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Executive Summary

The market for residential solar photovoltaic (PV) systems in the United States has experienced
tremendous growth over the past decade, with installed capacity more than doubling between
2014 and 2016 alone (SEIA 2016). As the residential PV market continues to grow, it prompts
new questions about the nature of competition between solar installers and how this competition,
or lack thereof, affects the prices consumers pay. It is often assumed that more competition leads
to lower prices, but this is not universally true. For example, some studies have shown that
factors such as brand loyalty could lead to a negative relationship between concentration and
price in imperfectly competitive markets (Borenstein 1985; Holmes 1989). As such, the
relationship between prices and market concentration is an open empirical question because
theory could predict either a positive or negative relationship.

Determining a relationship between prices and market concentration is challenging for several
reasons. Most significantly, prices and market structure are simultaneously determined by each
other—the amount of competition a seller faces influences the price they can command, while
prices determine a seller’s market share. Previous studies have examined recent PV pricing
trends over time and between markets (Davidson, Steinberg, and Margolis 2015; Davidson and
Margolis 2015; Nemet et al. 2016; Gillingham et al. 2014; Barbose and Darghouth 2015). While
these studies of solar PV pricing are able to determine correlations between prices and market
factors, they have not proven causation. This study fills that gap by focusing on identifying the
causal relationship between market structure and the prices paid by consumers.

We use a unique data set on third-party owned (TPO) contract terms for the residential solar PV
market in the San Diego Gas & Electricity service territory to better understand this relationship.
We found that firms charged higher prices in more competitive markets in our sample. The
finding is robust across multiple definitions of firm concentration.
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Table ES-1. Regression Estimates of the Effect of HHI (Herfindahl-Hirschman Index), a Measure of
Market Concentration, on Mean System Price

The results demonstrate a negative relationship between prices and HHI.

(1) (2) () (4) (5) (6) (7)

HHI 0.006 -0.261 -0.508* -0.710** -0.669** -0.899** -1.062**
(Total) (0.404) (0.294) (0.288) (0.285) (0.299) (0.359) (0.495)
Module Model FE X X X X X X
Installer FE X X X X X
System Characteristics X X X X
House Characteristics X X X
Demographic Controls X X
Other Controls X
Year*Quarter FE X X X X X X X
No. of Observations 581 581 581 581 581 581 581

Note: Installer Fixed Effects (FEs) are dummies for contractors that hold >5% of market share in our
sample. System characteristics include estimated Y1 solar output, a dummy if the system has more than
1 inverter, California Solar Initiative (CSI) rating, CSI rating squared, and CSI rebate adjusted for Modified
Accelerated Cost Recovery System (MACRS) and the Investment Tax Credit (ITC). House characteristics
include square footage, number of bathrooms, number of bedrooms, and built year. Demographic
controls include median income, percentage of the population with a bachelor’s degree, and median
house value. Other controls include a dummy equal to one if the installer is vertically integrated, a dummy
for the American Recovery and Reinvestment Act of 2009 (ARRA) (BuyAmerican), cumulative number of
installations within a tract at the time of adoption, installer experience with TPOs, housing density by tract,
and a dummy for systems that are coastal. Systems over 10 kW were omitted as well as systems with net
present costs (NPCs) greater than $20/kW or less than $0.5/kW. A 10% nominal discount rate is
assumed for the NPC calculations. Asterisks denote * p < 0.10, ** p < 0.05, *** p < 0.01. Standard errors
clustered by census tract.

There are at least two potential explanations for our findings. First, firms could be conducting
entry deterrence strategies. It is possible that firms are acting in a non-competitive way and
setting prices lower than they would otherwise. Setting low prices that are below potential
competitors’ marginal costs could deter entrants and ensure a larger market share. Second, there
could be a group of dominant firms (with a competitive fringe), and the dominant firms may
occasionally engage in price wars. If this is true, prices should be lower in more concentrated
markets during the price wars (Salinger 1990).

As the rooftop PV market continues to grow, market structure will remain a relevant policy issue
in consideration of the potential for rooftop solar to contribute to decarbonization efforts or other
policy objectives. This paper adds to the understanding of supply-side factors in scaling up solar
markets in the residential sector. Generally, solar markets have become more competitive over
the same time period that solar technology costs decreased. While solar system hard costs have
come down, our research suggests that total costs are more nuanced in early solar system TPO
markets. Policymakers can consider these findings when designing markets and use data to make
informed decisions.
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1 Introduction

The market for residential solar photovoltaic (PV) systems in the United States has experienced
tremendous growth over the past decade, with installed capacity more than doubling between
2014 and 2016 alone (SEIA 2016). Several factors contributed to this growth, such as declining
capital costs, government incentives, and increased consumer awareness of a new technology.
Furthermore, new business models such as third-party ownership (TPO) have played a key role
in increasing access to financing. Under typical TPO contracts, consumers can realize benefits of
installing solar (i.e., energy bill savings) but also avoid taking on debt (Drury et al. 2012; Rai and
Sigrin 2013; Davidson, Steinberg, and Margolis 2015; Shih and Chou 2011). TPO is now the
dominant form of solar contracts in most U.S. markets.

Residential PV market growth prompts new questions about the nature of competition between
solar installers and how this competition, or lack thereof, affects the prices consumers pay.
Standard economic theory predicts that seller concentration is an important determinant of price
in well-defined markets (Weiss 1989). It is often assumed that more competition leads to lower
prices, but this is not universally true. For example, some studies have shown that factors such as
brand loyalty could lead to a negative relationship between concentration and price in
imperfectly competitive markets (Borenstein 1985; Holmes 1989). As such, the relationship
between prices and market concentration is an open empirical question because theory could
predict either a positive or negative relationship.

Determining a relationship between prices and market concentration is challenging for several
reasons. Most significantly, prices and market structure are simultaneously determined by each
other—the amount of competition a seller faces influences the price they can command and
prices determine a seller’s market share. There are two types of endogeneity bias. First, there is
simultaneity bias—how well a firm performs affects their position among competitors. Second,
measuring concentration as a function of firm revenue (price) alone necessarily introduces error
because other factors affect firm revenue (Evans, Froeb, and Werden 1993). In the context of the
residential solar market, even accurately determining the prices consumers paid is challenging
because of the well-known biases in publicly reported data sets (Barbose and Darghouth 2015).
As such, some prior studies of price-concentration in the economics literature may include
endogeneity bias.

Previous studies have examined recent PV pricing trends over time and between markets
(Davidson, Steinberg, and Margolis 2015; Davidson and Margolis 2015; Nemet et al. 2016;
Gillingham et al. 2014; Barbose and Darghouth 2015). While these studies of solar PV pricing
determine correlations between prices and market factors, proving causation is more difficult due
to the lack of reliable and consistent data capturing the contract terms agreed upon between the
seller and the solar adopter. This study fills that gap by focusing on identifying the causal
relationship between market structure and the prices paid by consumers. There are two primary
analyses to date that robustly explore the determinants of solar PV pricing. Gillingham et al.
(2014) examine the relative importance of market structure, state and federal policies, and other
factors on equilibrium solar PV system prices in the United States using data of roughly 100,000
residential and small commercial installations. The authors show that PV system prices differ
based on market competition influences; higher installer densities but also higher market share
are correlated with lower prices. However, Gillingham et al. (2014) frame the study on the basis
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of reported costs and do not explore the prices faced by individual TPO consumers in detail.
Furthermore, the endogeneity of market structure is not addressed and thus the regression
coefficient estimates for market structure could be biased.

The second main study of solar PV pricing in the literature is Nemet et al. (2016), which
examines predictors of what the authors define as “low-priced” solar PV systems. This study is
based on a similar data set as used in Gillingham et al. (2014). In this paper, however, the
dependent variable is binary (1 if low-priced and 0 if non-low-priced), and the authors define
low-priced (LP) in four ways for robustness purposes. The findings of this research suggest
substantial differences between LP and non-LP systems in measures such as competition, firm
characteristics, market characteristics, demographics, policies, costs, and system characteristics.
However, Nemet et al. do not study the TPO prices faced by consumers as measured by contract
terms and the endogeneity of market structure is not addressed, which could bias the results if
attempting to identify a causal relationship between market structure and price.

We contribute to the literature by addressing two missing pieces in existing studies. First, we
study TPO system pricing as measured by the contract terms agreed upon between the consumer
and the third party. Our evaluation of proprietary contracts obtained through a non-disclosure
agreement allows us to overcome the barrier of TPO pricing data availability. The analysis
focuses on the residential solar PV market in the San Diego Gas & Electric (SDG&E) service
territory, which includes San Diego County and parts of Orange County in California. The San
Diego region was chosen because it is one of the more established residential PV markets in the
United States, allowing us to understand how competition has evolved over several years (2007—
2013). Second, while previous studies reveal interesting insights about the correlations between
market structure, technology, and policy with system prices, we show that that there is a bias
associated with ignoring the endogeneity of market structure. We use an instrumental variables
(IV) approach in an attempt to remove this bias.

Our results suggest that firms have historically charged higher prices in more competitive
markets, though we cannot confirm that these findings generalize to other regions or future
markets, particularly as solar adoption increases. The results run counter to the common
assumption that competition places downward pressure on prices, though we note several
plausible explanations in Section 5 that are consistent with modern industrial organization
theory. The findings are robust across a number of specifications and across eight measures of
market structure. However, claiming to have identified a causal effect of competition on prices
assumes that the IVs are valid. As such, although we find a bias to exist when the endogeneity of
market structure is ignored, interpreting causality from our findings should be taken with
caution.

As the rooftop PV market continues to grow, market structure will remain a relevant policy issue
in consideration of the potential for rooftop solar to contribute to decarbonization efforts or other
policy objectives. Our findings suggest that there is a negative relationship between market
concentration and solar system pricing in early TPO markets; however, this could change as the
structure of residential solar markets continues to evolve.

2
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The remaining of this paper is organized as follows. Section 2 provides background on the third-
party solar PV market. In Section 3, we describe our data sources and sampling strategy, and we
detail our econometric framework and identification strategy in Section 4. Finally, we present
our empirical results in Section 5 and conclude in Section 6.

3
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2 Industry Background

The TPO solar market presents a unique setting to study the relationship between competition
and pricing. The market is young, experienced a rapid growth, and has an increasing base of
solar companies competing for customers. Among the myriad of solar companies, a few firms
have gained considerable market share. This section contextualizes our empirical study by
providing industry background on TPO arrangements, market growth, and the business
landscape in California.

In a TPO arrangement, a third-party financier secures investor capital and tax equity to purchase
PV systems on behalf of residential homeowners, providing a financed solution with no or low
upfront cost to the homeowner. Under a TPO contract, the PV system host typically makes
payments to the third-party owner of the system. Third-party financing of solar energy primarily
occurs through two models: power purchase agreements (PPAs) and solar leases.! Under these
TPO models, the TPO financier—not the residential homeowner—receives all rebates, tax
credits, and depreciation benefits. The TPO provider in turn offers a warranty for the system and
provides some degree of system monitoring and operations and maintenance over the typical 20-
year lease term.? At the end of the term, homeowners have three options: renew the lease,
purchase the system at fair market value/set residual price, or have the system removed at no
cost; however, the availability of each of these options varies.

The TPO model for solar, or solar as a service, was first introduced in the residential California
market in 2007. By 2012, over 70% of new systems in the state were installed via TPO (CSI
2016). The current TPO business landscape is diverse, consisting of companies with varying
sizes and structures. The residential TPO market in California quickly gained traction largely due
to one main firm that offers vertically integrated TPO service solutions (Solar City). A vertically
integrated TPO firm owns all the major parts of the solar business, including capital (TPO
financing services), sales, installation, and after-sales service and maintenance. The majority of
TPO arrangements deploy a non-integrated business model in which solar installers/developers
pursue sales and system design, provide equipment, and install the system while partnering with
TPO financiers who provide the financing service and hold responsibility for after-sales service
and maintenance. Over time, a series of mergers took place in the TPO solar industry between
TPO financiers and installer companies (e.g., Sunrun and REC Solar in 2014), which led to an
increased number of vertically integrated firms.

The TPO industry has seen a significant number of market entrants over time including solar
financiers, new solar developers, and solar developers/installers adding TPO options to their
existing host-owned system installation businesses (Kann 2013). In the SDG&E territory, the
number of solar companies offering TPO systems in the residential market grew between 2007
and 2012 (Figure 1).

' Under a Lease agreement, solar customers typically pay fixed monthly payments over the period of the lease term.
Under a PPA agreement, solar customers pay a fixed price per kilowatt-hour produced by the solar system.
2 While 20 years is most common, lease terms in our sample range from 7 to 25 years.
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Figure 1. TPO market entrants and installation volume in the SDG&E territory over time

This chart includes vertically and non-vertically integrated contractor companies in the general residential
market. Data source: Created by authors using California Solar Initiative data.

While there are a large number of companies offering TPO systems in the residential sector, the
market in the SDG&E territory is dominated by a few firms. By the end of the first quarter of
2013, the top five companies (by volume) held over 50% of the TPO market in the territory

(Figure 2).

American Solar Direct: 5.5%

Baker Hectric Solar: 6.9%

Solar West Hectric, Inc: 7.2%

Sullivan Solar Power: 7.7% ————

Rest of Market: 48.3%

/

Figure 2. TPO market share as of Q1 2013 of top five installing solar companies

SolarCity: 24.4%

Data source: Created by authors using California Solar Initiative data.
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3 Data Description and Sources

We developed a unique database that combines numerous public and proprietary data sets that
allowed us to match solar PV system-level data to TPO contract prices and to construct various
control variables. This section describes the data that we compiled, our sampling strategy, and
the construction of variables used throughout the empirical analysis, which is described in
Section 4.

3.1 Data Description

Our empirical analysis focuses on residential solar PV installations in the SDG&E territory in
San Diego County and Orange County, California. We include only observations from the
SDG&E territory due to the availability of TPO contracts in that territory (administered by the
Center for Sustainable Energy).

To obtain the population of residential solar systems in the SDG&E utility territory, we combine
address-level residential solar system data collected under the Emerging Renewables Program
(ERP) and the California Solar Initiative (CSI) (CEC 2011). The first program provided rebates
for small-scale residential renewable energy systems in the investor-owned utility (IOU)
territories in California between 1998 and 2006. In 2007, the CSI was launched to incentivize the
installation of solar for existing homes and existing or new commercial, agricultural,
government, and nonprofit buildings.

We end our sample at the end of Q1 2013. The CSI incentive levels were designed to
automatically step down over the duration of the program based on the cumulative capacity of
solar installed within each IOU. In the second quarter of 2013, the incentive for the residential
sector had reached very low levels, which resulted in some homeowners opting to install systems
without incentives. Therefore, we end our sample at the end of Q1 2013 to ensure our data
comprehensively represent the solar market in the SDG&E territory.

We also include only systems listed as small residential in the general market, so systems that
were installed in the affordable housing segment and those installed as part of new construction
are dropped. To derive our cutoff date (Q1 2013) and stratify our sample across years, we utilize
the interconnection date (proxy for installation date) of the solar systems obtained from the NEM
Interconnection data set. > The final data set includes 17,684 (4,121 ERP and 13,563 CSI)
systems installed by the end of Q1 2013, 4,725 of which are TPOs.

The first set of variables that is critical to construct for our study include variables that capture
“market structure,”, or the competitiveness and/or concentration of solar installers within a
market. The choice of an appropriate measure of market structure for our empirical analysis is
not trivial because of the lack of theory on which measure is appropriate when the type of price-
setting behavior is unknown.

3 We merged Solar Net Energy Metering Interconnection data set to the CSI data to obtain interconnection dates,
which also provided more information about whether applicants that applied for an incentive installed the system.
Furthermore, we excluded incentives for system additions in our sample.
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Therefore, we construct and employ eight different market structure measures for robustness
purposes. Broadly, these fall within three basic categories: the Herfindahl-Hirschman Index
(HHI)* (ranging between 0 and 1), number of installers, and “monopoly” (a binary indicator). A
higher HHI indicates that a market is more concentrated (there are fewer installers in the market),
so that an HHI equal to exactly one reflects a pure monopoly, whereas an HHI close to 0
represents a more competitive market. Furthermore, we create two separate “monopoly”
variables. The first is equal to one if the number of installers is equal to one (and zero otherwise)
and the other is equal to one if the HHI is above 0.25, following the U.S. Department of Justice’s
Horizontal Merger Guidelines.’

Each market structure variable is measured by census tract (what we define as a “market”) for
unique installers that sold at least one system within the market in the period. Period is defined as
the quarter-year of the incentive application date and the two preceding quarters.

This gives us four different measures of market structure (HHI, number of installers, and
monopoly defined in two ways). We extend this further by creating two variables for each
measure: one that considers all installers in the market (offering both TPO installation options as
well as host-owned or purchased systems) and one that considers only installers using TPO. This
gives us a total of eight market structure measures, which are summarized in Table 1.

4 The Herfindahl-Hirschman Index (HHI) presents a measure of market concentration of firms in an industry based
on their individual market shares. The HHI is calculated by squaring the market share for each firm and then
summing the squares. The highest HHI value (10,000) depicts a monopolistic market scenario, while values below
1,000 are deemed unconcentrated (competitive) markets. In our analysis, the HHI values are shown as an index
between 0 and 1.

5 These guidelines can be accessed here: https://www.justice.gov/atr/horizontal-merger-guidelines-08192010.
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Table 1. Description of Constructed 'Market Structure' Measures

Description

Measurement

HHI Measures

HHI (Total)

HHI (TPO Only)

Number of Installers
Measures

# of Installers (Total)

# of Installers (TPO Only)

“Monopoly” Measures

Monopoly [=1 if single installer
in market]

Monopoly [=1 if single TPO
installer in market]

Monopoly [=1 HHI (Total) >
0.25]

Monopoly [=1 if HHI (TPO Only)
> 0.25]

HHI using all installers within the market during the
adoption period.

HHI using only installers offering TPO within the
market during the adoption period.

Number of installers considering all installers within
the market during the adoption period.

Number of installers considering all only TPO
installers within the market during the adoption
period.

The market is defined as a monopoly if there is only
a single installer in the market during the adoption
period.

The market is defined as a monopoly if there is only
a single TPO installer in the market during the
adoption period.

The market is defined as a monopoly if the HHI
based upon all installers is greater than 0.25.

The market is defined as a monopoly if the HHI
based upon TPO installers is greater than 0.25.

0 (competitive)
to
1 (concentrated)

0 (competitive)
to
1 (concentrated)

Level

Level

Binary indicator

Binary indicator

Binary indicator

Binary indicator

Note: Each is measured at the census tract level for the adoption period, where period is defined as the
quarter-year of the incentive application date and the two preceding quarters. There are four market
structure variables, but each is measured once for all installers and once for installers only offering TPO.

In both of the solar data sets used in this study, the names of the installer were not uniformly
reported and some records did not contain an installer name. Because obtaining an accurate
count of installers is central to a study focusing on market concentration and competition, we
standardized installer names by employing a fuzzy logic approach and manually cross-checked
installers through reported license numbers and web searches. The process yielded 603 unique
installer companies, 284 self-installations, and 805 systems with missing installer information in
the entire data set.® We use these data to construct the variables capturing market structure and

installer experience.

¢ Self-installation systems and systems for which contractor data are not available are excluded in the construction of
the installer-specific variables that are used in this analysis. Missing installer data entries were almost entirely from
solar systems installed before 2007. It is important to note that our market concentration variables were constructed
including Q1 2007 as the earliest period and are thus only minimally affected by missing data.

8

This report is available at no cost from the National Renewable Energy Laboratory at www.nrel.gov/publications.



Following Hughes and Podolefsky (2015), we consider the incentive application date to be the
best proxy for the solar adoption decision-making process and contract negotiation. We define
the ‘adoption period’ using this date and the two preceding quarters to capture the activity of
installers in the market at the time the contractor was actively pursuing the sale of a solar system
and when homeowners were in the process of signing solar contracts and making the solar
adoption decision.

We define market boundaries at the level of census tract because tracts are relatively permanent
subdivisions of counties and form polygons that may be representative of solar marketers and
installers targeting neighborhoods. Census tracts tend to have identifiable boundaries and present
good proxies for “natural neighborhoods,” i.e., what residents would subjectively define as
neighborhood (Ross et al. 2004). Compared to zip codes, census tract boundaries are well
defined and have the benefit to yield the collection of more reliable economic-demographic data.

To gather information on TPO solar system prices, we obtained TPO contracts for the SDG&E
territory through a non-disclosure agreement. The contracts provide information on the contract
terms agreed upon between third parties and the TPO solar adopters. Reported prices for TPO
systems in California that are publicly provided by the California Solar Initiative Program are
known to be unreliable and inconsistent because they present the installer-reported appraised
value of the system, as opposed to the actual price the consumer paid. Podolefsky (2013)
empirically demonstrates potential over-reporting. As such, we use the transaction price as
implied by contract terms agreed upon between the consumer and the third party leasing the
panels. We follow Davidson, Steinberg, and Margolis (2015) and derive the net present cost
(NPC) of each contract based upon monthly lease payments or PPA rates, estimated production
(for PPAs), upfront payments, escalation rates, and contract term length. We apply a discounted
cash flow methodology to calculate NPCs assuming a 10% nominal discount rate (in our baseline
specification) and 3% inflation.’

Lastly, we include a number of household-level and census tract-level control variables in our
analysis. As such, we geocoded PV system locations and matched the installation data to census
tract level demographic data from the U.S. Census Bureau American Community Survey (ACS
2009-2013, 5-year estimates). Furthermore, we calculate housing density as the number of
single-family households per square kilometer of land in each census tract. We gather household-
level building variables from San Diego County Assessor data and public record data providers.

7 Note that we perform sensitivity analyses on the discount rate assumption (see Appendix), finding the results to be
robust across a wide range of plausible discount rates.
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3.2 Sampling Strategy

By the end of Q1 2013, 4,725 TPO systems were installed within the SDG&E territory. To
obtain a sample of TPO contracts to transcribe that allowed us to obtain pricing information, we
sampled TPO systems that were installed in sufficiently large markets to allow for the analysis of
competition within a market. We consider markets suitable if they contain at least 30 single-
family homes. Therefore, we omit TPO installations that are located in census tracts with less
than 30 single-family homes, resulting in 4,706 systems remaining. We performed a stratified
pseudo-random sampling method to select 750 contracts, which yielded 582 TPO contracts with
enough data to calculate NPCs between 2008 and Q1 2013, stratified by year.®

Table 2 provides sample summary statistics of our primary variables of interest—price (or NPC)
of TPOs in our sample and eight measures of market structure, defining markets at the census
tract level. Table A-1 in the Appendix provides summary statistics for the full set of controls
used in this analysis. See Figure A-1 in the Appendix for detailed maps of price, HHI, and
installer count measures over time.

Table 2. Sample Summary Statistics of Market Concentration and System Price Variables

No. of
Mean St. Deviation Min Max Obs.

Price Measure (Net Present Cost)

NPC ($/Watt) (10% Discount Rate) $3.22  $0.95 $0.84 $6.41 581
HHI Measures

HHI (Total) 0.295 0.253 0.055 1 581
HHI (TPO Only) 0.492 0.333 0.085 1 581
Number of Installers Measures

# of Installers (Total) 6.844 4.682 1 30 581
# of Installers (TPO Only) 4.034 3.273 1 19 581
"Monopoly" Measures

Monopoly [=1 if single installer in market] 0.088 0.283 0 1 581
mprep;?ly [=1 if single TPO installer in 0.269 0.444 0 1 561
Monopoly [=1 HHI (Total) > 0.25] 0.363 0.481 0 1 581
Monopoly [=1 if HHI (TPO Only) > 0.25] 0.661 0.474 0 1 581

8 The sampling process aimed to achieve 600 usable contracts that correspond to sample statistics with a margin of
error of 2.5% at a 95% confidence level. It is possible that the excluded/unusable contracts were from a subset of
installers and not representative of all installers. This is not a concern for our analysis because it means that there
could be measurement error in our dependent variable (as opposed to one of the covariates), and measurement error
in the dependent variable does not produce bias in a regression analysis set up. The coefficient estimates are
consistently estimated.
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4 Empirical Strategy

This section describes our empirical strategy for estimating the impact of market structure on
pricing for residential solar PV TPO systems in the SDG&E service territory. We take a reduced
form approach and use IV regressions in an attempt to address the endogeneity of market
structure. As such, the ability to identify a causal relationship between market structure and
pricing relies upon the validity of our instruments. We also include a rich set of controls and
fixed effects.

4.1 Econometric Framework

We take a reduced form approach to estimate the impact of market structure on residential solar
PV TPO contract prices in the SDG&E service territory using the following linear specification:

Pi=a+ﬁ1C0NC]-t+Xi9+(pk+/11+um+£i

where P; is the price ($/watt), or net present cost, of system i and CONCj, represents a measure of
installer concentration (or market structure) in census tract j at time . Measuring concentration in
the eight different ways described in Section 3, we consider eight separate specifications to
estimate the relationship between market structure and price. The matrix X; includes control
variables that differ across installations, markets, and time, ¢, are module model fixed effects, 4;
are installer fixed effects, u,, are year by quarter time fixed effects, and ¢; is a disturbance term.

We include PV module model and installer fixed effects in our specifications to account for
time-invariant mean differences in prices across module model types and installers. It is possible
that certain module model types are more expensive on average, all else equal, due to
unobserved factors such as quality, branding, etc. Similarly, prices offered by various installers
may differ on average due to branding, ancillary services, additional amenities, etc. Because
there are some installations that were self-installed as well as some very small companies with
only a few installations in our sample, we define installer fixed effects to include only installers
with more than 5% of the market share in the previous two quarters.

The matrix of controls includes various system characteristics, house characteristics, local socio-
demographics, and other market controls that could impact price. To account for price
differences deriving from system characteristics, we include the rated system capacity (CSI
rating) as reported in the incentive database, CSI rating squared, CSI rebate (adjusted for other
incentives),” a dummy if the installer is vertically integrated,'® dummy for the use of more than
one inverter, and estimated year one system production (kWh). The CSI rating (kW) is reported
in the CSI incentive database and captures system size as well as expected performance because
it is a measure based upon design factor and other performance-impacting features. Similarly,
estimated year one production (kWh) captures the potential value of solar provided to the
consumer as this directly captures projected utility bill reductions associated with the solar

9 See Lobel, Pless, and van Benthem (forthcoming) for details on the motivation for adjusting the CSI rebate by
other incentives that the installer receives as well as adjustment method employed.

10'We define a firm to be vertically integrated if it owns all major parts of the solar business, including capital, sales,
installation, maintenance, and service, and the firm provides financing and arranging the incentive benefits. It is not
vertically integrated (and assigned a zero) if a different party offers financing.
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installation. We use system characteristics that are reported in the CSI database and calculate the
estimated year one production for each system using the National Renewable Energy
Laboratory’s PVWatts tool. Furthermore, based on the reported data, we distinguish between the
use of one inverter (equals 0) or more (equals 1) in the specification as this is a system design
choice that could significantly increase price.

We include additional household level characteristics—square footage, number of beds, and
number of baths—as proxies for electricity use in order to control for the potential value that
solar provides to the consumer as well as factors that can impact pricing.!' Furthermore, we
include a set of household socioeconomic and demographic variables measured at the Census
tract level to account for the potential influence of bargaining power and negotiation skills of
homeowners in the solar acquisition process as well as any marketing tactics or strategies that
could have been used by installers when targeting certain neighborhoods: median income
($1,000s), median house value ($1,000s), and percentage of the population with a bachelor’s
degree.

A few additional control variables are included to capture market, installer, or geographic
conditions that could affect price. First, single-family household density by census tract captures
market size, which could contribute to firm behavior. This density measurement also aims to
control for the availability of potential consumers to installers as they develop and target
marketing strategies, or “scale economies.”

To control for how difficult or easy it may be to break into a market, we include a market
saturation variable that characterizes existing adoption levels of small residential solar systems in
a market at the time the contractor is selling the solar system to the homeowner. Market
saturation is defined as the cumulative number of installations in each census tract at the
incentive application date divided by the number of single-family detached homes (multiplied by
100). Installation counts do not include systems installed under affordable housing projects or
those installed under the new solar homes program, as we deem these to be distinct from the
single-family residential market.

In addition, SDG&E’s residential electrical rates are structured in tiers in which baseline costs
differ across four climate zones within the territory. This leads to a pronounced difference in the
value proposition of solar for homeowners in coastal communities as opposed to inland
communities. Therefore, we include an indicator variable that depicts whether the system is
located in a coastal or an inland zone.

We also account for whether the module is domestically manufactured because this could impact
the system-level value proposition as well as price. It is often recognized that solar panels
manufactured in the United States as opposed to in some foreign regions are more expensive or
perhaps differ in quality (Gillingham et al 2014). Although we include module model fixed
effects, which largely overlaps with manufacturer, we include an indicator variable to
specifically account for American manufactured solar panels when they were accredited under

! Retail electricity rates in San Diego follow a tiered structure such that the value of solar energy increases with
energy usage. Thus it is plausible that contract prices are correlated with energy usage. We were unable to directly
collect data on household energy usage, so we use household level characteristics as a proxy.
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the “Buy American” provision of the American Recovery and Reinvestment Act of 2009
(ARRA). We also categorized pre-2009 systems according to these accreditations.

Lastly, it is possible that an installer’s experience level, or the number of systems installed by a
contractor, can lead to system cost reductions as the contractor increases efficiency of operations.
Some of these efficiencies, however, could also diminish over time due to “forgetting.” We
include a contractor experience variable that measures cumulative TPO installations by each
installer within the SDG&E territory up to the quarter-year of the incentive application date for
each observation. We then follow Gillingham et al. (2014) and apply a 20% depreciation rate per
quarter to account for potential “forgetting.”

4.2 ldentification

Our main identification challenge in estimating the causal relationship between market structure
and TPO system price is that market structure is endogenous. Unobserved shocks to cost and
demand can affect both prices and thus market structure could be correlated with unobservables.
Furthermore, the output of individual firms affects both prices and concentration. Lastly, there is
a potential simultaneity bias if setting prices aggressively low deters entry or drives out other
firms. A simple linear regression of price on concentration that does not account for such
endogeneity could lead to biased estimates. While using number of firms instead of
concentration as a measure of market structure provides the advantage of removing one of the
sources of endogeneity—number of firms is not a function of endogenous firm output or
revenues (Evans, Froeb, and Werden 1993)—such a specification would still suffer from
correlated unobservables as a source of endogeneity.

There are two primary approaches for handling this endogeneity. The first method is to conduct a
two-step estimation where the first stage estimates an equilibrium model that predicts the number
of firms in a market. This generates a correction term that can be included in a second-stage
regression of price on concentration. This has been used in some price-concentration studies
(Manuszak and Moul 2008; Singh and Zhu 2008; Mazzeo 2002). However, this approach
requires strong assumptions about the behavior of firms when characterizing the market structure
in the first stage estimation.

Another approach is to find suitable instruments for market structure, or variables that are
correlated with market structure but uncorrelated with unobservable factors that affect price. To
date, studies examining the price-concentration relationship have had limited success due to the
difficulty in finding suitable instruments. One could use lagged market structure as done in
Evans, Froeb, and Werden (1993) and Davis (2005), but this is only valid under relatively
stringent assumptions.

Instead, we isolate exogenous variation in concentration by using the percentage of single-family
homes within a Census tract that are owner-occupied as an [V. Use of single-family percentage is
justified as a valid instrument variable on theoretical grounds because we have no reason to
believe that single-family percentage is correlated with unobservable factors that affect price
whereas it is possible that homeowners who occupy their homes (rather than rent them to others)
are more likely to consider adopting solar. As such, firms may target marketing strategies and
adoption efforts based upon homeowner occupancy. We would expect to find a negative
relationship between this variable and concentration: markets with a higher number of active
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firms (and thus a less concentrated market) are likely to have attracted firms because the market
has a higher percentage of homes occupied by homeowners who are interested in saving money
on their own utility bills. Indeed, our results indicate that it is a strong predictor of market
structure in our first stage regression results with the expected sign, as described in Section 5,
where we also demonstrate the validity of the instrument over multiple specifications.
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5 Empirical Results

It is often assumed that prices decrease as markets become more competitive; however, the
relationship between competition and price is not necessarily trivial. That is, consumers in more
competitive markets could face higher prices. When this occurs, the phenomenon is often
attributed to theories related to firm entry deterrence strategy and dominant firms not engaging in
price wars. This makes the question of how prices vary with competition in the solar market
suitable for empirical testing. This section summarizes our empirical results.

5.1 Main Results

When instrumenting for the endogeneity of market structure, our results consistently show that
consumers in more competitive markets face higher prices in the residential solar TPO market of
the SDG&E service territory across all eight measures of “market structure.”

Table 3 presents the regression results when using HHI (Total) as the main variable of interest,
iteratively adding controls and fixed effects across seven specifications. Column 7 presents the
results for the preferred specification in which all controls and fixed effects are included. We
find there to be a negative and statistically significant relationship (at the 5% level) between HHI
and price; an increase of the HHI from 0 to 1 results in a decrease of price by $1.06 per watt, all
else equal. Because a higher HHI represents a more concentrated (or less competitive) market,
this implies that prices are lower in markets that are more concentrated (or prices are higher in
more competitive markets).

Similarly, Table 4 presents the results when using HHI calculated just based upon TPO installers
rather than all installers. Again, we find that prices are higher in markets with a lower HHI, or in
markets that are less concentrated.
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Table 3. Main Instrumental Variable Regression Estimates of the Effect of HHI (Using all Installers
in HHI Calculation)

(1) (2) ©) (4) (5) (6) (7)

HHI (Total) 0.006 -0.261 -0.508* -0.710** -0.669** -0.899** -1.062**
(0.404) (0.294) (0.288) (0.285) (0.299) (0.359)  (0.495)

Module Model FE X X X X X X
Installer FE X X X X X
System Characteristics X X X X
House Characteristics X X X
Demographic Controls X X
Other Controls X
Year*Quarter FE X X X X X X X
No. of Observations 581 581 581 581 581 581 581

Note: Installer FEs are dummies for contractors that hold >5% of market share in our sample. System
characteristics include estimated Y1 solar output, a dummy if the system has more than 1 inverter, CSI
rating, CSlI rating squared, and CSI rebate adjusted for MACRS and ITC. House characteristics include
square footage, number of bathrooms, number of bedrooms, and built year. Demographic controls
include median income, percentage of the population with a bachelor’s degree, and median house value.
Other controls include a dummy equal to one if the installer is vertically integrated, a dummy for ARRA
(BuyAmerican), cumulative number of installations within a tract at the time of adoption, installer
experience with TPOs, housing density by tract, and a dummy for systems that are coastal. Systems over
10 kW were omitted as well as systems with NPCs greater than $20/kW or less than $0.5/kW. A 10%
nominal discount rate is assumed for the NPC calculations. Asterisks denote * p < 0.10, ** p < 0.05, ** p
< 0.01. Standard errors clustered by census tract.
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Table 4. Main Instrumental Variable Regression Estimates of the Effect of HHI (TPO Installers Only
in HHI Calculation)

(1) (2) () (4) () (6) (7)

HHI (TPO Only) 0.007 -0.291 -0.571* -0.803** -0.772** -0.968** -1.104**
(0.444) (0.331) (0.331) (0.336) (0.358) (0.402) (0.535)

Module Model FE X X X X X X
Installer FE X X X X X
System Characteristics X X X X
House Characteristics X X X
Demographic Controls X X
Other Controls X
Year*Quarter FE X X X X X X X
No. of Observations 581 581 581 581 581 581 581

Note: Installer FEs are dummies for contractors that hold >5% of market share in our sample. System
characteristics include estimated Y1 solar output, a dummy if the system has more than 1 inverter, CSI
rating, CSlI rating squared, and CSlI rebate adjusted for MACRS and ITC. House characteristics include
square footage, number of bathrooms, number of bedrooms, and built year. Demographic controls
include median income, percentage of the population with a bachelor’s degree, and median house value.
Other controls include a dummy equal to one if the installer is vertically integrated, a dummy for ARRA
(BuyAmerican), cumulative number of installations within a tract at the time of adoption, installer
experience with TPOs, housing density by tract, and a dummy for systems that are coastal. Systems over
10 kW were omitted as well as systems with NPCs greater than $20/kW or less than $0.5/kW. A 10%
nominal discount rate is assumed for the NPC calculations. Asterisks denote * p < 0.10, ** p < 0.05, ** p
< 0.01. Standard errors clustered by census tract.

For both sets of results, our IV appears to be strong. The F-statistics for the excluded instrument
are 23.04 and 23.05 for HHI (total) and HHI (TPO-only), respectively, which is well above the
standard rule-of-thumb cut-off of 10. Furthermore, the first stage regression results demonstrate
the relevance and strength of the IV in both cases. Table 5 presents the first stage regression
estimates for the IV separately for each measure of HHI. The IV has a negative coefficient
estimate in the first stage, as expected: more installers enter markets (and thus such markets have
a lower HHI) with a higher percentage of single-family homes that are owner-occupied.
Furthermore, in both cases the IV is statistically significant at the 0.1% level, demonstrating that
the IV is a strong predictor of HHI. !2

12 Furthermore, in both cases, the Kleibergen-Paap rk LM statistic demonstrates that our specifications pass both the
under-identification test and the weak identification test when comparing the statistic to the Stock-Yogo weak ID
test critical values.
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Table 5. Results for IV in First Stage Regressions

(1) (2)
Concentration measure used: HHI (Total) H'gé;;';o
o . P

Instrument (% of single-family homes that are owner -0.489** -0.470%*
occupied)

(0.090) (0.098)
F-Statistic 29.23 29.24
No. of Observations 581 581

Table A6 in the appendix presents the estimates for the entire set of covariates. Some of the
controls are statistically significant but mostly unremarkable. Perhaps most notably, we find that
installer experience is also negatively related to price (and statistically significant at the 5%
level) and that vertically integrated firms tend to offer lower prices. This might suggest that firms
can become more efficient or develop economies of scale with more experience in the market,
enabling them to offer better deals.

Tables 6 and 7 present the IV regression estimates when measuring concentration by the two
constructed “monopoly” HHI variables, demonstrating results that are consistent with our
findings from Tables 3 and 4. When including all controls and fixed effects (column 7 of each
table), we find a negative and statistically significant relationship between concentration and
price, suggesting that prices are lower in markets that are “monopolies” (or have less
competition). Once again, our IV appears to be strong: it is statistically significant in the first
stage regressions (with the expected sign), the specifications pass both the under- and weak-
identification tests, and the F-statistics are sufficiently high in all cases.
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Table 6. Main Instrumental Variable Regression Estimates of the Effect of Monopoly on Price,
Monopoly = 1 if HHI (Total) > 0.25

(1) (2) () (4) (5) (6) (7)

Monopoly =11 HHI(Total) 004 0149 -0.202* -0407** -0373* -0488™ -0535*

> 0.25]
(0.230) (0.168) (0.167)  (0.167) (0.168) (0.201) (0.252)

Module Model FE X X X X X X
Installer FE X X X X X
System Characteristics X X X X
House Characteristics X X X
Demographic Controls X X
Other Controls X
Year*Quarter FE X X X X X X X
No. of Observations 582 582 582 582 582 582 582

Note: Installer FEs are dummies for contractors that hold >5% of market share in our sample. System
characteristics include estimated Y1 solar output, a dummy if the system has more than 1 inverter, CSI
rating, CSl rating squared, and CSlI rebate adjusted for MACRS and ITC. House characteristics include
square footage, number of bathrooms, number of bedrooms, and built year. Demographic controls
include median income, percentage of the population with a bachelor’'s degree, and median house value.
Other controls include a dummy equal to one if the installer is vertically integrated, a dummy for ARRA
(BuyAmerican), cumulative number of installations within a tract at the time of adoption, installer
experience with TPOs, housing density by tract, and a dummy for systems that are coastal. Systems over
10 kW were omitted as well as systems with NPCs greater than $20/kW or less than $0.5/kW. A 10%
nominal discount rate is assumed for the NPC calculations. Asterisks denote * p < 0.10, ** p < 0.05, ***p
< 0.01. Standard errors clustered by census tract.
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Table 7. Main Instrumental Variable Regression Estimates of the Effect of Monopoly on Price,
Monopoly = 1 if HHI (TPO only) > 0.25

(1) (2) () (4) (5) (6) (7)

Monopoly [=1 if HHI (TPO 0.007 -0260 -0.524* -0.759* -0.729* -0.876** -1.168*

Only) > 0.25]
(0.419) (0.299) (0.314) (0.345) (0.367) (0.420) (0.697)

Module Model FE X X X X X X
Installer FE X X X X X
System Characteristics X X X X
House Characteristics X X X
Demographic Controls X X
Other Controls X
Year*Quarter FE X X X X X X X
No. of Observations 582 582 582 582 582 582 582

Note: Installer FEs are dummies for contractors that hold >5% of market share in our sample. System
characteristics include estimated Y1 solar output, a dummy if the system has more than 1 inverter, CSI
rating, CSlI rating squared, and CSlI rebate adjusted for MACRS and ITC. House characteristics include
square footage, number of bathrooms, number of bedrooms, and built year. Demographic controls
include median income, percentage of the population with a bachelor’'s degree, and median house value.
Other controls include a dummy equal to one if the installer is vertically integrated, a dummy for ARRA
(BuyAmerican), cumulative number of installations within a tract at the time of adoption, installer
experience with TPOs, housing density by tract, and a dummy for systems that are coastal. Systems over
10 kW were omitted as well as systems with NPCs greater than $20/kW or less than $0.5/kW. A 10%
nominal discount rate is assumed for the NPC calculations. Asterisks denote * p < 0.10, ** p < 0.05, *** p
< 0.01. Standard errors clustered by census tract.

Tables A2 through AS in the Appendix present the results for the other measures of “market
structure,” which consistently support the same conclusion: consumers face lower prices in more
concentrated markets. Furthermore, in each case, the F-statistics are sufficiently high and the first
stage regression results are strong.

Although our IVs appear to be strong, it is important to examine whether the IV regression
results are actually different from the naive results (non-instrumented) to better understand
whether the IV is appropriately removing the bias. In Table 8§ we compare the IV and naive non-
instrumented (Non-IV) regression results for four of our ‘market structure’ measures. We see
that the estimates are significantly downward biased when the endogeneity issue is ignored,
which demonstrates the severity of bias from ignoring the endogeneity of market structure in a
regression analysis of this price-concentration relationship.
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Table 8. Comparing Instrumental Variable (IV) Regression Results to Non-IV Results for HHI
Measures and “Monopoly” Defined by HHI Measures

(1) (2) () (4) () (6) (7) (8)

Monopoly [=1if  Monopoly [=1 if

HHI (Total) HHI (TPO Only) HHI (Total) > 0.25] HHI (TPO Only) >
’ 0.25]
Non-lV v Non-lV v Non-lV v Non-lV v
Concentration -0.238 -1.062** -0.340** -1.104** -0.164* -0.535** -0.060 -1.168*

(0.163) (0.495) (0.159) (0.535) (0.086) (0.252) (0.087) (0.697)

No. of Observations 581 581 581 581 581 581 581 581

Note: Contractor FEs, Module Model FEs, and quarter by year time FEs are included in each regression.
Contractor FEs are dummies for contractors that hold >5% of market share in our sample. System
characteristics include estimated Y1 solar output, a dummy if the system has more than 1 inverter, CSI
rating, CSlI rating squared, and CSlI rebate adjusted for MACRS and ITC. House characteristics include
square footage, number of bathrooms, number of bedrooms, and built year. Demographic controls
include median income, percentage of the population with a bachelor’'s degree, and median house value.
Other controls include a dummy if the installer is vertically integrated, a dummy for ARRA (BuyAmerican),
cumulative number of installations within a tract at the time of adoption, installer experience with TPOs,
housing density by tract, and a dummy for systems that are coastal. Systems over 10 kW were omitted as
well as systems with NPCs greater than $20/kW or less than $0.5/kW. A 10% nominal discount rate is
assumed for the NPC calculations. Asterisks denote * p < 0.10, ** p < 0.05, *** p < 0.01. Standard errors
clustered by census tract.

5.2 Robustness Checks

While finding consistent results across eight measures of market structure provides us with
confidence that there is a statistically significant positive relationship between installer
competition and pricing in this market—or, in other words, consumers face lower prices in more
concentrated markets—there are alternative influences that could affect the results that should be
ruled out. Furthermore, while the first stage regression results and high F-statistics from our
regressions suggest that the IV is strong, some may question whether our IV sufficiently satisfies
the exclusion restriction (i.e., that the IV is correlated with the error term), which is required for
drawing causal inference in this empirical set-up.

The exclusion restriction formally states that the IV should not directly impact the dependent
variable conditional on all exogenous variables in the model. That is, the only way in which the
IV should affect prices is through the market structure channel conditional on the inclusion of the
controls. While we include a rich set of controls and fixed effects in an attempt to address this
and ensure that the only way in which our IV affects pricing is through the market structure
channel, some may argue that there are still other factors that we are missing.

For example, it is possible that our IV is associated with historically higher property values and
wealth so solar firms may disproportionately target wealthy areas because of a higher willingness
to pay. This could translate into higher pricing, which would be consistent with higher prices in

21

This report is available at no cost from the National Renewable Energy Laboratory at www.nrel.gov/publications.



more competitive markets.'> While we control for demographic factors such as median income,
education, and house values, wealth may not be fully captured.

To address this concern, we include an additional control variable that aims to capture disposable
income. We include a “rent-adjusted income indicator,” which is provided by CalEnvironScreen
(OEHHA 2016). The indicator was calculated by subtracting the medium gross rent from the
median household income based on the 2010-2014 ACS 5-year estimates. The indicator was
proposed to capture the reality that the cost of living varies greatly across California and
households with lower incomes spend a larger proportion of their income on housing.

Second, it is possible that high home occupancy rates could be influenced by the same
unobserved shocks that affect market structure and pricing. In particular, the mix of renters to
owners within a housing market could have changed with the onset of the Great Recession,
particularly in places where property values declined and investors converted homes into rentals,
which may be correlated with solar system pricing. '4

In an attempt to address this, we include three additional “housing growth™ variables as controls:
the change in single family owner and renter occupied detached and attached building stock, the
change in total housing stock in an area (includes single and multifamily), and the change in total
housing stock that is occupied in an area (includes single and multifamily). We calculated the
housing growth based on differences in housing stock from 2010 to 2014 using the 2006-2010
and 2010-2014 ACS data sets. The results in Table 9 show that our findings generally do not
change for any of eight “market structure” measures when including the housing growth and
disposable income (or “wealth”) controls. Furthermore, the first stage results remain strong and
the F-statistics are sufficiently high.

Table 9. Adding Disposable Income and Housing Growth Controls

(1) (2) ©) (4) (5) (6) (7) (8)

# of Monopoly Monopoly  Monopoly  Monopoly

g‘;’;‘;‘fgz’a"b" HHI (¥PH(') Ins’:a(l)lta . Installers [=1if HHI  [=1 if HHI [=1 if [=1 if
used: (Total) Only) (Total) (TPO (Total) > (TPO Only) single single TPO

: y Only) 0.25] > 0.25] installer] installer]
Concentration  -0.985**  -1.103*  0.075% 0.152*  -0.498*  -1.111* -1.440* -1.081*

(0.485)  (0.565)  (0.040) (0.087) (0.249) (0.674) (0.773) (0.584)

F-Statistic 4337  30.78 30.05 16.24 44.82 8.83 12.24 14.80
No.of 563 563 563 563 563 563 563 563
Observations

13 We thank an anonymous referee for this useful insight and improvement to the paper.
14 For instance, see this news article here: http://www.usnews.com/news/articles/2014/08/27/mix-of-renter-owner-
neighborhoods-increased-between-2000-and-2010.

22

This report is available at no cost from the National Renewable Energy Laboratory at www.nrel.gov/publications.


http://www.usnews.com/news/articles/2014/08/27/mix-of-renter-owner-neighborhoods-increased-between-2000-and-2010
http://www.usnews.com/news/articles/2014/08/27/mix-of-renter-owner-neighborhoods-increased-between-2000-and-2010

Third, it is still possible that the IV is correlated with the error terms. As such, we searched for
additional IVs and use “For-Sale Inventory,” which is provided by Zillow Data (Zillow 2016). It
is the median of weekly for-sale homes within a zip code for a given month (per single family
households within a zip code). Contractors might be less likely to enter areas where ownership
overturn rates are high. The results presented in Table 10 show that our findings hold when using
both IVs, and the first stage results confirm that there are statistically fewer contractors where
there are more houses for sale. The first stage results and F-statistics suggest that both IVs are
consistently strong across the various measures of market structure.

Table 10. Using an Additional IV (“Homes For Sale Inventory”)

(1) (2) ©) (4) () (6) (7) (8)

# of Monopol Monopoly  Monop I:no[llc‘;pi?
. HHI # of "ONOPOW (-1 ifHHI oly[=1 .
Concentration HHI Installers  [=1 if HHI e single
. (TPO Installers (TPO if single
measure used: (Total) (TPO (Total) > . TPO
Only) (Total) Only) > installer .
Only) 0.25] installer
0.25] 1 1
Concentration -1.492*** 1 56-1*** 0.099*** 0.195*** -0.711%** -1.462**  -2.335**  -1.598**
(0.504) (0.521) (0.029) (0.065) (0.250) (0.578) (0.984) (0.625)

F-Statistic 27.08 20.193 27.87 14.22 25.88 7.11 6.51 8.94
No.of 484 484 484 484 484 484 484 484
Observations

Lastly, it is possible that our results are driven by our discount rate assumption. To be sure this is
not true, we show that our findings are robust to various discount rate assumptions (relative to
our main results with the original IV and controls) (Table A7). With a much lower discount rate
than our original 10% baseline assumption, the results are consistent. When we increase the
discount rate, we begin to lose significance in some cases, but such high discount rate
assumptions beyond what we demonstrate in Table A7 are not realistic from the perspective of
the firm. Nonetheless, it is important to note that our findings are just slightly sensitive to higher
discount rate assumptions.

23

This report is available at no cost from the National Renewable Energy Laboratory at www.nrel.gov/publications.



6 Discussion and Conclusions

In this paper, we explore the impact of market structure on prices in the residential solar PV TPO
market in the SDG&E service territory in California. From a theoretical perspective, the sign and
magnitude of the effect of market concentration, or “market structure,” on prices are ambiguous.
Increases in concentration may enable firms to increase markups, but it is also possible that
increases in market share lead firms to lower prices when competing for customers. This
motivated our empirical analysis of the price-concentration relationship in the SDG&E
residential solar PV TPO market.

We take a reduced form approach and attempt to isolate exogenous variation in market structure
by estimating IV regressions. Our analysis shows that residential solar PV prices—as measured
by the net present cost of the contract terms agreed upon between consumers and TPO
providers—in the first years after the emergence of the third party market are higher in more
competitive markets. Across eight measures of market concentration and structure, we find
evidence that TPO contract prices are lower in more concentrated, or less competitive, markets
(defined by census tracts).

The price-concentration relationship has been widely studied in various markets. These
econometric studies are mostly found in the industrial organization literature and the primary
objective is to explore how concentration is related to market power by asking whether firms can
set prices above their marginal costs. Many papers find a positive correlation between market
concentration and prices; however, many of them ignore the endogeneity of market structure,
which biases the results because unobserved shocks to cost and demand could affect both prices
and market structure. On the other hand, some analyses find that there is no evidence of a
positive and significant relationship between prices and concentration.

Our results are contrary to the common assumption that competition leads to lower prices. There
are at least two potential explanations for our findings. First, our results could suggest that firms
are conducting entry deterrence strategies. It is possible that firms are setting low prices that are
below potential competitors’ marginal costs, which could deter entrants and ensure a larger
market share. In other words, firms might be prioritizing growth in the near term with the belief
that larger market share will yield greater profits later on. Similar firm behavior has already been
observed in upstream markets in international module production (Feldman et al. 2016).
Alternatively, Porter (1980) has described firm strategy where, in a competitive environment,
firms seek to differentiate product offerings so as to not compete strictly on price. In the solar
market, this could be observed via touting more efficient or premium panels, or by providing
additional services. Second, there could be a group of dominant firms (with a competitive
fringe), and the dominant firms may occasionally engage in price wars. If this is true, prices
should be lower in more concentrated markets during the price wars (Salinger 1990).

The solar market in California has (at least) one feature that potentially sets it apart from other
markets, especially solar markets in areas outside of California. Under the California Solar
Initiative, any solar system that applied for an incentive was included in a publicly accessible
solar spreadsheet on the California Solar Statistics website (CSI 2016). The spreadsheet includes
biweekly updated information about its zip code, system size, reported costs, and installer name
as well as details of module and inverter models. This information is for all to see, including
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competitors and future customers, and thus one might assume that the level of transparency leads
to greater price pressure and more uniform prices (Austin and Gravelle 2007). However,
transparency does not necessarily lead to price decreases. Installers may fear a race to the bottom
if competing on price and decide to differentiate themselves through quality of service to
maintain business in a market. Second, because installers are more informed about competitors’
activities, they could strategically use the information and become tougher bargainers with
customers (e.g., Albzk et al. 1997). In this market context, however, prices reported for TPO
systems present unreliable indicators because they do often not represent the actual price paid by
customers. This issue may also not be known by all market actors interested in using the
information. It is therefore unclear what the level of transparency could mean for competition
and prices in this market.

Though we have noted several plausible explanations of our findings (entry deterrence, growth
strategies, price wars), future work can demonstrate the validity of the explanations. In part, this
is because the terms of our data agreements prohibit us from identifying prices or strategies of
individual firms. For example, one could use fixed effects for each firm in the data as well as use
interactive effects for the unique services that large solar firms provide as a way of identifying
firm-level strategy. Additional future work could include extending the analysis to include more
recent data or to cover additional markets, especially those outside of California.

This paper adds to a growing emphasis on understanding supply-side factors in scaling up solar
markets in the residential sector. Generally, solar markets have become more competitive over
the same time period that solar technology costs decreased. While solar system hard costs have
come down with the growth of the solar market, our research suggests that the path of cost
development of soft costs (associated with acquisition, transaction, profits, etc.) is more nuanced
in early market development of TPO solar systems. While we are unable to generalize the results
to other regions or to how markets might evolve as solar investment continues to increase, our
findings demonstrate that evolving markets can behave in unexpected ways. The introduction of
solar as a service and the associated repositioning of market actors to establish such business
models and maintain and grow business means that consumers could be vulnerable to market
structure effects. Policymakers can consider these issues when designing markets and have the
data needed to make informed decisions.
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Appendix

Table A-1. Summary Statistics of All Variables

St. No. of

Mean Deviation Min Max Observations
NPC ($/Watt) (10% Discount Rate) $3.22 $0.95 $0.84 $6.41 581
HHI (Total) 0.295 0.253 0.055 1 581
HHI (TPO Only) 0.492 0.333 0.085 1 581
# of Installers (Total) 6.843 4.682 1 30 581
# of Installers (TPO Only) 4.034 3.273 1 19 581
Monopoly [=1 if single installer in 0.088 0283 0 1 581
market]
Monopoly [=1 if single TPO installer 0.269 0.444 0 1 581
in market]
Monopoly [=1 HHI (Total) > 0.25] 0.363 0.481 0 1 581
g/gg;apow [=1if HHI (TPO Only) > 0.661 0.474 0 1 581
Buy American (ARRA indicator) 0.585 0.493 0 1 581
Cumulative installations 3.849 5.345 0.094 68.234 581
Installer experience 25.807 24.603 0.661 109.260 581
!ntegrated [=1 if vertically 0387 0488 0 1 581
integrated]
Single-family house density 311.08 223.691 0.722 1030.594 581
Coastal (indicator) 0.418 0.494 0 1 581
Median income ($1,000s) $92.75 $32.49 $28.04 $201.25 581
% with bachelor’s degree 43.66% 17.74% 5.70% 81.75% 581
Median house value ($1,000s) $539.79 $203.21 $107.10 $1,000.00 581
House size (square feet) 2566 946.76 763 7565 581
Number of bathrooms 2.793 0.898 0.3 6.5 581
Number of bedrooms 3.780 0.865 1 7 581
Built year 1984 16 1925 2012 581
Year 1 estimated solar production 8173 2903 2216 16458 581
More than 1 inverter [=1 if yes] 0.108 0.311 0 1 581
CSl rating 4.752 1.673 1.390 8.70 581
CSl rating squared 25.377 17.078 1.932 75.794 581
CSl rebate (adjusted by ITC and
MACRS) 0.202 0.239 0.073 1.095 581
Percent of households that are 0.725 0162 0.081 0973 581
owned
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Table A-2. Main Instrumental Variable Regression Estimates of the Effect of Number of Installers
(All Installers) on Price

(1) (2) (3) (4) (5) (6) (7)

# of Installers (Total) -0.0004  0.015  0.030*  0.043**  0.044** 0.059**  0.076*
(0.023)  (0.107) (0.017) (0.017)  (0.020)  (0.026)  (0.040)

Module Model FE X X X X X
Installer FE X X X X
System Characteristics X X X
House Characteristics X X X
Demographic Controls X X
Other Controls X
Year*Quarter FE X X X X X X X
No. of Observations 581 581 581 581 581 581 581

Note: Installer FEs are dummies for contractors that hold >5% of market share in our sample. System
characteristics include estimated Y1 solar output, a dummy if the system has more than 1 inverter, CSlI
rating, CSl rating squared, and CSI rebate adjusted for MACRS and ITC. House characteristics include
square footage, number of bathrooms, number of bedrooms, and built year. Demographic controls
include median income, percentage of the population with a bachelor’s degree, and median house value.
Other controls include a dummy equal to one if the installer is vertically integrated, a dummy for ARRA
(BuyAmerican), cumulative number of installations within a tract at the time of adoption, installer
experience with TPOs, housing density by tract, and a dummy for systems that are coastal. Systems
over 10 kW were omitted as well as systems with NPCs greater than $20/kW or less than $0.5/kW. A
10% nominal discount rate is assumed for the NPC calculations. Asterisks denote * p < 0.10, ** p < 0.05,
***p < 0.01. Standard errors clustered by census tract.
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Table A-3. Main Instrumental Variable Regression Estimates of the Effect of Number of Installers
(Installing TPO Only) on Price

(1) (2) (3) (4) (5 (6) (7)

# of Installers (TPO Only) -0.001  0.028  0.056* 0.080** 0.084** 0.120*  0.164*
(0.041) (0.032) (0.032) (0.034) (0.039) (0.057)  (0.098)

Module Model FE X X X X
Installer FE X X X
System Characteristics X X X
House Characteristics X X X
Demographic Controls X X
Other Controls X
Year*Quarter FE X X X X X X X
No. of Observations 581 581 581 581 581 581 581

Note: Installer FEs are dummies for contractors that hold >5% of market share in our sample. System
characteristics include estimated Y1 solar output, a dummy if the system has more than 1 inverter, CSI
rating, CSl rating squared, and CSI rebate adjusted for MACRS and ITC. House characteristics include
square footage, number of bathrooms, number of bedrooms, and built year. Demographic controls
include median income, percentage of the population with a bachelor’s degree, and median house value.
Other controls include a dummy equal to one if the installer is vertically integrated, a dummy for ARRA
(BuyAmerican), cumulative number of installations within a tract at the time of adoption, installer
experience with TPOs, housing density by tract, and a dummy for systems that are coastal. Systems
over 10 kW were omitted as well as systems with NPCs greater than $20/kW or less than $0.5/kW. A
10% nominal discount rate is assumed for the NPC calculations. Asterisks denote * p < 0.10, ** p < 0.05,
***p < 0.01. Standard errors clustered by census tract.
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Table A-4. Main Instrumental Variable Regression Estimates of the Effect of “Monopoly Based on
# of Installations” on Price

(1) (2) (3) 4) (5 (6) (7)

Monopoly [=1 if single
installer in market] 0.008 -0.343  -0.652* -0.917** -0.865** -1.228** -1.547*

(0.528) (0.383) (0.374) (0.377)  (0.397) (0.513)  (0.800)

Module Model FE X X X X
Installer FE X X X
System Characteristics X X X
House Characteristics X X X
Demographic Controls X X
Other Controls X
Year*Quarter FE X X X X X X X
No. of Observations 581 581 581 581 581 581 581

Note: Installer FEs are dummies for contractors that hold >5% of market share in our sample. System
characteristics include estimated Y1 solar output, a dummy if the system has more than 1 inverter, CSI
rating, CSl rating squared, and CSI rebate adjusted for MACRS and ITC. House characteristics include
square footage, number of bathrooms, number of bedrooms, and built year. Demographic controls
include median income, percentage of the population with a bachelor’'s degree, and median house value.
Other controls include a dummy equal to one if the installer is vertically integrated, a dummy for ARRA
(BuyAmerican), cumulative number of installations within a tract at the time of adoption, installer
experience with TPOs, housing density by tract, and a dummy for systems that are coastal. Systems
over 10 kW were omitted as well as systems with NPCs greater than $20/kW or less than $0.5/kW. A
10% nominal discount rate is assumed for the NPC calculations. Asterisks denote * p < 0.10, ** p < 0.05,
*** p < 0.01. Standard errors clustered by census tract.
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Table A-5. Main Instrumental Variable Regression Estimates of the Effect of “Monopoly Based on
# of TPO Installations” on Price

(1) (2) (3) (4) (5 (6) (7)

Monopoly [=1 if single TPO
installer in market] 0.007 -0.277 -0.538* -0.765** -0.738**  -0.919**  -1.015**

(0.406) (0.318) (0.323) (0.335) (0.356)  (0.395)  (0.514)

Module Model FE X X X X
Installer FE X X X
System Characteristics X X X
House Characteristics X X X
Demographic Controls X X
Other Controls X
Year*Quarter FE X X X X X X X
No. of Observations 581 581 581 581 581 581 581

Note: Installer FEs are dummies for contractors that hold >5% of market share in our sample. System
characteristics include estimated Y1 solar output, a dummy if the system has more than 1 inverter, CSI
rating, CSl rating squared, and CSI rebate adjusted for MACRS and ITC. House characteristics include
square footage, number of bathrooms, number of bedrooms, and built year. Demographic controls
include median income, percentage of the population with a bachelor’'s degree, and median house value.
Other controls include a dummy equal to one if the installer is vertically integrated, a dummy for ARRA
(BuyAmerican), cumulative number of installations within a tract at the time of adoption, installer
experience with TPOs, housing density by tract, and a dummy for systems that are coastal. Systems
over 10 kW were omitted as well as systems with NPCs greater than $20/kW or less than $0.5/kW. A
10% nominal discount rate is assumed for the NPC calculations. Asterisks denote * p < 0.10, ** p < 0.05,
*** p < 0.01. Standard errors clustered by census tract.
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Table A-6. Estimates for Entire Set of Controls for Each Concentration Measure

(1)

()

(3)

(4)

()

(6)

@)

(8)

Concentration measure used:

Concentration

Buy American (ARRA indicator)

Cumulative installations

Installer experience

Integrated [=1 if vertically
integrated]

Single-family house density

Coastal [=1 if yes]

Median income

% with bachelor’s degree

Median house value

House size (sq. ft.)

Number of Bathrooms

Number of Bedrooms

Built year

Y1 Estimated Production

More than 1 inverter [=1 if yes]

CSI Rating

CSI Rating Squared

HHI
(Total)

-1.062**
(0.495)

1.967***
(0.688)

0.006
(0.006)
-0.008**
(0.004)

-1.291*

(0.659)
0.0003

(0.0003)

0.013
(0.104)
0.0004
(0.001)

0.846***
(0.295)

-0.001**

(0.0003)
0.0001
(0.0001)

0.022
(0.052)
0.051
(0.052)
-0.002
(0.003)
0.0002*

(0.0001)

0.192
(0.187)

0.548*+
(0.179)

0.010
(0.012)

HHI
(TPO
Only)

1.104*
(0.535)

1.556**
(0.697)

0.006
(0.006)
-0.008*
(0.004)

-1.213*

(0.629)

0.0002

(0.0003
)
-0.007

(0.102)
0.001
(0.001)
0.600**
(0.257)

0.001**
(0.0003
)
0.0001

(0.0001
)
0.023

(0.055)
0.008
(0.055)
-0.003
(0.003)

0.0001

(0.0001
)
0.139

(0.181)

0.395**
(0.174)

0.0002
(0.011)

# of
Installer
s (Total)

0.076*
(0.040)
-1.860**
(0.672)
0.001
(0.007)
-0.007*
(0.004)
-1.439**

(0.694)
0.0003
(0.0003)
0.086
(0.144)
0.001
(0.002)
0.640**
(0.257)
-0.001**

(0.0004)
0.0001
(0.0001)

0.021
(0.055)
0.047
(0.053)
-0.004
(0.003)
0.0001

(0.0001)

0.103
(0.208)

-0.346*

(0.177)
-0.001
(0.011)
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# of
Installer
s (TPO

Only)

0.164*
(0.098)
-1.229*
(0.703)
0.003
(0.007)
-0.005
(0.004)
-1.211*

(0.663)
0.0005

(0.0004)

0.082
(0.167)
-0.0003
(0.003)
0.569**
(0.263)

-0.001*

(0.0004)
0.0001
(0.0001)
-0.013
(0.059)
0.026
(0.057)
-0.004
(0.003)
0.0001
(0.0001)
0.043
(0.219)
-0.190
(0.245)
-0.008
(0.014)

Monopol
y[=1if
HHI
(Total) >
0.25]

-0.535**
(0.252)
-1.990***
(0.647)

0.002

-0.006
-0.008**

(0.004)
-1.144*

(0.636)
0.0001

(0.0002)

0.020
(0.104)
0.001
(0.001)
0.744***
(0.271)

-0.001**

(0.0003)
0.0001
(0.0001)
0.036
(0.053)
0.059
(0.051)
-0.003
(0.002)
0.0002**
(0.0001)
0.163
(0.184)
-0.468***
(0.167)
-0.0001
(0.011)

Monopol
y [=1if
HHI
(TPO
Only) >
0.25]

-1.168*
(0.697)
-1.305*
(0.670)
0.005
(0.008)
-0.008
(0.005)
-1.595

(0.969)
0.0004

(0.0003)

0.085
(0.166)
0.001
(0.002)
0.648**
(0.305)

-0.001*

(0.0004)
0.0001
(0.0001)
-0.012
(0.065)
0.060
(0.060)
-0.001
(0.003)
0.0002*
(0.0001)
0.138
(0.187)
-0.423*
(0.196)
-0.006
(0.014)

Monopol
y [=1if
single

installer]

-1.547*
(0.800)
-2.168**
(0.826)
0.011
(0.008)
-0.008*
(0.004)
-1.409**

(0.672)
0.0005

(0.0004)

-0.030
(0.104)
-0.0002
(0.002)
1.079**
(0.402)

-0.001*

(0.0003)
0.0001
(0.0001)
0.013
(0.059)
0.060
(0.058)
-0.001
(0.003)
0.0002*
(0.0001)
0.271
(0.208)
-0.674**
(0.229)
0.019
(0.015)

Monopol
y[=1if
single

TPO
installer]

-1.015*
(0.514)
-1.698**
(0.728)
0.006
(0.0086)
-0.009**
(0.004)
-1.157*

(0.596)
0.0002

(0.0003)

-0.038
(0.100)
0.001
(0.001)
0.571*
(0.266)

-0.001*

(0.0004)
0.0001
(0.0001)
0.023
(0.060)
0.003
(0.058)
-0.004
(0.003)
0.0001
(0.0001)
0.182
(0.187)
-0.387**
(0.187)
0.003
(0.012)
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(1)

()

()

(4) ®)

(6)

(@)

(8)

Concentration measure used:

CSI Rebate (adjusted)

No. of Observations

HHI
(Total)

1.306

(1.597)

581

HHI
(TPO
Only)

0.046

(1.564)

581

# of
Installer
s (Total)

0.741
(1.451)

581

por - Monoed
Installer HHI
s (TPO
Only) (Total) >
0.25]
0.265 0.901
(1.525) (1.463)
581 581

Monopol
y [=1if
HHI
(TPO
Only) >
0.25]

0.124
(1.617)

581

Monopol
y [=1if
single

installer]
1.244

(2.059)

581

Monopol
y [=1if
single

TPO
installer]

-0.427
(1.794)

581

Note: Contractor FEs, Module Model FEs, and quarter by year time FEs are included in each regression. Contractor FEs are
dummies for contractors that hold >5% of market share in our sample. System characteristics include estimated Y1 solar output, a
dummy if the system has more than 1 inverter, CSI rating, CSI rating squared, and CSI rebate adjusted for MACRS and ITC. House
characteristics include square footage, number of bathrooms, number of bedrooms, and built year. Demographic controls include
median income, percentage of the population with a bachelor’s degree, and median house value. Other controls include a dummy if
the installer is vertically integrated, a dummy for ARRA (BuyAmerican), cumulative number of installations within a tract at the time
of adoption, installer experience with TPOs, housing density by tract, and a dummy for systems that are coastal. Systems over 10
kW were omitted as well as systems with NPCs greater than $20/kW or less than $0.5/kW. A 10% nominal discount rate is assumed

for the NPC calculations. Asterisks denote * p < 0.10, ** p < 0.05, *** p < 0.01. Standard errors clustered by census tract.
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Table A-7. Sensitivity to Discount Rate Assumption

(1) (2) (3)
5% Nominal 7% Nominal 12% Nominal
Discount Rate Discount Rate Discount Rate
HHI (Total) -2.172** -1.643** -0.773*
(1.009) (0.750) (0.396)
HHI (TPO Only) -2.258** -1.709** -0.804*
(1.079) (0.806) (0.428)
# of Installers (Total) 0.179* 0.135* 0.064*
(0.098) (0.074) (0.038)
# of Installers (TPO Only) 0.335* 0.254* 0.119
(0.196) (0.148) (0.077)
Monopoly [=1 if HHI (Total) > 0.25] -1.095** -0.829** -0.390*
(0.517) (0.384) (0.201)
Monopoly [=1 if HHI (TPO Only) > 0.25] -2.388* -1.807* -0.851
(1.421) (1.064) (0.540)
Monopoly [=1 if single installer in market] -3.166* -2.395** -1.127*
(1.626) (1.215) (0.631)
Monopoly [=1 if single TPO installer in market]  -2.075** -1.571* -0.740*
(1.036) (0.775) (0.409)

Note: There are 582 observations used in each regression. Installer FEs are dummies for contractors that
hold >5% of market share in our sample. System characteristics include estimated Y1 solar output, a
dummy if the system has more than 1 inverter, CSl rating, CSI rating squared, and CSlI rebate adjusted
for MACRS and ITC. House characteristics include square footage, number of bathrooms, number of
bedrooms, and built year. Demographic controls include median income, percentage of the population
with a bachelor’'s degree, and median house value. Other controls include a dummy equal to one if the
installer is vertically integrated, a dummy for ARRA (BuyAmerican), cumulative number of installations
within a tract at the time of adoption, installer experience with TPOs, housing density by tract, and a
dummy for systems that are coastal. Systems over 10 kW were omitted as well as systems with NPCs
greater than $20/kW or less than $0.5/kW. A 10% nominal discount rate is assumed for the NPC
calculations. Asterisks denote * p < 0.10, ** p < 0.05, *** p < 0.01. Standard errors clustered by census
tract.
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Figure A-1. Annual trends in contract net present cost ($/W), HHI score, and number of installers

The data visualized represent the data sample analyzed in this study and not the full set of
market activity.
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