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We examine the adoption of fuel-efficient precalciner kilns in the cement industry using the uni-
verse of adoption decisions in the United States over 1973–2013. We find that cement plants are
more likely to adopt the technology if fuel costs are high, nearby competitors are few, and local
demand conditions are favorable. We relate the findings to the Schumpeterian and induced inno-
vation hypotheses regarding the effects of competition and factor prices. Our results suggest firms
may be most responsive to factor prices under advantageous competitive and demand conditions.

1. Introduction

� The social benefit of technical invention accrues only as it is employed. This obser-
vation has long motivated efforts to understand the market conditions which are most con-
ducive to technology adoption, and innovation more broadly. There appears to be no the-
oretical resolution. For example, the Schumpeterian hypothesis holds that monopolists have
larger incentives to innovate because they can apply the innovation at greater scale (Schum-
peter (1934, 1942)). On the other hand, competition might speed innovation as firms attempt
to preempt each other in a technological race (e.g., Fudenberg and Tirole (1985)). Similarly,
the induced innovation hypothesis holds that an increase in the price of a variable factor of
production encourages innovation which economizes on that factor (Hicks (1932)), but whether
this emerges in general equilibrium depends on the ease with which the variable factors can
substitute for each other (e.g., Acemoglu (2002, 2007)).
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In this article, we examine the adoption of a single technology in the portland cement in-
dustry. The technology in question—the precalciner kiln—improves fuel efficiency and relaxes
capacity constraints. Over four decades, cement plants with precalciners have come to account
for most of the industrial capacity of the United States. The pace of adoption has been uneven,
however, varying spatially and over time. We seek to understand this empirical variation and
characterize the market conditions which have facilitated speedier adoption. We then discuss the
theoretical mechanisms that are most consistent with the empirical results, in order to give a sense
for why precalciner adoption may have proceeded as it has, and the sorts of market environments
likely to exhibit similar adoption patterns.

Much of our contribution derives from the richness of the data, which allows us to assess the
impacts of factor prices, competition, and demand conditions using a single reduced-form model.
This provides a broader set of results than many previous articles have been able to obtain. To il-
lustrate, a number of recent articles find empirical support for the induced innovation hypothesis,
with implications for carbon taxes.1 We corroborate the finding: cement plants are more likely
to adopt precalciner technology if fuel costs are high. Our results also indicate that the most
responsive plants are those best positioned to recoup the sunk costs of technology adoption—in
particular, those facing advantageous competitive and demand conditions. Further, higher fuel
costs are associated not only with technology adoption but also with plant exit. Our results thus
both suggest heterogeneity in firms’ responses to carbon taxes and provide an understanding of
this heterogeneity.2

The cement industry is unusually suitable for our purposes. We observe fully 460 “old” kilns
that could be replaced with precalciner kilns in our data, which span 1973-2013. Of these, 144
actually are replaced with a precalciner kiln, 244 are retired without replacement, and 72 survive
to the end of the sample period. Because transportation costs are large (e.g., Miller and Osborne
(2014)), firms make these technology decisions amid substantial spatial variation in competition
and demand conditions. Further, macroecononomic trends and plant closures create variation in
competition and demand over time, just as fuel price fluctuations affect the cost reductions ob-
tained from precalciner technology. Drawing on institutional details of the industry and a num-
ber of different data sources, we construct quantitative measures of these changes. Thus, we
examine the determinants of technology decisions taking advantage of rich cross-sectional and
time-series variation.

We focus on a flexible reduced-form approach because our objective is to explore and un-
derstand the determinants of technology adoption and kiln retirement without imposing strong
a priori restrictions.3 We develop an empirical model based on a two-stage game in which
plants first determine whether to adopt precalciner technology, maintain their incumbent kiln,
or retire their incumbent kiln, and then compete in prices or quantities. We derive multinomial
probit regression equations that can be taken to the data. Four independent variables emerge
from an analysis of Cournot competition as important determinants: fuel costs, the number of
nearby competitors, local demand conditions, and capacity utilization. We address the endogene-
ity of competition using a control function approach (Rivers and Vuong (1988)). The stochastic
properties of the unobserved error term affect the validity of candidate instruments, so we explore
a number of alternative identifying assumptions.

1 For example, see Newell, Jaffe and Stavins (1999), Popp (2002), Linn (2008), Hanlon (2015), and Aghion, Deche-
zlepretre, Hemous, Martin and Reenen (2016).

2 Van Oss and Padovani (2003) estimate that cement production accounts for roughly 5% of global anthropogenic
CO2 emissions. According to the most recent Minerals Yearbook of the United States Geological Survey (USGS), 84.7
million metric tonnes of cement were produced in the United States in 2016.

3 The main advantage of a more structural approach derives from the ability to support counterfactual simulations.
However, counterfactual simulations can be computationally impossible with large state spaces. Given current method-
ologies, it would be difficult to (i) allow for both technology adoption and kiln retirement and (ii) account for the spatial
differentiation observed in the data.

C© The RAND Corporation 2021.
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Our main findings indicate that the likelihood of precalciner adoption increases with fuel
costs, the strength of local demand conditions, and capacity utilization, but decreases with the
number of nearby competitors. These coefficients are statistically significant and robust across a
range of specifications. We also find that kiln retirement increases with fuel costs, decreases with
the strength of demand conditions, and increases with competition. The coefficients we obtain are
also large in magnitude. For example, a 1% increase in fuel costs raises the adoption probability
by 1.82% each year, which accumulates to 16.73% if projected over ten years. Cement plants
benefiting from advantageous demand and competitive conditions appear to be more responsive
to fuel costs.

We discuss the theoretical mechanisms that are consistent with these reduced-form re-
sults. Acemoglu (2002, 2007) shows that higher prices on a variable factor lead firms to adopt
efficiency-improving technology adoption if substitutability among the variable factors is low,
as is the case with cement. We expect our fuel cost results would generalize to other settings
with low factor substitutability. Regarding demand and competition, one mechanism rationalizes
both results: the benefits of cost-reducing technology increase with plant output (e.g., Gilbert
(2006)). We therefore suspect that having stronger demand and weaker competition encourages
technology adoption because it increases equilibrium output, consistent with the Schumpeterian
hypothesis on competition and innovation. Other mechanisms, such as preemption with adoption
and strategic delay with retirement, might also affect technology choices, but are not evident
from the regression results. An understanding of the mechanisms is important for policy pre-
scription. To illustrate, we explain why mergers may diminish adoption incentives even as they
reduce competition.

Our research builds on a large empirical literature that uses reduced-form techniques to
examine the determinants of technology adoption, including the aforementioned induced inno-
vation articles. Earlier research focused more on the role of market concentration and firm size
(e.g., Oster (1982); Hannan and McDowell (1984); Rose and Joskow (1990); Karshenas and
Stoneman (1993); Colombo and Mosconi (1995)). The results on concentration are mixed, per-
haps because modern econometric techniques often are not employed to establish causality, or
because mechanisms differ across markets and technologies. More robust support is found for
larger firms being more likely to adopt new technology—consistent with our conjecture that
demand and competition matter in the cement industry because they affect equilibrium output.
Relative to this literature overall, our research is distinguished by the richness of the empirical
setting, which allows for a more complete analysis.

An even larger—and now mostly inactive—empirical literature explores the relationships
between innovation, firm size, and market concentration, using variation across industries to sup-
port regression analysis. Indeed, Aghion and Tirole (1994) refer to the Schumpeterian hypothesis
as the second most tested relationship in industrial organization.4 The literature is subject to
critiques related to measurement and endogeneity. Rather than detail these at length, we refer
readers to the many useful literature reviews (e.g., Kamien and Schwartz (1982); Baldwin and
Scott (1987); Cohen and Levin (1989); Cohen (1995); Gilbert (2006); and Cohen (2010)). One
benefit of focusing on technology adoption in a single industry is that many of the critiques can
be addressed.

Our reduced-form approach complements research which applies structural methodologies
to study dynamic firm choices. Consider Fowlie, Reguant and Ryan (2016), who estimate a model
of the cement industry in which plants make capacity and exit decisions.5 Simulations indicate
that market-based regulation of carbon (e.g., carbon taxes) would induce exit and capacity re-
ductions, and that regulatory design affects the magnitudes of these effects. These are the sorts

4 The price-concentration relationship is more tested.
5 A number of other recent articles that use structural models to study questions about innovation and technology

adoption include interpret the data (e.g., Goettler and Gordon (2011); Igami (2017); Igami and Uetake (2019); Langer
and Lemoine (2018); Caoui (2019)).

C© The RAND Corporation 2021.
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TABLE 1 Kiln Technology over 1973-2013

Wet Long Dry Dry with Dry with Total Total Total
Year Kilns Kilns Preheater Precalciner Kilns Plants Capacity

1973 249 157 23 0 429 159 76.67
1978 201 111 42 2 356 151 79.85
1983 121 90 36 24 271 132 79.79
1988 96 70 35 26 227 116 75.47
1993 72 65 38 27 202 107 74.50
1998 67 63 34 31 195 106 76.79
2003 53 49 38 45 185 106 90.88
2008 45 31 32 56 164 103 96.00
2013 19 26 29 66 140 95 98.45

Note: The table shows data at five-year snapshots spanning 1973–2013. Kiln counts are provided separately for each
of the four production technologies: wet kiln, long dry kilns, dry kilns with preheaters, and dry kilns with precalciners.
Total capacity is in millions of metric tonnes. The data are for the contiguous U.S. and are obtained from the PCA Plant
Information Survey.

of nuanced results that structural methodologies are uniquely able to deliver. However, as is
common with structural research, a number of simplifying assumptions are maintained to re-
duce computational burden. From our perspective, one important simplification is that the model
does not incorporate efficiency-improving technology adoption, a margin of adjustment that our
reduced-form regressions reveal as important. The reduced-form approach allows us to quantify
the impact of a number of different drivers of adoption without imposing strong restrictions on
firm behavior; moreover, our findings may be helpful in motivating future structural research
which could incorporate technology adoption.

The article proceeds as follows. We provide some background on the portland cement in-
dustry in Section 2, and also detail our data sources. We describe the empirical model and discuss
identification in Section 3. We then define the regressors and instruments in Section 4, and pro-
vide the empirical results in Section 5. Finally, Section 6 discusses the theoretical mechanisms
that are consistent with the empirical results, and Section 7 concludes.

2. The Portland cement industry

� Institutional details. Portland cement is a finely ground dust that forms concrete when
mixed with water and coarse aggregates such as sand and stone. Our empirical focus is on the
large rotary kilns used in production and, in particular, the adoption of precalciner kilns, which
reduce the energy requirement of production by 25–35%. Precalciner technology allows plants
to preheat raw materials—predominantly limestone—using the exhaust gases of the kiln and
heat from a supplementary combustion chamber. As this technology speeds chemical reactions,
the rotary kiln must be shorter in length. Cement producers outsource kiln design to one of
several industrial architecture firms with expertise in cement. Installation is not demanding, and
many industrial construction firms can manage the steel plates, refractory linings, and duct work.
Nonetheless, design and installation costs are large: publicly available estimates place the total
cost of building a modern cement plant at around $800 million.6

Table 1 tracks the kiln technologies used by cement plants in five-year increments over the
sample period. In 1973, the first year of the sample, nearly all plants use inefficient wet and long

6 The European cement association, CEMBUREAU, places construction costs for a one million metric tonne plant
at around three years of revenue and estimates annual total costs of around $200 million. A (2011) study by The Carbon
War Room, an environmental action group, places profit margins at 33% given a per-tonne price of $100. Combining
this information, our estimate is calculated as $200 × 1.33 × 3 = $798 ≈ $800 million. See http://www.cembureau.be/
about-cement/cement-industry-main-characteristics for the CEMBUREAU estimate.

C© The RAND Corporation 2021.
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TABLE 2 Fuel Costs per Metric Tonne of Cement

Wet Long Dry Dry with Dry with Average
Year Kilns Kilns Preheater Precalciner Price

1973 18.99 16.41 13.30 · 85.59
1978 36.42 31.13 24.56 23.35 110.25
1983 28.84 23.63 18.06 16.78 94.41
1988 19.81 15.91 13.28 12.41 79.78
1993 15.35 12.66 9.86 9.77 77.97
1998 13.50 11.24 8.75 8.39 98.13
2003 12.94 11.26 8.76 8.40 87.53
2008 22.81 19.85 15.45 14.81 105.55
2013 25.70 22.36 17.40 16.83 89.93

Notes: The table provides average fuel costs by kiln technology and the national average price of cement. Fuel costs are
based on authors’ calculations as detailed in Appendix A. Prices are obtained from the USGS Minerals Yearbook. All
statistics are in real 2010 dollars per metric tonne of cement output.

dry kilns.7 A few plants utilize preheater technology, which recycles exhaust gases without a
supplementary combustion chamber, but no plant uses precalciners. The adoption of precalciner
kilns plays out gradually over the ensuing years and, by 2013, precalciner kilns account for 74%
of industry capacity. The number of wet kilns decreases from 249 to 19 and the number of long
dry kilns decreases from 157 to 26.8 The capacity of precalciners typically is much greater than
that of wet and long dry kilns. Thus, even as the total number of kilns falls from 429 to 140 over
the sample period, the total industry capacity increases from 76.67 to 98.45 million metric tonnes.

Table 2 provides average fuel costs among kilns in each technology class. Statistics are
again reported at five-year increments over the sample period. Fuel costs depend on the price of
the primary fossil fuel (typically coal or natural gas) and the efficiency of the kiln; we provide
details on measurement in Appendix A. Comparing across columns, fuel costs of precalciner
kilns are low relative to those of wet kilns and long dry kilns. Within each column, fuel costs are
somewhat lower in the 1990s due to favorable fossil fuel prices. The final column provides the
national average price of cement: depending on the year and kiln technology, fuel costs account
for between 8 and 33% of revenues.

Transportation costs play an important role in the industry. Cement is typically transported
by truck to ready-mix concrete plants and large construction sites, and these associated costs
generally account for a sizable portion of purchasers’ total expenditures. Recently published
structural models either incorporate these costs explicitly (e.g., Miller and Osborne (2014)) or
divide plants and consumers into distinct local markets (e.g., Ryan (2012); Fowlie, Reguant and
Ryan (2016)). To gain a sense of the geographic dispersion in the industry, Figure 1 provides a
map of the cement plants in operation in 2010. Some geographic areas (e.g., southern California)
have many plants, while others areas (e.g., South Dakota) have only a single nearby plant. These
differences provide useful cross-sectional variation. Other patterns in the map (e.g., the string of
plants through Texas, Oklahoma, and Nebraska) can be explained by the location of interstate
highways, cities, and rivers.

Finally, as cement is used in construction projects, demand is highly procyclical. Figure 2
illustrates this stylized fact by plotting total production and consumption over 1973-2013. When
macroeconomic conditions are favorable, consumption tends to outstrip production due to do-
mestic capacity constraints; imports make up the differential. Imports are processed at desig-
nated customs districts and most arrive via transoceanic freighter. The enabling technology was

7 Wet kilns process raw materials that are wet-ground into a slurry, while dry kilns process raw materials that
are dry-ground into a powder. The wet process is somewhat more energy intensive because the added moisture must
evaporate. Preheater and precalciner kilns use the dry process.

8 Shuttered kilns typically remain on plant site because they are costly to relocate, but the supporting equipment
can be repurposed profitably.

C© The RAND Corporation 2021.
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FIGURE 1

PORTLAND CEMENT PLANTS IN THE CONTIGUOUS UNITED STATES, IN 2010 [Color figure can be
viewed at wileyonlinelibrary.com]

FIGURE 2

CONSUMPTION AND PRODUCTION IN THE UNITED STATES, 1973-2013 [Color figure can be viewed at
wileyonlinelibrary.com]
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invented in the late 1970s, which explains the tighter connection between consumption and pro-
duction in the early years of the sample. Exports are negligible. Finally, we note that cement
cannot be stored for any meaningful period of time, because the product gradually absorbs mois-
ture which renders it unusable.

� Data sources. We draw on several data sources to construct a panel of kiln-year observa-
tions that span the contiguous United States over 1973-2013. This sample period is determined
by the Portland Cement Association’s (PCA) Plant Information Survey (PIS), which is published

C© The RAND Corporation 2021.
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annually over 1973-2003, semi-annually over 2004-2010, and then again in 2013. The PIS pro-
vides an end-of-year snapshot of the industry that includes the location, owner, and primary fuel
of each cement plant in the U.S. and Canada, as well as the age, capacity and technology class of
each kiln. We impute values in missing years by using data from preceding and following years,
as well as by using information in the Minerals Yearbook of the United States Geological Survey
(USGS), which summarizes an annual cement plant census.

We combine the PIS kiln data with supplementary data that contain kiln locations over 1949-
1973. These data were constructed by backcasting the 1973 PIS using information culled from
the trade publication Pit and Quarry, occasionally printed Pit and Quarry maps of the industry,
and the American Cement Directory.9

We calculate the fuel costs of production based on kiln efficiency and fossil fuel prices,
using the PCA’s U.S. and Canadian Portland Cement Labor-Energy Input Survey to measure
production energy requirements. This survey is published intermittently, and we use the 1974-
1979, 1990, 2000, and 2010 versions. We obtain the average prices of coal, natural gas, and
distillate fuel oil for the industrial sector from the State Energy Database System (SEDS) of the
Energy Information Administration (EIA). We use fossil fuel prices at the national level because
they are more predictive of cement prices (Miller, Osborne and Sheu (2017)), perhaps due to the
measurement error associated with imputing withheld state-level data. We obtain retail gasoline
prices from the EIA’s Monthly Energy Review.10

We use county-level data on construction employment and building permits from the Cen-
sus Bureau to account for demand-side fluctuations.11 Construction employment is part of the
County Business Patterns data. We use NAICS Code 23 and (for earlier years) SIC Code 15.
The data for 1986-2010 are available online.12 The data for 1973-1985 are obtained from the
University of Michigan Data Warehouse. The building permits data are maintained online by
the U.S. Department of Housing and Urban Development.13 We obtain information on the lo-
cation of commercial limestone quarries from the Mineral Resources Data System (MRDS) of
the USGS. Finally, data on cement prices, consumption, and production reported in the previous
subsection are obtained from the USGS Minerals Yearbook. USGS does not provide firm-level
or plant-level data.

3. Empirical model

� Technology choice. The empirical model is based on a two-stage game. In the first stage,
producers determine whether to adopt precalciner technology, maintain their incumbent kiln, or
retire their incumbent kiln (without replacement). In the second stage, producers compete in
prices or quantities, taking the outcomes of the first stage as given. We conceptualize producers
as playing this two-stage game each year, which exploits the annual observations in our panel
data. This framing is analogous to the static games of perfect information estimated in the indus-
trial organization literature (e.g., Bresnahan and Reiss (1991); Berry (1992); Gowrisankaran and
Stavins (2004); Toivanen and Waterson (2005); Perez-Saiz (2015)).14

9 We thank Mark Chicu for making these data available. See Chicu (2012) for details on the data.
10 The gasoline prices include federal and sales taxes, and are for regular leaded gasoline until 1990 and reg-

ular unleaded gasoline thereafter. See http://energy.gov/eere/vehicles/fact-915-march-7-2016-average-historical-annual-
gasoline-pump-price-1929-2015, last accessed April 25, 2016.

11 For both the construction employment and building permits, it is necessary to impute a small number of missing
values. We calculate the average percentage difference between the observed data of each county and the corresponding
state data, and use that together with the state data to fill in the missing values.

12 See http://www.census.gov/econ/cbp/download/ , last accessed April 16, 2014.
13 See http://socds.huduser.org/permits/ , last accessed April 16, 2014.
14 Multiple equilibria may be present in the first stage of the game if, for example, more than one plant would

prefer to adopt, but only if competitors do not adopt. This result can lead to coherency problems in the statistical model.
Ciliberto and Tamer (2009) show that inequality constraints allow for robust inference. We are unsure that the benefits of
such methodological complication justify the costs in our application.

C© The RAND Corporation 2021.
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The first-stage decisions are made to maximize profit in the second-stage. We assume
the change in profit due to precalciner technology adoption for plant j in year t is given
by b(xjt; θ ) − ζt + εA

jt , where b(·) captures the benefit of adoption as a function of data xjt =
[x(1)

jt , x(2)
jt , . . . , x(K )

jt ] and parameters θ , ζt is an adoption cost that may vary over time, and εA
jt

summarizes unobserved factors. If the producer shutters its incumbent kiln then it forgoes some
amount of profit, π (xjt; θ ) + ε0

jt , in the second-stage but obtains the scrap value χt + εS
jt . This

leads to the maximand:

�it =
⎧⎨
⎩

b(xjt; θ ) − ζt + εA
jt if adopt

ε0
jt if maintain

−π (xjt; θ ) + χt + εR
jt if retire

(1)

Any fixed costs can be conceptualized as being absorbed by the (ζt, χt) terms.
The functional forms of b(·) and π (·) depend on the competitive game played in the second

stage. Different structural assumptions have been made in the literature—recent articles have
modeled competition in the cement industry as Cournot in local markets (e.g., Ryan (2012);
Fowlie, Reguant and Ryan (2016)) and Bertrand with spatial differentiation (e.g., Miller and
Osborne (2014)). We employ a reduced-form approach that allows us to characterize empirical
relationships without imposing much additional structure. Taking first-order Taylor series expan-
sions of b(xjt; θ ) and π (xjt; θ ) obtains linearized regression equations:

b∗(xjt; θ ) ≡
∑

k

∂b(x; θ )

∂x(k)

∣∣∣∣
x=x

(x(k)
jt − x̄(k) ) (2)

π ∗(xjt; θ ) ≡
∑

k

∂π (x; θ )

∂x(k)

∣∣∣∣
x=x

(x(k)
jt − x̄(k) ) (3)

in which the derivatives can be interpreted as reduced-form coefficients to be estimated. Un-
der the assumption that (εA, ε0, εS ) have a multivariate normal distribution, the model can be
estimated using multinomial probit regression. As we develop below, control functions can be
incorporated to obtain consistency in the presence of endogenous regressors.

� Specification. The main explanatory variables include measures of fuel costs, nearby com-
petition, local demand, and kiln capacity utilization. Economic intuition and the institutional de-
tails of the industry suggest these are the natural arguments in the b(·; θ ) and π (·; θ ) functions.
To provide a formalization, we examine a model of Cournot competition in which firms produce
an undifferentiated product in some local market. Let there be n = 1, . . . , N firms, of which
some number L ≥ 0 produce with the marginal cost of c1 while the remaining N − L firms with
the marginal cost c0 ≡ c1 + 	c for 	c > 0. The low cost firms can be conceptualized as having
adopted precalciner technology; the high cost firms as having not adopted.

Assume a linear demand curve with unit slope for simplicity. Prices are determined accord-
ing to the schedule P(Q) = a − Q where a > c0, Q = ∑N

n=1 qn, and qn is the quantity of firm n.
Each firm selects its qn to maximize profit conditional on its competitors’ quantities. Standard
solution techniques provide that the equilibrium quantities and markups of adopters (cn = c1)
and non-adopters (cn = c0) are given by:

q∗(cn; a, N ) = P∗ − cn = a − cn + N (c − cn)

(N + 1)
(4)

in which c ≡ Lc1+(N−L)c0
N

is the average marginal cost.
Within the context of the empirical model, the technology choice of any non-adopter de-

pends on: (i) the profit it would earn if it maintains its technology; and (ii) the increase in profit it
would obtain if it adopts precalciner technology. Letting π ∗

0 and π ∗
1 denote the profit of adopters

C© The RAND Corporation 2021.
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and non-adopters in Cournot equilibrium indicates:

π ∗
0 (N, a, c1, c0) =

(
a − c0 + N (c − c0)

(N + 1)

)2

(5)

Defining the benefit of adoption as b ≡ π1 − π0 further indicates:

b(N, a, c1, c0) =
(

1 + N − 1

N + 1

)
q∗ (̂c; a, N )	c (6)

in which ĉ = 1
2
(c0 + c1) is the midpoint between high and low marginal costs. The latter equation

obtains with an application of the envelop theorem and a few lines of algebra.
In the empirical implementation, we define variables to reflect the observed spatial differ-

entiation (e.g., see Figure 1), rather than adhering strictly to Cournot. Nonetheless, equations (5)
and (6) motivate our focus on fuel costs, the number of nearby competitors, and local demand
conditions. In principle, we could seek to differentiate between fuel costs (c0), which is important
in the profit function, and the change in fuel costs (	c), which is important in the benefits func-
tion. Empirically the two variables are highly correlated with each other, and also with average
costs (c), so we focus on fuel costs exclusively. Our analysis of Cournot does not suggest kiln
utilization as an explanatory variable because (for tractability) we used a constant marginal cost
function. Cement kilns have soft capacity constraints which could reasonably be modeled as an
upward-sloping cost functions (e.g., as in Perry and Porter (1985)). With that modification, the
benefit of relaxing constraints via technology adoption is greater with stronger demand. Thus,
we incorporate a measure of kiln capacity utilization in our baseline specifications.

� Identification. We use the two-stage approach of Rivers and Vuong (1988) to account
for potential endogeneity in the number of nearby competitors. In the first stage, the number of
competitors is regressed on the exogenous variables and at least one excluded instrument. The
residuals from the first stage regression are then included in the second stage Probit model, and
act as a control function that absorbs confounding variation and allows for causal inference.15

The stochastic properties of the unobserved terms affect the validity of candidate instru-
ments. We examine three stylized variance structures and discuss implications for identification.
Each incorporates spatial and inter-temporal correlations, which together generate a connection
between the unobserved shocks of a plant and the previous adoption/retirement decisions of its
competitors. To start, and focusing on the adoption equation for simplicity, consider the following
decomposition:

εA
jt − ε0

jt = ξrt + η jt

where η jt is an iid shock and ξrt is a region-specific term that affects all cement plants in the same
geographic region and may exhibit autocorrelation. The precise form of autocorrelation affects
how valid instruments can be constructed. Three leading candidates are as follows:

1. Suppose ξrt = ξr, so that the region-specific effect is constant over time. This process could
arise in practice due to state-level differences in unionization policies or tax rates. Regions
with a larger ξr are more profitable and would feature more producers in equilibrium. Consis-
tent estimates can be obtained with a specification that employs region fixed effects to absorb
the confounding variation; instruments are not required.

2. Suppose instead that the region-specific term evolves according to a finite moving-average
process: ξrt = urt + ∑S

s=1 βsur,t−s, where β1, . . . , βS > 0 and urt is an iid shock. This process
could arise in practice if construction projects take multiple periods to complete, but there
are no spillovers from one construction project to future projects. In such a setting, regions
with positive (negative) shocks induce adoption (retirement), and region fixed effects do not

15 We discuss the econometric details in Appendix B.
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MACHER, MILLER, AND OSBORNE / 87

eliminate the confounding variation. Lags of the exogenous regressors (i.e., past realizations
of demand) are valid instruments. A T−period lag of the endogenous regressor (i.e., the
number of competitors in period t − T ) also is a valid instrument if T > S.

3. Suppose instead that the region-specific term evolves according to the autoregressive pro-
cess: ξrt = ρξr,t−1 + uit , where ρ > 0 captures first-order autocorrelation and uit is a iid shock.
This process could arise in practice if construction projects have positive spillovers on future
projects, so that the effect of a positive region shock diminishes over time but never fully dies
out. Lagged regressors taken from the period t − T are valid instruments if they are orthogo-
nal to ξr,t−T and the entire series of shocks ur,t−T , ur,t−T +1, . . . , ur,t . Thus, lags of the exogenous
regressors are valid instruments but lags of the endogenous regressor are not.

We explore each of these identification strategies in estimation, with a focus on the use of
lagged exogenous and lagged endogenous regressors as instruments. The preceding analysis sug-
gests lagged exogenous regressors allow for consistent estimation under weaker conditions. Still,
lagged endogenous regressors may be preferable to the extent that: (i) they are highly relevant;
and (ii) any imperfection is small (DiTraglia (2016)). However, it is unnecessary to form strong
theoretical priors because similar results are obtained.

4. Variables and summary statistics

� Regressors.

Fuel costs. Cement plants differ in their choice of primary fuels, with the most popular being
bituminous coal and natural gas. To construct a single regressor that is comparable across kilns,
we focus on the fuel cost per metric tonne of cement, which depends on the price of the primary
fuel and kiln efficiency. The specific formula is:

Fuel Cost jt = Primary Fuel Price jt × Energy Requirements jt

where the fuel price is in dollars per mBtu and the energy requirements are in mBtu per metric
tonne of cement. Details on this calculation are provided in Appendix A. We treat fuel prices
as exogenous because the cement industry accounts for only a small fraction of the fossil fuels
consumed in the United States. Consistent with this interpretation, fuel prices do not track the
strongly pro-cyclical pattern of cement consumption.

Competitors. We exploit time series and cross-sectional variation in the number of competitors
that cement plants face. In particular, for each plant, we calculate the number of competing
plants within a distance radius of 400 to obtain an empirical measure. The distance metric is
the multiplicative product of miles and a gasoline price index that equals one in the year 2000.
This radius is motivated by prior findings that 80–90% of cement is trucked less than 200 miles
(Census Bureau (1977); Miller and Osborne (2014)). Thus, plants separated by a distance of more
than 400 are unlikely to compete for many customers (by contrast, plants at a distance of 300
have more customer overlap). We exclude plants owned by the same firm from the competition
measure, though few such plants exist within the radius. In robustness checks, we obtain similar
results with alternative distance radii of 200, 300, and 500.16

Construction. We proxy for local demand using a variable that measures construction activity.
Specifically, we use county-level data on building permits and construction employment, which

16 Our treatment of distance reflects the predominant role of trucking in cement distribution. A fraction of cement is
shipped to terminals by train (6% in 2010) or barge (11% in 2010), and only then is trucked to customers. Some cement
plants may therefore be closer than our metric indicates if, for example, both are located on the same river system.
Straight-line miles are highly correlated with both driving miles and driving time and, consistent with this, previously
published empirical results on the industry are not sensitive to which of these measures is employed (e.g., Miller and
Osborne (2014)).

C© The RAND Corporation 2021.

 17562171, 2021, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/1756-2171.12362 by G

eorgetow
n U

niversity Joseph M
ark L

auinger M
em

orial L
ibrary, W

iley O
nline L

ibrary on [15/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



88 / THE RAND JOURNAL OF ECONOMICS

together explain nearly 90% of the variation in USGS-reported state-level consumption. To ob-
tain a single regressor, we create a county-specific construction variable as a linear combina-
tion of building permits and construction employment. The specific formula, which we estimate
based on the state-level regressions, is 0.0154 × PER + 0.0122 × EMP, where PER and EMP
are building permits and construction employment, respectively. We then sum among counties
within the distance radii of 400 from each cement plant to obtain the regressor. We treat construc-
tion activity as exogenous because cement accounts for a small fraction of total construction ex-
penditures (Syverson (2004)). The units can be interpreted as being in millions of metric tonnes.

Utilization. Direct measures of kiln capacity utilization are unavailable because plant-level and
kiln-level production are not available in the data. Thus, we construct a proxy variable as the ratio
of nearby construction activity (as defined above) to kiln capacity. The proxy variable should be
highly correlated with kiln utilization because aggregate production tracks construction activity
closely. Unlike a direct measure of capacity utilization, the proxy variable does not scale between
zero and one.

Other variables. We control for kiln age and kiln capacity. We also account for imports using
the distance between each plant and the nearest customs district in which foreign cement is
processed. Many customs districts process only small amounts of imports and so are unlikely
to have strong effects on domestic cement plants. We thus rank the customs districts according
to the maximum observed inflow of foreign cement, and construct regressors based on: (i) the
distance to the nearest active customs district among of the largest five; and (ii) the distance to
the nearest active customs district among the largest ten. A complication is that foreign imports
increase over time and differentially across customs districts. We apply the rule-of-thumb that
each customs district becomes active once its inflow reaches 30% of its observed maximum.17

� Instruments. We construct instruments using lags on demand and competition, for which
we have data well before the first precalciner kiln adoption. It is therefore possible to construct
long lags without losing observations in the regression dataset, which is important for two rea-
sons: first, regarding the lagged demand instruments, longer lags provide greater explanatory
power in the first stage because demand itself exhibits autocorrelation;18 and second, assuming
the error term follows an Sth-order MA process, the number of competitors lagged by T years is
a valid instrument if T > S. The success of this identification strategy hinges on the ability of
long lags to predict current cement plant activity. We benefit from the specific institutional detail
that kilns operate for decades—the average kiln is 40 years old at retirement—so that even long
lags have explanatory power. The construction of the lagged regressors that we use as excluded
instruments are thus as follows:

• For construction, we rely on the number of building permits issued in each cement plant’s state,
which is available starting in 1960. We use the maximal 13-year lag.19

• For the number of nearby competitors, we use the locations of cement plants 20 years prior to
the observation in question. Because gasoline prices are plausibly exogenous, we use the same
distance (miles ×gasoline index) radii to calculate both the competition and lagged competition
measures. Consider a kiln observation in the year 2000, when the gasoline index equals one:
instruments are constructed based on the plants in 1980 within 400 miles of the location of this
kiln, even though gasoline prices differ.

17 The purpose of the import control variables is to distinguish those plants that are relatively proximate to large and
active import points. The particular selection criteria are not special and results do not change with alternative choices.
The top five customs districts are: New Orleans, Tampa, Los Angeles, Houston, and San Francisco. The top ten also
include: Detroit, Miami, Seattle, New York City, and Charleston.

18 For example, the building permits instrument we define below has a first stage F -statistic of 29.88 if constructed
using a 13-year lag, but only 3.98 if constructed using a 5-year lag.

19 Data on construction employment and building permits are not available at the county-level for enough years
before 1973 to be useful as an instrument.
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TABLE 3 Number of Observations per Kiln

Order Statistics: Observations

Count Mean Obs. 10% 25% 50% 75% 90%

All Kilns 460 17.81 2 6 12 34 41
Replaced Kilns 144 15.39 2 5 8 28 34
Retired Kilns 244 12.82 2 4 10 16 36
Maintained Kilns 72 37.57 37 41 41 41 41

Notes: The table provides the count of unique non-precalciner kilns in the 1973-2013 data, both together and separately
for (i) kilns replaced with a precalciner kiln, (ii) kilns closed without replacement, and (iii) kilns in operation as the end
of sample period. The table also summarizes the distribution of (annual) observations per kiln.

• We also consider lags of import availability as candidate instruments; imports can be inter-
preted as shifting the residual demand curve for domestic cement. We exploit the relevant
USGS data back to 1958, which allows for 15-year lags on the import regressors. Because we
use a simple cut-off rule to define when ports become active, we supplement with 10-year and
5-year lags.

Finally, we consider the number of commercial limestone quarries located within a 400
distance (miles ×gasoline index) radius.20 The variable summarizes the suitability of the local
geology for limestone extraction: areas with many commercial limestone quarries are likely to be
attractive to cement plants as well. There are situations in which the exclusion restriction would
not hold; the most likely being a correlation in local demand for limestone and cement. However,
our controls for cement demand are highly predictive of consumption and thus may soak up any
confounding variation.

� Summary statistics. Table 3 describes the sample composition. The data include obser-
vations on 460 distinct non-precalciner kilns: 144 are replaced with precalciner technology, 244
are retired without replacement, and 72 survive to the end of the sample. The median kiln is
observed for 12 years. At the median, kilns that are replaced with precalciner technology are ob-
served for eight years, kilns that are retired (without replacement) are observed for ten years, and
kilns that maintain to the end of the sample are observed for 41 years. There is some variation
in the number of observations for surviving kilns due to infrequent greenfield entry. There are
8,192 kiln-year observations in the regression sample.

Table 4 provides summary statistics for the dependent variables (indicators for adoption and
retirement) and the main explanatory variables. The unconditional probabilities of adoption and
retirement, in a single given year, are 1.8% and 3.0%, respectively. The explanatory variables
exhibit a fair amount of variation and the bivariate correlation coefficients are relatively low.21

Appendix Figure C.1 provides decadal histograms for the count of nearby competitors. Cross-
sectional variation is due to dispersion in plant locations, while inter-temporal variation arises
mostly due to gasoline price fluctuations and cement plant exit.22 Finally, Table 5 provides the

20 To any approximation, the geological suitability of an area for limestone extraction is fixed over time, so the
useful variation is in the cross-section. This comports with what is available in the MRDS data, which does not provide
the dates of operation for the commercial limestone quarries.

21 We assess more formally whether collinearity could be problematic by calculating the variance inflation factors
(VIFs) of the regressors. This is done by regressing each regressor k on the other regressors, and calculating V IF (k) =

1
1−R2 . A rule of thumb is that collinearity is a threat to asymptotic consistency if the VIF exceeds ten (Mela and Kopalle
(2002)). None of our regressors has a VIF that exceeds four.

22 We observe only sixteen instances of entry over the 41-year sample period. Mergers occur with some frequency
but may not affect local competition much due to antitrust oversight. Among the sample observations, the average number
of plants within the distance threshold that are owned by the same firm trends down from a bit more than one in the 1970s
to less than 0.20 in the final few years. It is difficult to say more about the effect of mergers on localized market power
without more structure on the competitive game.
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TABLE 4 Summary Statistics

Correlation Coefficients

Variable Mean St. Dev (1) (2) (3) (4) (5) (6) (7)

(1) Adoption 0.018 0.13
(2) Retirement 0.030 0.17 −0.023
(3) Fuel Costs 22.15 9.63 0.067 0.057
(4) Competitors 19.84 12.07 −0.001 0.001 0.025
(5) Construction 12.85 8.85 0.003 −0.043 −0.370 0.713
(6) Utilization 69.75 75.87 0.082 0.074 −0.100 0.551 0.615
(7) Kiln Age 30.87 16.12 0.077 0.095 −0.171 −0.130 0.327 0.021
(8) Kiln Capacity 0.26 0.18 −0.052 −0.096 −0.203 −0.002 0.122 −0.389 −0.381

Notes: The table provides means, standard deviations, and correlation coefficients for the dependent variables (indicators
for precalciner kiln adoption and incumbent kiln retirement) and the main regressors. The regression sample is comprised
of 8,192 kiln-year observations over the period 1973-2013.

TABLE 5 Cross-Sectional Variation in Selected Years

1980 1990

Variable Mean St. Dev 10th 90th Mean St. Dev 10th 90th

Fuel Costs 32.14 9.55 27.81 43.65 15.21 4.04 11.05 16.33
Competitors 11.94 6.72 3.00 22.00 19.13 8.76 6.00 31.00
Construction 6.24 3.53 2.16 12.71 15.12 8.58 5.37 28.98
Utilization 35.65 28.83 9.55 73.29 68.81 55.86 17.52 148.69

2000 2010

Variable Mean St. Dev 10th 90th Mean St. Dev 10th 90th

Fuel Costs 10.86 1.42 8.28 12.21 21.98 3.45 17.56 25.94
Competitors 16.39 7.06 6.00 27.00 7.88 4.54 1.00 14.00
Construction 16.91 8.34 6.24 30.81 6.17 4.11 1.32 12.09
Utilization 72.95 54.33 23.80 140.33 22.57 20.46 4.82 46.26

Notes: The table provides means, standard deviations, 10th percentile, and 90th percentile for selected regressors. Statis-
tics are shown separately for 1980, 1990, 2000, and 2010.

mean, standard deviation, 10th percentile, and 90th percentile for the main regressors in four
selected years: 1980, 1990, 2000, and 2010.

5. Regression results

� Baseline analysis. Table 6 summarizes the results obtained from a multinomial probit
model in which all instruments are included in the first stage regression. To start, a test for
whether the instruments are jointly significant in the first stage generates an F−Statistic of 502.
The residuals from the first stage are included as a regressor in the multinomial probit model,
serving as a control for the endogenous response of competition to the error term (Rivers and
Vuong (1988)). As shown, the first stage residuals produce a positive and significant coefficient
in the precalciner technology adoption equation, consistent with unobserved regional shocks af-
fecting both adoption and the number of competitors. By contrast, there is less statistical support
for endogeneity in the incumbent technology retirement equation.

The coefficient on fuel costs is positive and statistically significant in both the adoption and
shutdown equations. To provide a sense of magnitudes, we calculate the elasticity of the adoption
and retirement probabilities with respect to fuel costs, holding all other regressors at their means.
The regression coefficients imply that a 1% increase in fuel costs raises the probabilities of

C© The RAND Corporation 2021.

 17562171, 2021, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/1756-2171.12362 by G

eorgetow
n U

niversity Joseph M
ark L

auinger M
em

orial L
ibrary, W

iley O
nline L

ibrary on [15/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



MACHER, MILLER, AND OSBORNE / 91

TABLE 6 Baseline Multinomial Probit Analysis

Adoption Retirement

Coefficients and Standard Errors
Fuel Costs 0.045∗∗∗ (0.006) 0.008∗ (0.005)
Competitors −0.049∗∗∗ (0.008) 0.017∗∗ (0.008)
Construction 0.034∗∗∗ (0.012) −0.054∗∗∗ (0.011)
Utilization 0.004∗∗∗ (0.001) 0.003∗∗∗ (0.001)
Kiln Age 0.013∗∗∗ (0.004) 0.013∗∗∗ (0.003)
Kiln Capacity −0.208 (0.373) −1.283∗∗∗ (0.474)
First Stage Residual 0.079∗∗∗ (0.014) −0.019 (0.012)
First Stage F -Statistic 502.53

Mean Elasticities with Respect to:
Fuel Costs 1.822∗∗∗ (0.259) 0.205 (0.181)
Competitors −1.968∗∗∗ (0.348) 0.692∗∗ (0.270)
Construction 1.472∗∗∗ (0.277) −1.022∗∗∗ (0.264)

Notes: The table summarizes results obtained from multinomial probit regressions. The sample is comprised of 8192
kiln-year observations over 1973-2013. All regressions include controls for the distance to active Top 5 and Top 10
customs districts. The first stage instruments include lagged construction, lagged port distance, lagged competition, and
commercial quarries. The mean elasticities with respect to construction incorporate that construction affects adoption and
retirement both directly and through utilization. Standard errors are clustered at the kiln level and shown in parentheses.
Statistical significance at the 10%, 5%, and 1% levels is denoted with *, **, and ***, respectively.

adoption and retirement by 1.82% and 0.21%, respectively, in any given year. The cumulative
effect is substantial: projected over a decade, the results imply that a persistent 1% increase in
fuel costs raises the adoption probability by 16.73% and the retirement probability by 2.10%.
The effects are consistent with higher fuel costs: (i) increasing the benefits of investing in fuel-
efficient technology; and (ii) decreasing the profitability of production.

Next, the coefficient on competition is negative in the adoption equation and positive in the
shutdown equation; the coefficient on construction activity takes the opposite signs. Utilization
has a positive effect on both adoption and retirement. All six coefficients are statistically signif-
icant. In terms of magnitudes, the regression coefficients imply that competition elasticities of
−1.97% for adoption and 0.69% for retirement. Construction affects outcomes both directly and
indirectly through the utilization proxy variables; we obtain elasticities of 1.47% for adoption and
−1.02% for retirement. These effects become economically large when projected over multiple
years. Many of these effects may be generated by a single mechanism: firms may be more likely
to invest in lowering marginal costs and expanding capacity, and less likely to exit, if equilibrium
output is greater.23 We return to a discussion of mechanisms in Section 6.

Figure 3 plots the effect of a one standard deviation increase in fuel costs on adoption proba-
bilities, for different levels of competition (Panel A) and construction activity (Panel B). All other
regressors are held fixed at their mean. The results suggest that plants are more responsive to fuel
costs if they face fewer competitors and advantageous demand conditions. For example, the fuel
cost increase raises the probability that a plant with six nearby competitors (the 10th percentile)
adopts by roughly 2.2% points. This is large relative to the unconditional adoption probability of
1.8%. By contrast, adoption for a plant with 37 nearby competitors (the 90th percentile) is vir-
tually unaffected by fuel costs. These results suggest that the ability to recoup the sunk costs of
technology adoption may play an important role in determining equilibrium response to changes
in fuel costs.

23 The positive coefficient for utilization in the shutdown equation is more difficult to explain. However, given that
the elasticity of shutdown with respect to construction is negative (as expected), we suspect the coefficient is picking up
that smaller kilns are more likely to be retired.
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FIGURE 3

THE EFFECT OF FUEL COSTS ON PRECALCINER ADOPTION [Color figure can be viewed at
wileyonlinelibrary.com]

Notes: The figures plot the change in precalciner adoption probabilities due to a one standard deviation increase in fuel
costs of $9.63. Results are allowed to vary with the number of competitors (Panel A) and local construction activity (Panel
B), incorporating that construction affects adoption both directly and through utilization. Other explanatory variables are
held at their respective means. The shaded regions provide 95% confidence intervals.

� Robustness.

Alternative instrument sets. Table 7 presents multinomial probit results for the technology adop-
tion equation under alternative identifying assumptions. We focus discussion on the effect of the
endogenous regressor—the number of competitors. The relevant coefficient is negative in each
specification and its magnitude at least doubles if instruments are used. The direction of bias
adjustment implies a positive relationship between the number of competitors and unobserved
determinants of adoption. The coefficients on the first stage residuals, which are positive and of-
ten statistically significant, also are consistent with this interpretation. Across columns (iii)-(v),
the mean elasticity of the adoption probability with respect to competition ranges from −2.10 to
−3.19. This degree of consistency helps bolster the validity arguments for the different instru-
ments (Hausman (1978)). In particular, the competition coefficient in column (v) is comparable
to those of the other columns, suggesting that any imperfection in the lagged competition instru-
ment does not affect the results much.24

Alternative specifications. Table 8 presents multinomial probit results for the technology adop-
tion equation obtained under selected alternative specifications. Column (i) redefines the number
of nearby competitors using a distance threshold of 200 (not 400) and finds directionally similar

24 If the 20-year competition lag is an imperfect instrument, in the sense that it is less correlated with the error term
than unlagged competition, then the estimated coefficient provides an upper bound on the population parameter (Nevo
and Rosen (2012)).
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TABLE 7 Precalciner Technology Adoption under Alternative Instrument Sets

Regressor (i) (ii) (iii) (iv) (v) (vi)

Coefficients and Standard Errors
Fuel Costs 0.034∗∗∗ 0.035∗∗∗ 0.056∗∗∗ 0.046∗∗∗ 0.046∗∗∗ 0.056∗∗∗

(0.006) (0.006) (0.013) (0.010) (0.006) (0.020)
Competitors −0.018∗∗∗ −0.006 −0.074∗∗∗ −0.058∗∗∗ −0.052*** −0.087

(0.008) (0.007) (0.033) (0.022) (0.009) (0.057)
Construction 0.010 0.031∗∗∗ 0.074∗∗ 0.047∗∗ 0.037∗∗∗ 0.074

(0.012) (0.011) (0.033) (0.024) (0.012) (0.055)
Utilization 0.003∗∗∗ 0.005∗∗∗ 0.004∗∗∗ 0.004∗∗∗ 0.005∗∗∗

(0.001) (0.001) (0.001) (0.001) (0.002)
First Stage Residual 0.070∗∗ 0.043∗ 0.078∗∗∗ 0.051

(0.034) (0.022) (0.013) (0.047)
Mean Elasticities of Pr(Adoption) with Respect to

Fuel Costs 1.337∗∗∗ 1.504∗∗∗ 2.207∗∗∗ 1.841∗∗∗ 1.906∗∗∗ 2.138∗∗∗

(0.250) (0.248) (0.525) (0.403) (0.263) (0.799)
Competitors −0.749∗∗∗ −0.303 −3.187∗∗ −2.225∗∗∗ −2.100∗∗∗ −2.984

(0.292) (0.269) (1.289) (0.840) (0.378) (2.146)
Construction 0.693∗∗∗ 0.882∗∗∗ 2.414∗∗∗ 1.727∗∗∗ 1.572∗∗∗ 2.298

(0.263) (0.273) (0.930) (0.629) (0.282) (1.518)
Identification Strategy

Region Fixed Effects no yes no no no no
Lagged Construction IV no no yes no no no
Lagged Port Distance IV no no no yes no no
Lagged Competitors IV no no no no yes no
Commercial Quarries IV no no no no no yes
First-Stage F -statistic · · 26.47 10.14 2329.24 15.11

Notes: The table summarizes results obtained from multinomial probit regressions. The sample is comprised of 8,192
kiln-year observations over 1973-2013. All regressions include controls for kiln age, kiln capacity, and the distance to ac-
tive Top 5 and Top 10 customs districts. We implement region fixed effects using Bureau of Economic Analysis economic
regions. Columns (i) and (ii) do not use instruments and therefore we do not provide a first stage F -statistic. Utilization is
excluded from column (ii) because otherwise the objective function is not concave. The mean elasticities with respect to
construction incorporate that construction affect adoption and retirement both directly and through utilization. Standard
errors are clustered at the kiln level and shown in parentheses. Statistical significance at the 10%, 5%, and 1% levels is
denoted with *, **, and ***, respectively.

results. The results are also robust to distance thresholds of 300 and 500. Column (ii) uses two
variables for the number of nearby competitors, with distance thresholds of 400 and 200.25 As
shown, both competition regressors are found to have negative and statistically significant ef-
fects. Note that the total effect of a competitor within a radius of 200 combines the coefficients:
−0.030 − 0.062 = −0.092. Closer competitors thus appear to matter more, consistent with the
role of transportation costs in creating spatial differentiation in the industry.

Column (iii) shows that effects are robust if the competition and demand regressors and
instruments are in logs. Thus, the results do not appear to be driven by decisions in more dense
areas. Column (iv) incorporates a quadratic in competition to explore whether technology adop-
tion is most likely with moderate levels of competition.26 The coefficient on the squared term is
indeed negative, but it is neither statistically significant nor large enough in magnitude to produce
an inverted-U in the range of the data.

Column (v) adds two alternative cost savings measures to the specification, based on fossil
fuel prices five years ahead and behind the year of the observation. The coefficient on the baseline
measure (based on current prices) retains its magnitude and statistical significance. The lead

25 This entails two first stage regressions, and we add to the instrument set a lagged competition variable constructed
with the distance threshold of 200.

26 As competition-squared is endogenous, we add the square of lagged competition to the set of instruments and
implement with two first stage regressions.
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TABLE 8 Precalciner Technology Adoption with Alternative Specifications

Regressor (i) (ii) (iii) (iv) (v) (vi) (vii) (viii)

Fuel Costs 0.040∗∗∗ 0.047∗∗∗ 0.044∗∗∗ 0.048∗∗∗ 0.057∗∗∗ 0.042∗∗∗ 0.044∗∗∗ 0.043∗∗∗

(0.006) (0.008) (0.006) (0.006) (0.009) (0.007) (0.008) (0.006)
Fuel Costs (t + 5) −0.004

(0.006)
Fuel Costs (t − 5) −0.022**

(0.010)
Competitors −0.030∗∗∗ −0.050∗∗∗ −0.064∗∗∗ −0.045∗∗∗ −0.038∗∗∗ −0.040∗∗∗

(0.009) (0.017) (0.010) (0.009) (0.009) (0.009)
Competitors (d < 200) −0.082∗∗∗ −0.062∗∗∗

(0.018) (0.018)
log(Competitors) −0.682∗∗∗

(0.140)
Competitors2 −0.0001

(0.003)
Construction 0.020∗ 0.039∗∗∗ 0.039∗∗∗ 0.025∗ 0.031∗∗ 0.013 0.027∗∗

(0.011) (0.012) (0.012) (0.014) (0.013) (0.013) (0.013)
log(Construction) 0.824∗∗∗

(0.168)
Utilization 0.004∗∗∗ 0.005∗∗∗ 0.004∗∗∗ 0.008∗∗∗ 0.004∗∗∗ 0.004∗∗∗ 0.004∗∗∗

(0.001) (0.001) (0.001) (0.002) (0.001) (0.001) (0.001)
Time Polynomial none none none none none 1st Order 5th Order none
Sample full full full full full full full 1973-2002

Notes: The table summarizes results obtained from multinomial probit regressions for the adoption decision. The full
sample is comprised of 8,192 kiln-year observations over 1973-2013. All regressions include controls for kiln age, kiln
capacity, the distance to active Top 5 and Top 10 customs districts, and the residual(s) from the first stage regression(s).
The first stage regressions include as excluded instruments variables for lagged construction, lagged port distance, lagged
competitors, and commercial limestone quarries. The lagged competition and lagged construction instruments are in logs
in column (ii). The square of lagged competition is used in the first stage regressions of column (iv). There are 7,073 kiln-
year observations in the restricted 1973-2013 sample used in column (viii). Standard errors clustered at the kiln level and
shown in parentheses. Statistical significance at the 10%, 5%, and 1% levels is denoted with *, **, and ***, respectively.

measure has little impact, but the lag measure is statistically significant. There are limits on our
ability to pin down precisely the timing of the adoption decision because short leads and lags are
highly correlated.

Columns (vi) and (vii) add a linear time trend and a fifth-order polynomial in time, respec-
tively. These specifications control for learning-by-doing in precalciner installation or any other
changes that are experienced uniformly across the industry. Column (viii) restricts the sample to
years before 2003, motivated by the observation that the empirical distribution of nearby com-
petitors changes around that time (Figure C.1). In all of these checks the main results are robust.
Finally, our results also are robust to other empirical approaches: we obtain similar results both in
terms of magnitude and statistical significance using binomial logit, the linear probability model,
and a competing risks hazard rate model (Fine and Gray (1999)) in which kiln retirement is
incorporated as an exogenous event.

Robustness of the retirement results. We have thus far focused the robustness analysis on the
determinants of technology adoption. Appendix Tables C.1 and C.2 provide the corresponding
robustness results for repositioning via disinvestment. Considered together, summarized regres-
sions support the baseline findings that kiln retirement (without replacement) increases with the
number of nearby competitors, increases with fuel costs, and decreases with construction activity.
However, the precision with which some of the coefficients are estimated varies with the identi-
fication strategy and specification. We suspect this reflects that incumbent technology retirement
is more difficult to predict than precalciner technology adoption given the available data. For
example, kilns often are retired because the adjacent limestone quarry is exhausted. We do not
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observe the stock of available limestone, so this injects noise in the retirement equation and may
make precise estimates more difficult to obtain.

6. Mechanisms

� Fuel costs and technology adoption. A substantial theoretical literature on induced inno-
vation explores the conditions under which an increase in the price of a variable factor of produc-
tion leads firms to economize on that factor via the adoption of efficiency-improving technology
(e.g., Hicks (1932); Nordhaus (1973); Acemoglu (2002, 2007)). The key insight is that the effect
of a factor price change depends on firms’ abilities to substitute among the factors of production.
For intuition, consider a firm which uses two variable factors in production: labor and materials.
If production is Leontief in the variable factors then labor and materials are used in fixed pro-
portions. In that case, firms benefit more from labor-saving capital investments when wages are
high.27 However, if materials can readily substitute for labor in production, then higher wages can
reduce the benefits of labor-saving capital investments. The reason is that firms shift from labor
to materials in response to higher wages. Thus, less labor is employed and capital investments
that improve labor efficiency affect fewer workers.

In our empirical application, we find that higher fuel costs are associated with higher adop-
tion rates for fuel-efficient precalciner technology. We interpret the finding as consistent with
the theoretical literature on induced innovation because, in cement production, the main variable
inputs (e.g., fuel, limestone, labor) must be used in fixed proportions. Thus, firms cannot substi-
tute from fuel to other variable inputs in response to higher fuel prices, indicating the value of
precalciner technology should be greater when fuel costs are high. We expect the result would
generalize to other settings in which the substitutability of variable factors is weak. Interestingly,
empirical evidence from other settings also suggests that firms adopt more fuel-efficient tech-
nologies and processes when fuel prices are high (Newell, Jaffe and Stavins (1999); Popp (2002);
Linn (2008); Hassler, Krusnell and Olovsson (2011); Aghion, Dechezlepretre, Hemous, Martin
and Reenen (2016)).

� The effects of competition and demand. The empirical results indicate: (i) plants with
more nearby competitors are less likely to adopt precalciner technology and more likely to retire
kilns; and (ii) plants with more construction activity increase adoption and decrease retirement.
We find one particular mechanism compelling because it provides a simple explanation for these
results. Note that the profit effect of a variable cost reduction increases with the amount of output
(Gilbert (2006)).28 Holding demand fixed, firms with fewer competitors may benefit more from
cost-reducing technology because they produce more in equilibrium. Holding competition fixed,
advantageous demand conditions allow firms to benefit more from cost-reducing technology.
With regard to kiln retirement, in standard Bertrand or Cournot models, profit increases with
demand and decreases with the number of competitors, in part due to the effects on equilibrium
output. Thus, the idea that variable cost reductions matter more with greater equilibrium output
can tie together several of our results.

Other mechanisms may operate as well. In some ways, our setting resembles a preemption
game (e.g., Fudenberg and Tirole (1985)). Firms may understand that by adopting precalciner
technology, they reduce the equilibrium output of competitors, which in turn discourages com-
petitor adoption and encourages competitor exit. This potential can create dynamic incentives
that hasten early adoption.29 The theoretical literature establishes that the relationship between

27 As a familiar analogy, the benefit of automobiles with high miles-per-gallon is greatest when gasoline prices are
high, and consumers respond accordingly (e.g., Langer and Miller (2013); Busse, Knittel and Zettelmeyer (2013)).

28 This connection features in a number of articles (e.g., Dasgupta and Stiglitz (1980); Flaherty (1980); Shaked and
Sutton (1987); Klepper (1996)).

29 Similarly, with regard to the kiln retirement decision, Fudenberg and Tirole (1986) examine a “war of attrition”
in which firms strategically delay exit in an attempt to outlast their competitors.
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competition and adoption in preemption games is highly nuanced. Duopoly produces an earlier
first adoption than monopoly, but with more firms the first adoption occurs sometime between
that of duopoly and monopoly (Bouis, Huisman and Kort (2009); Argenziano and Schmidt-
Dengler (2013)). Robust predictions about the timing of adoption after the first appear to be
unavailable (Argenziano and Schmidt-Dengler (2014)). An implication of these results is that it
is difficult to provide empirical evidence that firms act on their preemption incentives which is
theoretically satisfactory. Some empirical relationships may nonetheless be of interest.

To explore the role of previous adoption decisions, we create a second competition variable
based only on plants with precalciners, and add it to the baseline specification. The obtained
coefficient is near zero, but it is imprecisely estimated, so positive or negative effects cannot be
ruled out.30 This exercise is instructive in the difficulty of testing for preemption. For example,
consider a preemption game with three agents. If long run equilibrium supports two adopters, so
that one agent must eventually exit, then an initial adoption may induce a “race” to be the second
adopter. If the long run equilibrium instead supports a single adopter, then an initial adoption dis-
courages all subsequent adoption. Thus, the relationship between previous and current adoption
is theoretically ambiguous.

We can also allow for a nonlinear effect of demand by including both construction activity
and its square, following the hypothesis of Ellison and Ellison (2011) that preemption is most
likely in medium-sized markets. The coefficient on the squared term is indeed negative in the
adoption equation, but it is statistically insignificant and small enough in magnitude that it does
not generate an inverted-U in the range of the data.31 One avenue for research on this question
would be to employ a more structural approach that leans more heavily on using theoretical
restrictions to inform parameter estimates (e.g., as in Chicu (2012)).

Finally, we note that an understanding of the mechanisms can help improve policy prescrip-
tion. For example, consider merger review. Our empirical results might seem to imply that merg-
ers increase adoption incentives by reducing competition. However, if we are correct about the
mechanism behind the results—adoption incentives increase with equilibrium output—then the
opposite is true. The reason is that, in oligopoly models and absent merger efficiencies, merging
firms usually find it profitable to reduce output and raise price. This approach lowers the benefits
of cost-reducing technology, however, because any cost savings would be spread across fewer
units. Thus, a careful interpretation of the results suggests that mergers may reduce adoption
incentives.32

7. Conclusion

� This article contributes an empirical study of technology adoption in the cement industry.
The technology in question—the precalciner kiln—improves the fuel efficiency of production.
The pace of adoption, which started in the early 1970s and continues to this day, has been uneven,
varying both over time and across geographic regions. This affords a distinctly good opportunity
to explore the market environments that facilitate adoption, as it is possible to correlate adoption
with changing cost, demand, and competitive conditions. Our reduced-form analyses suggest
that the likelihood of technology adoption increases with fuel costs and the strength of demand,
and decreases with the number of nearby competitors. These results connect to the underlying

30 There are two endogeneous variables so we run two first stage regressions. We include the 20-year lag on the
precalciner competition variable as instrument in both. The procedure easily passes relevance tests.

31 Similarly, if we add the average age of nearby competitors to the regression, the coefficient we obtain is small and
statistically insignificant. We measure the age of multi-kiln plants using the age of the oldest kiln. If instead we interact
the number of nearby competitors with the age of kiln under observation, then the resulting coefficient is negative and
statistically significant, but small in magnitude.

32 Extending the argument, the adoption incentives of non-merging competitors might increase. We are skeptical
that this would be sufficient to offset the diminished adoption incentives of the merging firms because mergers without
efficiencies tend to reduce total market output.
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mechanisms that give rise to technology adoption, including the induced-innovation hypothesis
of Hicks (1932).

The reduced-form approach we employ does not impose (much) structure on the data, which
has both advantages and disadvantages. The latter suggests paths for future research. For instance,
our results suggest that higher fuel prices (e.g., resulting from a carbon tax) lead some plants to
install fuel-efficient kilns and others to shutter kilns, but do not inform the adjustment path. These
dynamics are both interesting and important: competitive conditions soften as plants shutter kilns,
which makes it easier for remaining plants to justify upfront adoption costs; yet competitive
conditions intensify as plants adopt technology, which may induce other plants to shutter kilns.
How these feedback effects play out in equilibrium remains an intriguing question that could be
addressed by matching the data to a dynamic structural economic model. An additional benefit
of a structural approach would be to allow the examination of welfare effects. We are curious
particularly about how closely the timing of observed adoption aligns with the social optimum.
We hope the research presented here informs future attempts to address these topics.
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