will come back to this issue shortly.

Figure 3: Mean differences in electricity prices between utilities with and without decou-
pling.

R |
e S

12 -8 -4 0 4 8 12 16 20 24 -:i2 -8 -4 0 4 8 12 16 20 24
Months relative to RD implementation

Note: Each point correspond to unconditional mean difference between utilities that adopted RD and
those that remain in the old rate-making scheme. The whiskers correspond to 1-standard-error bands.
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We test the effect of decoupling on each sector’s price level by estimating equation (5)
using our matched sample. The results suggest that all customers of decoupled utilities
experienced a statistically significant increase in electricity prices relative to the control
group (Table 6). The magnitude seems to be economically significant. For example, resi-
dential electricity rates in decoupled utilities increase, on average, by $0.02/kWh relative
to the baseline. The figure translates to about 19% increase from the mean residential

price of non-decoupled utilities. The relative increase in industrial and commercial is also

significant.
Table 6: The effect of RD on electricity prices, matched sample.
Residential Industrial Commercial Total
RD 0.020** 0.016* 0.016* 0.019**
(0.008) (0.008) (0.008) (0.008)
R-sq. (within) 0.14 0.09 0.04 0.13
Observations 1176 1176 1174 1176
Time Fixed Effects yes yes yes yes
Utiliy-State Fixed Effects yes yes yes yes

Note: The table shows the result of estimating equation 5 on the matched sample. Each column in each
panel is a separate regression for a particular outcome variable. *, **, *** indicate statistical significance at
0.10, 0.05, and 0.01 level, respectively.

5.5 Asymmetric price responses to unexpected changes in sales

Decoupling as a mechanism is supposed to work symmetrically over unexpected in-
creases in sales (that should result in downward price adjustments) and unexpected de-
creases in sales (that should result in upward price adjustments). Morgan (2013) reports
that both downward and upward price adjustments have been observed. Here we test
whether decoupling works symmetrically in events of unexpected changes in sales.

We do not have direct observations on the revenue requirements of each utility. To
come up with a proxy for unexpected changes in sales, we first calculated the average

growth rate of the relevant prices over the previous 12 months. We then compare the
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calculated growth rates with those of the previous two months. Afterwards, we generate
an indicator variable that turns to unity when the growth rate in the previous 2 months is
higher than the rate over the last 12 months. In other words, our indicator variable turns
on when the actual demand growth is higher than projected.

We then re-estimated equation 5 but this time with additional controls: the above
indicator variable and its interaction with our RD dummy. If RD works symmetrically,
we would expect that the sign of the interaction term would be negative and statistically
significant. That is, utilities are expected to provide rebates to consumers in the form of
lower power rates when actual demand exceeds the projected.

Table 7 summarizes the results. RD remains positive and significant. In the mean
time, the indicator variable for actual demand exceeding 12-month projection is negative
but estimated imprecisely, except for residential electricity prices. Surprisingly, the inter-
action term is positive and marginally significant for commercial and residential prices.
We therefore find no strong evidence to suggest that electricity prices are adjusted down-
ward in a significant way when the sales grow beyond the trend, and that the decoupling
adjustments appear to be asymmetric. Even if we assume that demand projection is done

every 6 months, we do not find strong evidence to suggest that RD works symmetrically.

6 Welfare implication of RD

6.1 Welfare impacts of RD and externalities of electricity generation

The preceding analysis established that the adoption of revenue decoupling increases
electricity rates. This price increase would lead to lower consumer surplus, but whether it
induces negative welfare impacts is not clear once we take into account negative externali-
ties associated with utility-scale electricity generation. On the one hand, under traditional

non-dynamic pricing, the electricity price tends to exceed the (private) marginal costs
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Table 7: Tests for symmetry in revenue decoupling adjustments.

Residential Industrial Commercial Total

RD 0.013** 0.013** 0.011* 0.014*
(0.006) (0.006) (0.006) (0.005)
Higher growth (12 months) -0.006* -0.000 -0.004 -0.004
(0.003) (0.003) (0.003) (0.003)
RD*Higher growth (12 months) 0.008* 0.004 0.008* 0.006
(0.005) (0.004) (0.005) (0.004)
R-sq. (within) 0.26 0.16 0.23 0.25
N 1176 1174 1176 1176
RD 0.018** 0.019** 0.017** 0.019***
(0.007) (0.007) (0.007) (0.007)
Higher growth (6 months) -0.001 0.001 0.000 -0.000
(0.002) (0.003) (0.002) (0.002)
RD*Higher growth (6 months) -0.002 -0.007 -0.003 -0.003
(0.003) (0.004) (0.003) (0.002)
R-sq. (within) 0.25 0.17 0.22 0.25
N 1176 1174 1176 1176
Time Fixed Effects yes yes yes yes
Utiliy-State Fixed Effects yes yes yes yes

Note: The table shows the result of estimating equation 5 on the matched sample. Each column in each
panel is a separate regression for a particular outcome variable. ¥, **, *** indicate statistical significance at
0.10, 0.05, and 0.01 level, respectively.
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of electricity generation. As discussed earlier, this implies that RD amplifies the distor-
tionary impacts of above-marginal-cost pricing. On the other hand, if the social marginal
costs (SMC, including the marginal external costs of electricity generation based on fossil
fuel) exceed the retail electricity price, then a price increase due to RD would make the
price closer to SMC and generate positive welfare impacts. Here we investigate the wel-
tare impacts of RD by incorporating the relationship between retail electricity prices and
SMC across U.S. states.

Indeed, the price-SMC relationship differs across states because differences in the fuel
mix imply different marginal external costs. While the marginal external costs of air pol-
lution may be small in a state that relies on hydropower, a state with large presence of
coal-fired power plants would face higher marginal external costs. There are also differ-
ences in terms of exposure to risk, which greatly depends on the current demographics
of the state at a certain time period as well as on the proximity of the emitter to the recip-
ient of energy-related pollution, among others. These differences across states imply that

solar subsidy in one state may have different welfare implications in another.

6.2 Computing the social marginal costs of electricity generation

In order to compute the average SMC per state, we use the average daily marginal dam-
age per kWh (global and local pollutants) available for nine North American Electric Re-
liability Corporations (NERC) regions from Holland et al. (2016). The data was generated
from hourly emissions of CO2, SO2, NOx, and PM2:5 at 1486 power plants as well as
hourly electricity consumption (i.e., electricity load) for each of our nine NERC regions
from 2010-2012. Based on the emissions and demographic data, Holland et al. (2016) use
the AP2 model (an integrated assessment air pollution model) to link the ambient con-
centrations of these pollutants to exposures, physical effects, and monetary damages. For
the purpose of our state-level analysis, we map out the states in each NERC region fol-

lowing the concordance provided in Holland et al. (2016), which matches county Federal
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Information Processing Standard (FIPS) to the 9 NERC regions. In cases where a state is
served by two or more NERC regions, we apply the estimates of the NERC region that
serves the largest number of counties in a particular state.

Next, we apply the system lambda reported to the Federal Energy Regulatory Com-
mission (FERC) to estimate (private) marginal costs of electricity at the state level.'?. Data
from FERC in 2011 is based on hourly system lambda by the balancing authority (BA)."
To estimate system lambda by state, we take the average system lambda across all BAs
situated in each state, weighted by the monthly peak load of each BA. We then apportion
the weighted-average marginal external costs to each state, following NERC regions and
balancing authorities mapping as of 2012 (see Figure A.1 in the Appendix).

The last piece of information to assess price-SMC relationship is the retail price. We
obtain average retail prices from EIA and express all values in 2011US$ using consumer
price index (CPI) for energy from the Federal Reserve Economic Data (FRED). We then

calculate the value of retail electricity price in excess of SMC.

6.3 Results on the price-SMC relationship across states

The main results are summarized in Figure 4 (Table A.9 in the appendix describes the de-
tail). First, we observe considerable heterogeneity in the retail price in excess of the SMC.
The difference can be large and positive, large and negative, or negligible, depending on
the location. For example, we find that customers in California were paying about $0.11
per kWh in excess of SMC in 2011. In contrast, Wisconsin electricity users were short of
$0.01 per kWh to fully cover the marginal damage of emissions associated with energy
use.

Second, in most of the states that have adopted RD, the retail electricity prices exceed

12FERC defines system lambda as the single incremental cost of energy measured in $MWh.

3The NERC defines a balancing authority as “the responsible entity that integrates resource plans ahead
of time, maintains load-interchange-generation balance within a Balancing Authority Area, and supports
Interconnection frequency in real-time”. BAs could be electric utilities.
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the SMC. In fact, Michigan and Wisconsin are the only the decoupled states where the
electricity retail rates are lower than the respective SMC. To the extent that the P-SMC
relationship does not change significantly in 2000-2012, this finding indicates that RD
tends to generate negative welfare impacts for most states that implemented the policies.
This is particularly true for Hawaii and California where electricity retail prices in 2011
exceed SMC by at least $0.11 per kWh. Over time, the grids can become more efficient
and cleaner across states. Such changes in the grids may magnify the negative welfare
effects of RD.

Figure 4: Average retail electricity prices and estimated social marginal costs.

Estimated Price Exceeding SMC ($\kWh)
US States, 2011
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Note: All figures are in US$2011. States with red borders have P<SMC, while those with P>SMC have
white borders. States with blue borders are decoupled states with P<SMC. States with green borders are
decoupled states with P>SMC. Details are in Table A.9.
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6.4 Welfare implications of Decoupling Non-Decoupled States

In order to quantify how revenue decoupling might influence the welfare of each state
that have not implemented this policy, we now compute the potential deadweight loss or
efficiency gains associated with the policy change. As illustrated in Figure 5, we approx-
imate the demand to be linear around the observed prices and quantities. For example,
a price increase from P; to P, induces a welfare loss of size A while a price increase from
P to P, increases welfare by size B in the figure. For each state s, the welfare change

associated with decoupling is then given by

Figure 5: Illustration of deadweight loss (efficiency gains) with revenue decoupling.

______________________________ ] —

AW, = (AQ. - (P, — SMC,) + 1(AQ, - AP ©)

where @), and P, are quantity demanded and price of electricity, respectively; and SMC
is the social marginal cost as previously defined. Table 8 summarizes the results. If non-
decoupled states would decide to adopt RD, aggregate welfare would be reduced by

about $190 million to $237 million, assuming 7, = 0.2 and 7, = 0.25, respectively. This
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translates to about 0.64 to 0.77 percent of the total electric expenditure of the country or

an extra cost of about $70-$83 per household in 2011.1

Table 8: Calculated changes in welfare due to decoupling for non-decoupled states at an
assumed demand elasticity

Assumed elasticity 0.05 0.1 0.15 0.2 0.25 0.30

Change in welfare -47,436 -94,873 -142,309 -189,745 -237,182 -284,618
Source: Authors’ calculation. Figures are in 2011 1,000 U.S. dollars.

7 Discussion

Several U.S. states adopted revenue decoupling, which facilitates fixed cost recovery
for utilities, over the last decade in the face of slow growth in electricity consumption.
Whether decoupling improves efficiency of the electricity sector has been a subject of
debate (Kihm, 2009; Brennan, 2010; Morgan, 2013), but few studies have investigated
the policy’s welfare property theoretically and empirically. Our theoretical analysis re-
veals that, provided that the demand for electricity is inelastic, revenue decoupling is
expected to lower the utility’s sales of electricity and increase the unit price of electricity
as households invest in energy efficiency or distributed generation. The adoption of rev-
enue decoupling also has negative impacts on the total economic welfare, relative to the
traditional rate-of-return regulation.

We validated our theoretical findings by empirically examining the effect of RD adop-
tion on electricity prices across different end-user sectors. We find robust and statistically
strong evidence to suggest that adopting RD increases residential electricity prices. The
results from employing a difference-in-differences approach on our matched sample sug-
gests that RD increases prices for all sectors by about 18-20% compared to the baseline.

In most states that have adopted RD, the retail prices exceed the marginal social costs of

%A typical US household consumed 10,986 kWh in 2011. Valued at $.99/kWh, the total electric expendi-
ture of an average US household is $10,787.
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electricity. This observation suggests that decoupling, and accompanying price increases,
has resulted in negative welfare impacts in those states.

We analyzed the potential impact of adopting revenue decoupling on the welfare of
households and the utility when there is uncertainty in distributed generation. Specifi-
cally, we found that the household’s expected utility is adversely affected by an increase
in the degree of uncertainty when revenue decoupling is in place. On the other hand, the
adoption of revenue decoupling will not increase the expected losses for the utility when
the degree of uncertainty in distributed generation increases. This observation supports
the claim that the policy essentially transfers any demand-based risks from the utility to
the consumers.

We also examined how the adoption of revenue decoupling impacts households with
and without distributed generation. Revenue decoupling will unambiguously benefit
those usually high-income households who can afford to install capital-intensive solar
panels but adversely affect low-income households that do not. An implication is that
policies that reduce the cost of solar panels, including production subsidies and tax cred-
its, are generally regressive. We leave the estimation of the magnitude of the distribu-
tional consequence of RD to future researchers.

We note some additional directions in which our analysis can be extended in the fu-
ture. First, our analysis is based on short-term periods (i.e., between rate cases) where
the allowed revenues are held fixed. In practice, allowed revenues can increase (or de-
crease) if there are significant changes in either the demand or the cost due to the utility’s
conservation or efficiency programs. A study that incorporates how short-term fluctua-
tions in demand would affect long-term prices and profits would be very useful. Second,
many studies have established that revenue decoupling is not necessarily the driver of
efficiency. Nonetheless, revenue decoupling may help promote efficiency by neutraliz-
ing the potential opposition through profit guarantees (Brennan, 2010). To the extent that

revenue decoupling, even with its unintended consequences, may still be economically
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beneficial overall instead of not having state-spearheaded energy efficiency, conservation
and sustainability programs is beyond the scope of the study. Finally, revenue decoupling
is not compatible with a push for introducing real-time pricing (where the prices would
reflect the contemporaneous social marginal costs of electricity services). Given that RD
is not an ideal policy provision to enhance efficiency of the electricity sector, what alter-
natives would be more efficient while aligning electricity utilities” incentives with social

goals? Analyzing this question is left for future research.
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Appendix
A Proof of Proposition 1
Total differentiation of (1) and (2) yields

v"(x + h(n))dz + v"(x + h(n))h'(n)dn = 0;

R’ (n)dn = —1d .
q
b

From (8), we have ‘é—;‘ = ph+(n) < 0. Substitute this into (7) and we obtain
V(@ + h(n) 2+ (2 + h(m)H ()= = 0
dg ph’(n)
It follows that
dxnoRD _ h’(n) > 07
dg ph”(n)

(7)
(8)

©)

(10)

which implies that, under the traditional rate-of-return regulation, any decrease in the

cost of solar panels reduces the equilibrium output of grid-supplied electricity.

Next we consider the case with RD. Totally differentiate the system (with respect to

endogenous variables x, n, p and an exogenous variable ¢) and obtain

dx
v” -1 v"'h dq 0
2 d —
V"' h 0 U//(h/) + v R d_Z =10
dn

Hence, we have
derp V'Rz
dq D’
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where

V(R 40| = —'"{"(K)? +u'h"} — v B 2.

-
Il
d\
<
)

To evaluate these expressions, we derive the price elasticities of demand for electricity
and solar panels. Totally differentiate the first order conditions for the consumer’s utility

maximization (1) and (2) (with respect to z,n and p) to obtain

" "h! ox 1
N - . (12)
" h U”(h/)2 + o' h" g_; 0
Thus we have 2 = W20 5 h 4 hence the price elasticity of demand for utility-generated

8p ,Ulh//,vll

electricity satisfies
B al’p B U//(h/)Q + B

= = < 0.
g Op x v"h'x
Plugging the above elasticity in to dzzp/dq yields
d W _h >0 if ] < 1
= Trheer = T (13)
I <0 if ] > 1.

Therefore, in the empirically relevant case with inelastic electricity demand (|7,| < 0), the
grid-supplied electricity consumption decreases as g drops. A similar comparative statics

on p yields

dprp  —V"h  pdx <0 if |ne| <1
dg D xdq

>0 if . = 1.
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B Proof of Proposition 3

For the case with no RD, a simple modification of the analysis in section 4.1.1 yields

dxnoRD o h,(n)
ds  ph”(n)

< 0.

(14)

For the case with RD, totally differentiate the system (with respect to endogenous

variables x, n, p and an exogenous variable s) and obtain

dx
UH _1 ,U//h/ E O
2 ap | —
,U//h/ 0 U//(h,) + U/h// d_i) — _1
dn
P T 0 T 0
Hence, we have
dzrp _ V"W _ v/h};// <0 if ’nwl <1
ds D 14+, ) ’
bl EXIRTITA

where D is as defined in section 4.1.1. A similar comparative statics on p yields

dppp WO pde | >0 ] <1
ds D  xdg

<0 if |, > 1.

C Proof of Proposition 4

With no RD,
AW o h —1
—olD —_ (p—¢) (n) -5 < 0.
ds ph'(n)  ph"(n)
To interpret this expression, note that % =~ 4% < 0and ph+(1n) = —Tng

yields equation 3.
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With RD, the first term on the right-hand side of

dWrp ( )dﬂURD dngrp
— — C — 8
ds P ds ds
reduces to
dSCRD —U”h,l' U,h—}:,, Neg T
—C - — C = —C)——— = — _ ’ —.
=)= =W =b-ady - =-b-dy— =7
The second term satisfies
dngp _p+v'e _ (p+"z)/ (@) ket e
ds D D/($U’U”h") — v {0 ()2 0’} vk
mv/'l)”h” l"l),'l)”h”
1 dngn 1 n
_ R o qnq X R Tin q

L+, 1+nw—1_|nx|_1_|7]m|.

To evaluate the numerator of the first term —ﬁ, note that

81, B U//(h/)Q _|_,U/hll B (h/)Q 1

a_p - o' h!'y" - o' h! o’

where //(n) = ¢/p. and 5}z = 5. Thus

10z _on(qY’
" dp  9q \p)

We also have %, = g—Zp. Hence,

L Jowr om g\ 1|on  Jorp onan (a\'p
zv"h!" opxr 0qg \p/) =z qu_ Opr Oqnqg\p) =«
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From (12), we have 2 = /1" — — " Hence
p — VR P
dn I
Nnp = mp_ d >0
’ dpn ph" n

is the cross-price elasticity of the demand for solar panels with respect to electricity price.
Therefore, the welfare impact of a marginal increase in the solar subsidy is given by equa-

tion 4.

D Distributional Impacts of Decoupling

We can evaluate the distributional impacts of changes in ¢ (or subsidy if that is what

underlies the change in ).

Proposition 5 When revenue decoupling is in place, a decrease in the cost of solar panels (due to
technological improvement or government subsidy) is welfare-improving to those consumers who

install solar panels, and welfare-reducing to those who did not install solar panels.

Proof. For those without solar panels, we have

du; d _dp
i d—q{vz(xl) m; — pr;} = dqxl >0,

when demand is inelastic. (The equality follows from the envelope theorem.)

For those with solar panels, we have

du; d dp
i dq{v (zi + 9i) —mi — px;i — q} "
Note that @ = 291 _
otethat o, = za—ma-
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Therefore,

du;  —Dgg — 1+l
dg (1= |n2)|

< 0if |n.| < 1.

Precise welfare expressions would include the share of profits of the utility for each con-
sumer. Because the profit is increasing in a (drop in) ¢ and in the subsidy under RD, this
consideration tends to increase the welfare impacts on those with solar panels, and may

alleviate the negative welfare impacts on those without solar panels. B

E Decoupling under uncertainty

Here we provide an extensions of the model to incorporate uncertainty associated with
distributed generation.

Here we consider uncertainty regarding output from solar panels in order to examine
how the associated risk is shared between consumers and the utility under the alternative

regulation. Given installation n, suppose the output from distributed generation is given

by

where ¢ is a random variable with a set of nonnegative realizations {6}, s € S, such
that £9 = 0. The household chooses n before uncertainty is realized and chooses how
much electricity to buy from the utility upon realization of uncertainty, i.e., it chooses a
state-contingent electricity consumption plan.

The household’s problem is

max Flu(e,y)]

{J:S}SGSvn
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subject to

es =xs+0sh(n), x,>0, paxs+qn+ys <M foreachsecS.

The objective function in this case is

Elv(z + 6h(n)) — px] + M — gn.

The first order conditions for an interior solution are

V'(xs+ 0sh(n)) =p, forallse S, (16)

E['(z 4+ 6h(n))0]h (n) = q. (17)

Proposition 6 Without revenue decoupling, any increase in the variance of 6 will not change the

utility’s equilibrium expected profits.

Proof. The utility’s expected profit under uncertainty without RD can be expressed as:

= (P — 0 Elx]. (18)

Without RD, The electricity price is fixed irrespective of the realization of uncertainty.
Note that under this regulatory scheme, consumer demand satisfies v'(e) = p for all s,

i.e., e; = e” for all s. This implies that:

" =z,+0sh(n), VseSs. (19)
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Note further that E[0h(n)] = 0h(n) because E[f,] = 0. Therefore,

= (p—o)le” = Oh(n)], (20)

which is independent of the variance of . B

To evaluate the effect of uncertainty under revenue decoupling, we assume that (with
a slight abuse of notation) S = {1,2}, 6, = 0 + ¢, 0 = 0 — ¢, with p; = p» = 1/2, where
e €(0,0).

Proposition 7 With revenue decoupling in place, an increase in the variance of 6 will result in

an increase in the expected profits of the utility.

Proof. With RD, the utility’s expected profit is now expressed as:
E[r] = E[R — cxy] (21)

If we take the derivative of (21) with respect to ¢, we get

dElr] _ —CE[Z—”;]. (22)

To evaluate %, take the derivative of the consumer’s expected utility with respect to ¢:

s (] o[ Bl] o

Total differentiation of the first-order condition for the consumer’s utility maximization,
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V(x5 + 65h(n)) = I—}E for s = 1,2, yields

(v” + (:E]f)Q) dxy +0"(0 — &)/ (n)dn = v"h(n)de (24)
(v" + (x—R>2) dxg +0"(0 + )b/ (n)dn = —v"h(n)de (25)

Utility maximization also implies E[v'0,]h’(n) = ¢. Thus

q
Zws (24 + Bh(n ))e]zh,<n) (26)

Totally differentiating the above conditions and manipulating terms, we obtain

[0"(0 — e)dzy + 0" (0 + €)dxs] + [v”h(n)[(e2 + &) + ﬁh”(n) dn

= |=v"h(n)e + %[vg —~ vé}} de (27)

DO | —

where v} = v/(e1), vy, = v'(e2). Solving for dE U] will entail solving (24), (25), and (27) in a

system of equations. Re-writing the problem into a matrix form will yield the following:

v+ (x?)g 0 v"(0 — )b/ (n) 1 v"h(n)
0 v+ ﬁ V(0 +¢)h' (n) e | = —v"h(n)
"0 —€) u"(0+¢) VN (n)(6*+e?) + izl (n) dn —v"h(n) + 3[v] — vhle

Let D 4 be the determinant of the coefficient matrix and D,; be the determinant formed
by replacing the ith column of the matrix on the left-hand side with the vector on the left-

hand side. Applying Cramer’s Rule, we can compute for %L by:

dl’l le
il 28
de Dy 8)
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Where:

v"h(n) 0 V(0 =)' (n)
Dy = det —v"h(n) v+ % v"(0 4+ €)h' (n) , (29)
“oh(m)e + 3ol —vg] 30O+ ) RO+ <) + b ()

2

U” + (z?)2 0 U”( ) ( )
Dy = det 0 T v" (0 + €)' (n) : (30)
%v”(@ —€) %v”(@ +¢€) V"W (n)(0%+ ) + h,(i)Q R (n)

To show that E [4+] < 0 when D4 < 0, we note that:

E {d“”s} L { R mennom +e) + (v ;B )fu”hqh—ﬂ}

de 2DA (Zﬂ2>2 ( 2) h'2
]‘ ]‘ / / 2 R " /
— | —=(v] — 0—¢e)h
Fape |5l = 0+ )0 - o)
1 R R "
— |- h'ho(6 — (0" "hq—
T2Da | () IR0 =) (v i ($1)2>U qh'2]
1 [ 1 R
_ oy 2 1 h/ . 1
Fapn |3 B0+ WO+ ) 61
Note that terms in the square brackets can be expressed as:
- {@(9 v - - g)} V"I 1o (32)
To T
+ [@ - &] "U”hqh—2 (33)
i) T h'

(v ) 0=a+ (v ) 0+ 2] gt - ww). e

Note that (32) is positive since 22 > £ (note that p; < p, and z; > z¥)and (6 +¢) >
(0 — ¢). For the same reason, (33) is positive. For (34), we assume that (v” + m—]z) <0

which makes the sum of the terms in the first bracket to be negative. Since p; < po, the
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term outside the bracket is negative. This makes the whole expression negative. Overall,

E [%:] < 0 when D, < 0. Therefore, E[r] > 0 when D4 < 0. B

Proposition 8 Under the traditional regulation, an increase in the variance of 0 (i.e., having a

mean-preserving spread of 6) does not change the household’s equilibrium expected utility.

Proof. Under traditional regulation, we have p, = p for all s € S: between rate cases, the

electricity price is fixed irrespective of the realization of uncertainty. In this case, we have

es = ey = cforall s,s" € 9,

where, e* solves v/(e*) = p, and pdh’(n) = ¢; i.e. h'(n) = %, where § = E[f]. In this case,

Bl

the household’s utility satisfies
Elv(e*) + M — p{e* — Oh(n*)}] — qn* = v(e*) + M — ple* — Oh(nx)] — qn*.

Note that e* and n* are independent of the variance of 6. Hence, a change in the variance

of 0, has no effect on the household’s equilibrium expected utility."”>

Proposition 9 With revenue decoupling in place, an increase in the variance of 0 (or, equiva-

lently, an increase in <) reduces the expected utility of consumers.
Proof. Evaluate D, as defined in the previous proof:
R R q
D4 = " " "yt 2 2 "
A (v + ($1)2) (v + (:UQ)Z) (U h'(n)(0° + €) + h’(n)Qh (n))
]' 2 2 R " !/
— (51) (60— e)) <v + W) (" (60 —€)h'(n))
— (300 +0) @0+ op ) (v + 5)
5V €) | (v e)h'(n)) (v @2

This result is due to the quasilinearity assumption on the utility function, i.e., no income effects. If
the household’s utility depends nonlinearly on y, then an increase in the variance of § may impact the
household’s utility.
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Note that D4 can be simplified:

U ){(R V'R0 +€)? + (v"—i— R )v’(XQ)(HJre)h”/h’}

(21)2/) L(22)? (72)?

+ 0.5 (v”+ (x];Q) { (Qf) V'R (0 —e)? + <v”+ (371)2) v’(Xl)(H—e)h”/h’] . (36)

Note that (z,)(v" + (xlj)z) = plxs + ps = M R,. Note further that when demand is inelastic,

DA = 05 (?)”—f—

MR is negative, because to sell a marginal (infinitesimal) unit the firm would have to

lower the selling price so much that it would lose more revenue on the pre-existing units

than it would gain on the incremental unit. Thus, under inelastic demand, v" + )2 <0
(because x; > 0).
For D,;:
R R "
D — 11\ 2 / 2 " o
" ) (v")°hh'0(0 4 ¢) + < (x2)2> v hqh/2
(rwr— ) (v 2 wro - o (37)
2 1 2 (x2)2
Applying the same method above, we can compute for %2 by applying <2 = %“f , where
v+ (z]f)z v"h(n) v"(0 —e)h'(n)
Dy = det 0 —v"Rh(n) v"(0 4 €)' (n) (38)
00 —¢) —v"h(n)e + 5[V} — V3] v"h'(n)(62 + &) + (n)
As for D,,, we have
R h//
— / . 2 //h o
D, (xl)z( )°hh'8(6 — ¢€) (v + (xl)z) v'hays
S0 ) (v = ) 00+ o) )
5 (1 — v v (1) v .
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dEU .

Now evaluate et

dEU R (dx  db,
= F Lc_ ( & & h("))}

E Lﬁ df} +E [U’(Xs)desh(n)} , (40)

dl"’;‘/ JR— DIS
where = = Do

We first evaluate the F [mﬁ L

] by substituting (37) and (39) into d;f:

R dz" R , R %
- S — i ! 1 //h o
E [ws T } TN {pz(v )R hO(6 + ¢) + x2 (v + (562)2) (U qh’Z)]

+ ﬁ —%(Ull — V)T (v” + (;;2) (v"(6 — 5)h’)}
+ ﬁ :—pl(v”)2h’h0(0 —e)—m (v” + (x]f)2> (v”th—;)}
+ ﬁ —%(v’l — vy)1 (U” + (;1%)2) (v"(6 + e)h’)} , (41)
where the expressions inside the square brackets are all equal to
[p2(0 +€) — p1(0 — &)] (v")*1'ho (42)
+ [:cg <v” + (:f)2) —xf (v” + (:f)Q)} v”th—; (43)

+ [x2 <q/’+ (;j)Q) (6—2)+a" (Uu (:f)?) (9+5)} (—%) (W — . (4d)

We will show that the terms (42) - (44) are all positive. Given n > 0, we have 2} > z¥

and p; < py. The first order condition for z, satisfies

V(s + 0sh) = ps = R/ xs.
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Totally differentiate both sides with respect to =, and 6,:

ox —v"h
" " _ -2 . s
v'drs +v"hdls = —Rx “dz,, 1ie., 90, o 1 %.

The last expression is negative when v” + % < 0. Because #; = 0 —ec < 0+ = 6y, we have
x} > ¥ and p; < po.

The term (42) is positive because p; < p; and 6 — ¢ < 0 + ¢ while term (43) implies

W' (22 — 1) + (p2 — p1)[v"hqlss > 0. Term (44) is positive when v" + % < 0. Therefore,

%<OifDA<O.

Next, we can evaluate the last term of equation (40).

Bl b = 5lut (—h) — es(h)
= 5l = pilh > 0. 5)

Therefore, we need to evaluate the sum of the two terms in (40).

dEU dr a0 i
= Ely =2 Elhv'=2h] = y Wbs _ .
de [U de ] + [U 7e h] E[v I ] + DA(ml ;pQ)h (46)
We also have
DA(?L'l — ZL‘Q)h
1 " R R 1"yt 2 " R R v
"2 [(U T (:B?)2> ($2U)2U R0 +e)” + <v + ($§])2> (a:lU)QU h (9—5)2] (1 — z2)h
(47)

1 " R " R h" 1 " R " R I
_ = hott 41 n
2$2 (v + (xllj)g) (U + Tk thg + 21:1 v+ @) v+ 202 hthQ (48)

50



We can verify that (47) is positive. If we sum up (43) and (48), we have:

EqS. (43) + (48) = Ty (’U”—|— xR ) hq% |:U// o 1 (U”—}— R ):|
2

CiE 2 (2F)?
—o (v ) g [ =5 ()|
_ %hq}]:—; [(v")zﬂf U Uﬂfl " xi&]

> 0 (49)

because we have ; = 0 — ¢ < 6 + ¢ = 0, we have x; > x5 — p; < ps. Therefore, we
conclude that €% < 0if D, < 0.
To show how D, < 0, we totally differentiate the FOCs with respect to z7, 2%, n, p1,

and divide both sides by dp;:

dx
v 0 v"(0 — )k (n) - 1
0 v V(0 + &)/ (n) = % 0
%v”(@ —¢€) %U”(@ +¢e) "B (n)(0* +&?) + q,’j,';f{;% % 0

d u
Let % = L8 where

1 0 v"(0 — )k (n)
Dz = det | V" V(0 + e)h'(n)

0 L(B+e) VR (n)O + ) + gintt)
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and

v 0 V"(0 — €)W (n)
Du = det 0 V" V"0 + )l (n)
%v”(@ —€) %U”(@ +¢e) VA (n)(0? + &%) + q::;g)g
Solving for Dz yields:
Dxy =" {v"h'(QQ +eh) +¢q W ] - 1(1)")2(0 +)?H. (50)
(h)2] 2

As for Du, we have

n" 1 1
Du = (’U”)Q |:U//h/(92 +€2) + q(h/)2:| _ 5(1)”)3(9 _ S)Qh, _ 5(1)//)3(0 +€>2h,
= (v")? h” 51
= q (h,)2 . ( )
Thus, we can express Zﬂ as:
P1
dgjzf i v”h’(92 + 62) + q%] _ %(U”)Q(Q 4+ 8)2h’ %h’(é B 8)2 1
= h - ! + - (52)

dp1 (U”)QQ(h/)z q(h’)2 !

Assuming inelastic demand (the empirically relevant case), we know that 9 p <1, This

dpy =}
implies that;
h//
dz¥ p1 %h’(@ —-e)? 1 i v”%h’(G —e)* + e
1 1 Q(h/)Q 1 v le(h/)z
Because v" x’fq% > 0, it follows from (53) that
1 5 " "
1 !/ u
p1v §h (9 — 5) —|—p1qW > —Ullfﬁlq(h,)Q. (54)
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We divide both sides by x}, while noting that p; = v'(X;), to obtain

dzy py v'(Xy) 1 o  V(Xy) A h”
_d_pll‘_’f <l&e —:qu ’UHEh/(@ — E) + ZL’?{ q(h/)2 + U//q (h/)2 >0
R 1 R h'
= Wvll§h/<9 - 8)2 + <_7f + UH) q(h,)2 > 0.
Similarly, we can have
dxly po V'(Xs) ,1 V'(Xe) B n”
_dpz x_g <le —x; v”ih’(ﬁ +e)*+ x; q<h,)2 + v"q(h,)2 >0
R //1 ! 2 R 1 h/,
—h'(0 — )
AR P LR
Recall that:
R R R h"
Dy= (" 0.5——0v"h'(0 2105(0"
= (v p) (oS0 (v 0 ) o)

+ <v” - (;j)Q) {0.5 (j)zv"h’(e —¢)? 405 (v” + (x}jﬁ) q (}’3)2] :

If the demand for xz,, s € S is inelastic, then we have the following conditions:

(v" +_<gf)2> <0,Vse S _
[0.5 (32@"}#(9 —e)®+ (v” + (j)2> q (Z;Q] >0

{0.5(;;2@’%’(9 +e)’ + (v” + (;j)2> q(Z;J > 0.

(55)

(56)

(57)

(58)
(59)

(60)

Taken together, the results in this subsection imply that the risk burden shifts from the

utility to the consumers under revenue decoupling. W
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Figure A.1: NERC Regions and Balancing Authorities, as of 2012
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Table A.9: Retail electricity prices relative to social marginal cost (SMC), by state, 2011.

Statecode State P-SMC  Decoupled?

AK Alaska 0.183

AL Alabama 0.010

AR Arkansas -0.007

AZ Arizona 0.071

CA California 0.111 Yes
CcO Colorado 0.068

CT Connecticut 0.091 Yes
DE Delaware 0.006

FL Florida 0.048

GA Georgia 0.015

HI Hawaii 0.435 Yes
1A Towa -0.038

1D Idaho 0.039 Yes
IL Illinois -0.023

IN Indiana -0.033

KS Kansas -0.002

KY Kentucky -0.009

LA Louisiana -0.004
MA Massachusetts 0.069 Yes
MD Maryland 0.010 Yes
ME Maine 0.054

MI Michigan -0.009 Yes
MN Minnesota -0.027
MO Missouri -0.030

MS Mississippi 0.007

MT Montana 0.057

NC North Carolina 0.006

ND North Dakota -0.038

NE Nebraska -0.034
NH New Hampshire 0.075

NJ New Jersey 0.034
NM New Mexico 0.062

NV Nevada 0.064

NY New York 0.087 Yes
OH Ohio -0.019

OK Oklahoma -0.012

OR Oregon 0.055 Yes
PA Pennsylvania -0.005

RI Rhode Island 0.058

SC South Carolina 0.007

SD South Dakota -0.033

TN Tennessee 0.012

X Texas 0.074

UT Utah 0.046

VA Virginia 0.007

VT Vermont 0.066 Yes
WA Washington 0.042

WI Wisconsin -0.011 Yes
WV West Virginia -0.030
WY Wyoming 0.040
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