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Location is a critical component of business decisions. A firm’s location 

decision may be influenced not only by market forces, such as the location of input 

suppliers, output processors and competitors, but also by government policies if such 

policies impact their expected profits and are applied non-uniformly across space.  

Likewise, a firm may adjust its business strategy, including opening and closing 

establishments and laying off employees as responses to changes in environmental 

regulations.  In certain polluting industries, location decisions may include choosing 

potential storage sites for geologic carbon sequestration or finding landfills for 

industrial solid waste.  

There is extensive literature discussing the effects of environmental regulations 

or agglomeration economies on firm location decisions but few studies analyze the 

interactive effect of environmental regulations and agglomeration economies across 

regions in the United States. The potential consequences of changes in environmental 

regulations may include loss of polluting establishments, jobs, and income. Geological 

carbon sequestration offers long term storage opportunities to mitigate greenhouse gases 

(GHGs). Incorporating environmental risk into economic assessments of geological 



 

 

sequestration choices is crucial for finding optimal strategies in using alternative carbon 

storage sites with limited capacity. This dissertation consists of three essays that address 

the above issues. 

The first essay examines the interactive effects of air quality regulation and 

agglomeration economies on polluting firms’ location decisions in the United States. 

Newly available annual (1989-2006) county-level manufacturing plant location data for 

the United States on seven pollution intensive manufacturing industries are applied in 

the analysis. Conditional Poisson and negative binomial models are estimated, an 

efficient GMM estimator is also employed to control for endogenous regulatory and 

agglomeration variables. Results indicate that births of pollution intensive 

manufacturers are deterred by stricter environmental regulation; and are attracted by 

local agglomeration economies. County attainment/nonattainment designations can 

impose heterogeneous impacts over space and across industries. The magnitude of the 

regulatory effect depends on the level of local agglomeration. Urbanization economies 

offset the negative impacts of environmental regulation, whereas localization economies 

can reinforce or offset the negative impacts of environmental regulation, depending on 

the industry. 

The second essay analyzes the effect of changes in regulatory environmental 

standards on the total stocks of establishments and local jobs and income Results 

indicate the effects vary across counties in the United States. When the standards were 

raised to 80 percent of the current level, from 2007 to 2009, the affected counties would 

lose a total of 326 establishments, 14,711 jobs with $705 million U.S. dollars of income 

each year. At the national economy level, the impacts of tightening environmental 

regulations are relatively small. 

The third essay constructs a dynamic optimization framework that deals with 

optimal utilization of alternative nonrenewable resource sites (geological formations) 

with possible negative externalities. We apply the model to an optimal usage problem of 

alternative long term CO2 geologic storage sites for carbon.   The storage sites are 

different in terms of capacity and potential leakage after CO2 injection; the problem is 

determining the minimum cost for storing a fixed amount of CO2 (sequestered) within a 



 

 

certain time period. Analytical solutions show the decision rule depends on the discount 

rate, storage capacities, marginal CO2 storage costs, and environmental damage costs 

associated with CO2 leakage from alternative sinks. The framework provides critical 

information about the optimal timing of switching from one resource sequestration site 

to another.  
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Chapter1 General Introduction 
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Location is a critical component of business decisions. (Porter and Rivkin, 2012)  

Entrepreneurs need to decide where to start their business, firms need to decide where 

to build their establishment; labors need to decide whether to relocate for work; 

polluters need to decide where to release the pollution. Polluting firm location decisions 

may be influenced by environmental regulations if such policies impact their expected 

profits and are applied non-uniformly across space. Firms may also adjust their business 

strategy in response to changes in regulations, such as closing establishments, laying off 

employees, and reducing benefits. Therefore, labors may relocate for other job 

opportunities because of a change in regulations. In certain polluting industries, location 

decisions may also include choosing potential storage sites for geologic carbon 

sequestration or finding landfills for industrial solid waste.  

Regulations are established to regulate the behavior of individuals, companies 

and organizations to achieve certain outcomes that may not otherwise occur.  In the 

United States, there are 50 subject matter titles of federal regulations that are updated 

annually, with each representing a major area, including protection for the environment, 

energy and agriculture. (Code of Federal Regulations, title 7,10,40, 2012)  

Environmental regulations, established to control pollution release from 

stationary or mobile sources to protect public health and the environment, may 

influence business location decisions. The “pollution haven” hypothesis posits that 

jurisdictions with less stringent environmental regulations will attract pollution-

intensive industries. (Taylor and Copeland, 2004). A stringent environmental policy, 

such as higher air quality standards, forces firms to allocate resources to pollution 

abatement. Thus, firms tend to incur lower production costs in regions with less 

stringent environmental regulations and thus prefer to locate in these “pollution havens”, 

everything else equal. The Porter hypothesis, on the other hand, posits that strict 

environmental regulations can encourage innovation, which can help improve firms’ 

long-run competitiveness. (Porter, 1991; 1998; 2003) 

Besides the potential influences of environmental regulations, other factors may 

influence business location decisions. Agglomeration economies, which include both 

localization and urbanization economies, are positive externalities that plants may gain 
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by being located close to each other or by being located in highly populated regions 

through three mechanisms– labor market pooling, input sharing, and knowledge 

spillovers. (Marshall, 1890) These three mechanisms have been discussed in literature 

as influential factors in the spatial locations of economic activity as well.   

The interactive effect of environmental regulations and agglomeration 

economies has rarely been discussed in literature. Agglomeration economies may 

reinforce the effects of environmental regulation due to congestion. In a highly 

agglomerated region, due to the concentration of existing business and high pollution 

emission levels, once a strict regulation (e.g. ambient air quality standards) is imposed, 

local manufacturers may expect the regulations to be binding over a long time period 

because the pollution emission levels will take time to drop. Agglomeration economies 

may offset the effects of environmental regulation. In a highly populated region with a 

large number of existing polluting establishments, manufacturers facing stricter policy 

are more likely to expand their technological frontier and achieve better environmental 

and business performance. As discussed in the Porter hypothesis, firms in these regions 

will attract new establishments compared with counties with a lower population and 

fewer existing firms in the same industry.  

Authorized by the Clean Air Act (CAA), the Environmental Protection Agency 

(EPA) has established National Ambient Air Quality Standards (NAAQS) in 1971. The 

standards have been raised three to four times, for each of the air pollutants, since being 

established. The consequences of a tightening regulation, for local regions in particular, 

may include changes in the entry and exit of polluting establishments, jobs, 

unemployment rate, income, taxes, and so forth. Careful evaluation of consequences 

and tradeoffs is needed before adopting a different stringency level of environmental 

regulation.  

Besides common (localized) air pollution mitigation, the reduction of 

atmospheric carbon dioxide concentrations due to our continued global use of fossil fuel 

hydrocarbons remain one of the most challenging problems facing society today. Policy 

design for effectively controlling CO2 emissions is challenging because CO2 is a global 

pollutant; any emission reduction plan from individual countries will produce minimal 
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results. Geological sequestration of CO2 by injection and storage into sub-surface 

formations offers one important option for long-term climate mitigation. Incorporating 

environmental risk into economic assessments of sequestration options is an area that 

requires attention, because of the technology and monitoring uncertainty of post 

injection process, and public concerns about the safety of subsurface storage. Potential 

storage formations in various locations are associated with different geological 

characteristics, technical capacities and economic potential. From a social planner’s 

perspective, there may be more than one storage site available and it may not be cost 

effective to exhaust the storage capacity of one sink before switching to another. What 

factors need to be considered when choosing carbon storage locations?  What would be 

the optimal plan? Would it be better to choose one storage location or two? What 

determines a switching time from injecting carbon into one sink to another? Suppose 

policy makers want to promote geologic storage, what kind of regulatory policy would 

provide the best incentives for energy companies to adopt such mitigation technologies? 

(For example, carbon emission tax, carbon storage subsidy, or emission volume 

control?)   

This dissertation consists of three essays that collectively address issues related 

to location decisions of polluting establishments and carbon storage, while exploring 

major influential factors on decision making. In particular, it estimates the impact of 

environmental regulations and agglomeration economies on polluting firms’ business 

location decisions; the potential tradeoffs from a tightening regulation standards on 

plant births, jobs and income; and the cost effective geologic sequestration strategy over 

alternative storage locations. 

The first essay (Chapter 2), Environmental Regulation, Agglomeration, and 

Firm Location Decisions examines the interactive effects of air quality regulation and 

agglomeration economies on polluting firms’ location decisions in U.S. counties. 

Specifically, this essay explores the following hypotheses: (1) Are new polluting 

establishments more likely to be established in counties with weaker environmental 

regulations and a higher concentration of similar firms? (2) Do agglomeration effects 

reinforce or offset the effect of environmental regulation on firms’ location choices? 
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Newly available annual (1989-2006) county-level manufacturing plant location data for 

United States on seven pollution intensive manufacturing industries are applied. 

Conditional Poisson, negative binomial model are estimated, an efficient GMM 

estimator is also employed to control for endogenous regulatory and agglomeration 

variables. To the best of our knowledge, this is the first study that examines the 

combined effects of environmental regulation and agglomeration economies on 

polluting firms’ location choices at the county level in the United States.  

The second essay (Chapter 3) Effects of Environmental Regulation on Stocks of 

Establishments– A Scenario Analysis estimates the effects of tightening environmental 

regulations on polluting firms’ location decisions and local jobs and income under 

higher regulation standards. The following questions are addressed in this chapter: (1) 

how many more counties would switch from attainment into nonattainment designations 

if the NAAQS were raised in 2007? (2) What would be the changes in stocks of 

establishments for these affected counties?  (3) What would be the changes in local jobs 

and income for these affected counties? Same as in the first essay, seven major SIC two 

digit polluting industries that heavily emit criteria air pollutants under 1977 Clean Air 

Amendments Act are studied. GMM estimation results for stocks of polluting 

establishments are used in the scenario analysis. To the best of our knowledge, this is 

the first study that examines the effects of changes in environmental regulation on 

polluting plants’ location choices as well as the consequences of changes in local jobs 

and income, at the county level in the United States. 

The third essay (Chapter 4) Assessment of Geologic Carbon Sequestration 

Strategies in the Presence of Environmental Externalities answers the following 

question: what would be the optimal strategy of using alternative carbon storage sites 

with limited capacity, given that a certain amount of CO2 needs to be sequestered within 

a fixed period of time? We discuss this problem from the social planners’ perspective 

since they would take into account the potential environmental damage associated with 

geological storage. We assume the storage sinks are located in different areas with 

distinct geological characteristics, so the associated engineering costs and 

environmental risk and damages will also be different. We compare marginal 
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engineering costs and long-term environmental damages costs to find major factors that 

determine the decision plan. Geological formations for sequestration can be considered 

as a non-renewable resource considering the limited capacity (pore space) of a 

particular site. Alternative sites are different in terms of storage capacity and potential 

environmental damage from carbon leakage after injection. We construct a dynamic 

optimization framework that deals with optimal utilization of alternative nonrenewable 

resource sites (geological formations) with possible negative externalities. Hotelling’s 

rule provides an optimal solution for utilizing nonrenewable resources.(Levhari and 

Liviatan, 1977; Gaudet, 2007; Lin and Wagner, 2007)  The framework also provides 

critical information about the optimal timing of switching from one site to another. This 

essay contributes to the literature by incorporating environmental risk and damage into 

the total cost function of geological sequestration process; analyzing geological 

sequestration plans over two storage sites by extending the standard Hotelling model to 

a case where there are multiple resource options with differentiated costs, and each 

option may also cause negative externalities to the environment, i.e., environmental 

damages cost from CO2 migration.  

In the first essay we start with a discussion of factors that influence business 

location decisions, in particular, government regulations for pollution. In the second 

essay we continue the analysis by examining the potential tradeoffs of various scenarios 

of tightening regulatory standards. In essay three, we focus on a particular pollutant 

CO2, emitted from one particular polluting industry, fossil fuel power stations, and 

conceptually analyze major factors that influence location decisions of carbon storage, 

discuss parallel policy design to attract new power stations to be located closer to 

storage opportunities, and  possible trade off consequences for the economy. 
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2.1 Introduction  

Much research has focused on environmental regulation and polluting firms’ 

location decisions and competitiveness in the last two decades. In particular, the 

“pollution haven” hypothesis, the Porter hypothesis, and the new economic geography 

theory shed light on spatial distributions of polluting firms.  

The pollution haven hypothesis posits that jurisdictions with less stringent 

environmental regulations will attract pollution-intensive industries. The premise is 

intuitively appealing; a stringent environmental policy, such as higher technological 

standards, forces firms to allocate resources to pollution abatement. Thus, firms tend to 

incur lower production costs in regions with less stringent environmental regulations 

and would prefer to operate in those “pollution havens”.   

The Porter hypothesis, on the other hand, focus on the effect of environmental 

regulation on firms’ competitiveness. It posits that strict environmental regulations 

promote innovation, which in turn, will improve the long run competitiveness of firms.  

Porter (1991) and Porter and Linde (1995) argue that pollution is a waste of resources. 

Therefore, well designed policies that are stricter but more flexible, such as market 

based instruments could promote innovation which may offset the additional cost of 

compliance. The result is a win-win where both environmental performance and 

business performance are improved.    

The new economic geography theory also sheds light on the spatial distribution 

of polluting firms. The theory focuses on the agglomeration economies in shaping the 

spatial distribution of economic activities. Agglomeration economies are regional 

externalities that are beneficial to firms if they are located near each other, under 

increasing returns to scale environment. Five major forces of agglomeration economies 

are discussed in the literature (Delgado et. al, 2010; Krugman, 1991a, 1991b; Marshall, 

1890; Porter, 1998). First, agglomeration helps the formation of new firms by lowering 

the perceived risks and barriers of plant entry. It provides access to complementary 

products and services, skilled human capital, technology, raw material, resources, 

infrastructure, and a greater variety of lower cost non-tradable specialized inputs. 
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Second, agglomeration enhances innovation-based new entry opportunities. Third, the 

existence of information spillover, or economies of information flows within a clustered 

region give firms a better production function compared to firms that are located 

sparsely. Fourth, entrepreneurs may benefit from the established relationships in local 

markets and the local customer base. Finally, intermediate good producers prefer to be 

located in a region where many firms could become customers for their products.  

Environmental regulation and agglomeration economies may work interactively. 

In a region where polluting firms cluster, manufacturers facing stricter policies are more 

likely to expand their technological frontier and therefore may perform better 

economically and environmentally; such regions would be more attractive to firms than 

regions where polluting industries do not cluster. Put differently, innovation-based new 

entry opportunities in polluting industries might be higher in regions with stringent 

environmental policy because stricter policies encourage existing firms to develop new 

technologies and expand new business. In contrast, manufacturers in regions with weak 

environmental regulation are less motivated to innovate. Therefore, the Porter 

hypothesis is more relevant in regions where firms in a particular industry agglomerate.  

Although there is extensive literature discussing the effects of environmental 

regulations and agglomeration economies on manufacturing location decisions, few 

studies examine the combined influences on the location behavior of firms.  

This chapter presents an empirical analysis that explores the relationship 

between environmental regulation, agglomeration economies, and the birth of new 

polluting establishments.  Specifically, this essay attempts to address the following 

questions: Are new polluting plants more likely to be established in counties with 

weaker environmental regulations and a higher concentration of similar firms? Do 

agglomeration forces reinforce or offset the effect of environmental regulation on firms’ 

location choices? To the best of our knowledge, this is the first study that examines the 

combined effects of environmental regulation and agglomeration economies on 

polluting plants’ location choices at the county level in the United States.  
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A panel data set for U.S. counties from 1989 to 2006 is constructed. New births 

of establishments in each polluting industry, at each county and year1  (from 1989 to 

2009) is regressed over a list of explanatory variables, including proxies of the 

stringencies of environmental regulation enforcement, measurement of agglomeration 

economies, measurement of county human capital, physical infrastructure, and other 

common county attributes. Seven major SIC 2 digit polluting industries that heavily 

emit criteria air pollutants under 1977 Clean Air Amendments Act are studied, 

following List et. al (2003). 

We use annual air pollutant (non) attainment status as a proxy for the 

compliance costs of environmental regulation. Under the 1977 Clean Air Amendments 

Act (CAAA), each county in the United States is classified as either in attainment or 

nonattainment with regard to the national standards for each of those criteria air 

pollutants as measured in July. New polluting plants in nonattainment areas face stricter 

regulations and hence higher compliance costs relative to attainment counties. 

Attainment status for four major criteria air pollutants: carbon monoxide (CO), ozone 

(O3), sulfur dioxide (SO2), and particulate matter (PM10) are included in this study. 

Location quotient index (Feldman 1994) is generated to represent how an industry is 

concentrated within a county over time. County population is used as a proxy for the 

level of urbanization.   

Fixed effects and random effects Poisson and negative binomial models are 

estimated using the panel dataset. GMM estimation is used to control for the potential 

endogenous explanatory variables. 

This chapter finds negative and significant direct effects of county 

nonattainment status on establishment births. The indirect effects of county 

nonattainment status, involving interactions with agglomeration economies, always 

offset the direct effects. The total effects of environmental regulation are heterogeneous 

over space and across industries. The magnitude of the regulatory effect depends on the 

level of local agglomeration. Urbanization economies offset the negative impacts of 

                                                 
1 Annual flows of establishment births by county and industry are from the 

Statistics of U.S. Business (SUSB) program at the U.S. Census Bureau. 
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environmental regulation, whereas localization economies can reinforce or offset the 

negative impacts of environmental regulation, depending on the industry. The Pollution 

haven hypothesis and the Porter hypothesis are each supported from different industries. 

This chapter also finds that county establishment births are attracted by agglomeration 

economies. 
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2.2 Literature Review  

Previous studies on firms’ location decisions can be divided into two main 

categories. One category focuses on the pollution intensive manufacturing industry and 

tests the well-known “Pollution Haven” hypothesis by examining the influence of 

environmental regulations on manufacturing firms’ location choices. Jeppesen et. al 

(2002) and Brunnermeier and Levinson (2004) review earlier literature on the effects of 

environmental regulations and find that methodological considerations play a greater 

role on the significance of the results relative to the scale of the study. Literature based 

on cross-sectional analyses tend to find insignificant effects on manufacturers’ location 

decisions; while studies using panel data to control for unobserved heterogeneity and 

endogeneity tend to find statistically significant results regardless of whether studies 

were at the country, state,  or county level.  For example, Levinson (1996) uses a cross-

sectional conditional logit model to test the effects of environmental regulation on new 

manufacturing firms’ locations for each state in the U.S. from 1982 to 1987 and finds 

that state-level environmental regulation had a negative but insignificant effect on new 

firm births. (See also Bartik, 1988; Duffy-Deno, 1992; McConnell and Schwab, 1990) 

Becker and Henderson (2000) applies a conditional Poisson model to test the effect of 

county-level ambient ozone attainment status on new plant births in U.S. counties from 

1963 to 1992 and find that air quality regulation has a significant negative effect on the 

number of births in nonattainment areas relative to attainment areas. (See also 

Henderson, 1996; Keller and Levinson, 1999; List, 2001; List and McHone, 2000; List 

et al., 2003, 2004) Using a GMM estimator that controls for endogenous explanatory 

variables, Wagner and Timmins (2009) test the “Pollution Haven” hypothesis using 

panel data on inward and outward FDI flows in the German manufacturing sector and 

find robust pollution haven effects for the chemical industry. 

The other category of literature analyzes the influence of agglomeration 

economies on the location of new plant formations. (See Rosenthal and Strange, 2003; 

2004, as examples of analysis on location for new firms) Arauzo-Carod and Viladecans-
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Marsal (2009) analyze the effects of agglomeration economies on new firm’s location 

decisions inside metropolitan areas in Spain for the period from 1992 - 1996. They test 

the influences of two types of agglomeration economies: urbanization economies and 

localization effects, using both Poisson and negative binomial model. Results indicate 

mixed effects for urbanization economies while positive and significant results for 

localization economies. They use population density and the entries of firms within the 

same sector from an earlier period as proxies for both urbanization and localization 

economies, respectively. Alanon-Pardo et.al (2007) incorporates both localization and 

urbanization agglomeration economies when examining the effect of improvements in 

road accessibility on the creation of new establishments for Spanish municipalities. In 

their study, the location quotient developed by Feldman (1994) is adopted to represent 

localization economies.     

Existing literature studying the effects of environmental regulations on polluting 

plants’ location decisions have not carefully considered the influence of agglomeration 

economies. Regional employment, income, or population level is sometimes used as a 

proxy to control for scale effects. Localization and urbanization agglomeration 

economies are seldom distinguished. For example, Gray (1997) tests state level 

pollution regulation influence on manufacturing activity in the US from 1963 to 1987 

and uses population density of each state to control for agglomeration effects. (See also 

Becker and Henderson, 2000; Condliffe and Morgan, 2009; List et al., 2003; Morgan 

and Condliffe, 2009). Condliffe and Morgan (2009) use county population to account 

for labor market economies when testing for effects from the 1977 Clean Air Act 

Amendments (CAAA) on new plant births in U.S. counties and found that population 

has a positive and significant impact on polluting firm births. Their use of population 

serves as a good proxy for urbanization economies but the impact of localization 

economies is not considered. It is hard to argue that localization and urbanization 

economies can be measured by one proxy, since they can have heterogeneous 

influences on plant decisions across various industries. In addition, the potential 

interactive effects of regulation and agglomeration are neglected in the literature. 

Mulatu et. al (2010) present the only study that consider interactive effects when 
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examining firm behavioral impacts of environmental regulation but they did not 

consider the interaction between environmental regulation and agglomeration 

economies. 

Recent work studying the impact of environmental regulations on polluting 

plants’ location decisions generally consider environmental regulation variables as 

exogenous, or empirically checks the possibility for endogeneity by using lagged values 

of attainment/nonattainment status instead of using contemporaneous values and 

running a second set of models for comparison. If the estimated coefficients do not have 

significant differences, they draw the conclusion that endogeneity of the attainment 

status variables is not an issue. (See List and McHone, 2000; Papke, 1991). Fixed 

effects Poisson model is widely used to model count data with zero outcomes, however, 

the overdispersion issue with data and high number of zeros are often times neglected. 

(See Condliffe and Morgan, 2009; List and McHone, 2000; List et al., 2003) Previous 

studies using fixed effects Poisson with annual data have short panels with two to four 

time periods, which may lead to unconvincing results because it takes time for new 

plant formations and for the regional characteristics such as agglomeration economies 

and regulations to be effectively influential. Studies that employ data from the 

Longitudinal Research Database (LRD) have a relatively long time period, but the data 

is only available every five years. Potential issues can result from the temporal 

aggregation of plants births since some plants may be completely omitted from the data 

set if they open and close within a five year window. (see Becker and Henderson, 2000) 

Studies that apply annual data over a longer time frame (10 years) cover only a single 

state as their study area, thus it is limited for any discussion of spatial movement of 

industrial behavior.  (List and McHone, 2000; List et al., 2003)  

We develop a county level panel data on establishment births from 1989 to 2006, 

across all counties in the United States. This data set is collected under the Statistics of 

U.S. Business program within the U.S. Census Bureau. Annual flows of establishment 

births by county and industry (SIC and NAICS) are recorded.  
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2.3 Conceptual Framework  

 

Following Levinson (1996) and McConnell and Schwab (1990), suppose an 

entrepreneur decides to open a new establishment and chooses the location where the 

expected profits are maximized. A variety of county characteristics that may affect the 

expected profits of the new establishment factors are taken into consideration, including 

physical infrastructure, human capital, the stringency of environmental regulation, 

agglomeration economies, and other regional specific attributes. Thus the conceptual 

framework of the new plants formation can be expressed as:  

(2.1) ( , , , )ct ct ct ct ct ctN f E R A Z e  ,             

where  

Nct = number of new plants in county c in year t,  

Ect = A vector of variables measuring physical infrastructure capital and human 

capital in county c in year t,  

Rct = A vector of measures of environmental regulations in county c in year t,  

Act = A vector of measures of agglomeration economies in county c and year t,  

Zct = A vector of factors of other county characteristics in county c in year t, and 

ect is contemporaneous independently and identically distributed error term. The 

mechanisms on how these different regional attributes may affect the expected profits of 

the new establishment are discussed in the next section.  

2.3.1 Natural Endowments, Physical Infrastructure and Human Capital  

 

In general, firms are more willing to locate in regions that contain abundant 

natural resources that are inputs for their production process, all else equal. Regions 

with well-established infrastructure are attractive to new plants since they render 

convenient public services such as roads, water supply, electrical grids, 

telecommunications, and so on. Abundant skilled work force provides the labor 

necessary for production and positive externalities from knowledge spillovers which are 
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useful in reducing production cost.  There are also potential startup entrepreneurs in a 

region. Therefore, new plant births should be positively related to the above factors.  

2.3.2 Environmental Regulations 

 

The pollution haven hypothesis implies that regions with weaker environmental 

regulations may attract pollution-intensive industries. This is because a stricter pollution 

policy such as pollution release standards will cause negative externalities by forcing 

plants to allocate some of their inputs to pollution abatement efforts, which in general 

cost polluting firms more when producing the same quantities of outputs compared with 

firms located in regions with less regulation. Therefore, polluting firms may be less 

profitable being located in counties with more stringent environmental regulations 

relative to areas with weaker policy, all else equal. For new polluting plants, regions 

with stricter regulations for startups may be less favorable compared with other regions.   

However, Porter (1991) and Porter and Linde (1995) suggest that pollution is 

often a waste of resources, therefore well designed stricter but more flexible policies 

such as market-based instruments might motivate innovation so additional compliance 

costs attributed to regulation may be partially or fully offset by the innovation. As a 

result, a win-win situation might occur where both environmental performance and 

business performance are improved. Under this scenario, a stricter regulation might be 

positively correlated with the expected profits of a polluting plant. Whether the 

stringency of environmental regulation is positively or negatively related with new 

entries within a certain region becomes an empirical issue.    

2.3.3 Agglomeration Economies  

 

Agglomeration economies, agglomeration effects, or agglomeration externalities 

in the literature often include urbanization and localization economies. Localization 

economies, or lower production costs for firms operating in a particular industry located 

close to one another, result from the scale of the particular industry. Urban 

agglomeration economies or urbanization economies, offer lower production costs in 

more densely populated regions, from the scale economy of the entire economy, not 
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from a particular industry; they may involve “infrastructure, communications 

technology, input access, diverse industrial base, and markets available in concentrated 

urban areas” (Porter, 1998). Apparently, urbanization economies are independent of 

what industries are agglomerated. Porter (1998) defines the notion of “cluster” as “a 

geographically proximate group of interconnected companies and associated institutions 

in a particular field, linked by commonalities and complementarities”. It includes 

phenomena like urban agglomeration economies, industrial geographic concentrations, 

regional science, social networks, etc. In this study, we focus on measuring the effects 

of agglomeration economies, namely urbanization and localization economies on new 

firm formation, and leave the more general concept “cluster” for future discussion.     

As discussed previously, agglomeration economies are regional externalities that 

are beneficial to firms if they locate near one another, under increasing returns to scale 

environment. Delgado et al. (2010), Krugman (1991a, 1991b), Marshall (1890), and 

Porter (1998) discuss the drivers of agglomeration and we summarize them into the 

following five mechanisms through which plants may receive higher profits due to 

agglomeration.  

First, agglomeration helps new firm formation by lowering the perceived risks 

and barriers of new entry than elsewhere. Within a clustered region, new firms have 

ready access to complementary products and services.  Pooled labor market provides 

skilled human capital and needed technology, which may lower production costs. Raw 

material resources, intermediate inputs, well developed infrastructure of services are 

available at low costs; local financial institutions and investors, who are already familiar 

with the industry are more likely to offer a lower cost of capital. Regions concentrated 

with a particular industry also provide a greater variety and lower costs of non-tradable 

specialized inputs. In addition, for plants located in regions where the particular 

industry is concentrated in, the cost of failure may be lower since the business owner 

and employees may easily find new jobs in the same region and industry, which might 

also increase the expected profits of opening a new plant in those regions.    

Second, agglomeration enhances innovation-based new entry opportunities. 

Local entrepreneurs may develop new technologies and expand new business more 
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rapidly than elsewhere. Employees working within a cluster are more likely to observe 

gaps and opportunities in manufacturing or services and hence start new entries into the 

region as business owners.  

Third, the existence of information spillovers, or economies of information 

flows within a concentrated region may lower the costs of production because they have 

access to the latest technology.  

Fourth, entrepreneurs may benefit from the established relationships in the local 

market and customer base. The increasing home market demand for both quantity and 

variety of differentiated goods is also beneficial to new startups.  We can expect a 

positive relationship between population density and firm start-ups within a region.  

Finally, intermediate good producers would benefit from locating in a region 

with many downstream firms since there will be a high demand for intermediate 

products. In turn, this makes the region attractive for downstream firms as they pursue 

cheaper access to input materials, as is mentioned in the first agglomeration force. 

Therefore, such a positive feedback between location choices of upstream and 

downstream firms attracts both types of firms to locate in the same location. This is 

sometimes referred as co-agglomeration economies, introduced by Ellison and Glaeser 

(1997), as opposed to within industry agglomeration (or localization) economies.   

The first three forces of agglomeration are external economies of scale 

mechanisms that may be beneficial to new firms in terms of input costs; and the last two 

forces are internal economies, providing firms an easy access to markets (Henderson et 

al.,2001). All of the above forces may potentially be beneficial to new entrants of 

business.  

In all, we expect that agglomeration would benefit new plants’ expected profit 

and thus are positively related with new plant formations. Later we develop 

measurements capturing both localization and urbanization economies and estimate 

their marginal effects on plants location decision. A positive estimator would be 

explained as agglomeration economies do benefit new plants, whereas a negative 

estimator might denote the existence of a congestion effect, when highly crowded 

metropolitan areas actually discourage new plants to enter due to local bid up input 
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prices and serious local market competition. Whether those various levels of 

concentration benefit new plant births is an empirical question.    

2.3.4 The Interaction of Agglomeration and Environmental Regulation  

 

Environmental regulation may impose heterogeneous impacts on new plants 

formation across regions, depending on regions’ agglomeration situation. The marginal 

impacts of agglomeration forces and regulation may be interrelated so that the overall 

marginal effect of regulation may come from a direct marginal regulatory effect, plus an 

indirect effect of the interactive impacts of agglomeration economies and regulation.  

Agglomeration economies within a region may offset the effect of 

environmental regulation. If more stringent environmental regulations deters the entry 

of new polluting plants from a certain industry, the magnitude of the marginal impact 

may be dependent on the concentration level of an industry in the particular region. In a 

region where the industry is highly concentrated (or a highly populated region), 

manufacturers facing stricter policy are more likely to expand their technological 

frontier and achieve better environmental and business performance which would attract 

new plants, compared with a less popular region. Entrepreneurs within such regions 

may expect moderate compliance costs from the regulation; given the region is already 

a center of the industry. Therefore, the indirect effect may be positive, and will reduce 

the negative impact of regulation in regions with agglomeration. For highly 

concentrated or populated regions, the positive indirect effect may be large enough to 

offset the negative direct effect so that the overall impact from the regulation becomes 

positive.  

Agglomeration economies within a region may also reinforce the effect of 

environmental regulation. In other words, the interactive effect of regulation and 

agglomeration may be negative so that the impact of regulation is larger in a region 

where a particular industry is concentrated or highly populated. This may be due to the 

potential congestion risk. Once a county that is urbanized with polluting industry 

manufacturers, has been imposed strict regulations for violating the standard, local 

entrepreneurs will expect the costly regulation to be imposed for a long time, since the 
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high pollution emission level will be hard to drop due to the high numbers of existing 

polluting businesses. The county therefore becomes less attractive to entrepreneurs who 

want to expand their business and open more plants in the region. The indirect effect 

may be negative and will enhance the negative impact of regulation in regions with 

agglomeration. 

Therefore, the interactive terms of the stringency of environmental regulation 

and agglomeration economies are added into the model to capture the nonlinearity of 

regulatory and agglomeration effects.  

2.3.5 Other County Characteristics 

 

Unemployment, property tax, and real wage level are spatial attributes that have 

been widely used in existing literature. (see Condliffe and Morgan, 2009; Morgan and 

Condliffe, 2009) Regions with higher unemployment rates may observe additional new 

entries, because as labors are unemployed they are more likely to start their own 

business especially in industries with low capital requirements (Armington and Acs, 

2002). However, the market demand might also decline due to the high unemployment 

rate, which may deter new plant formation. (See Evans and Leighton, 1990; Storey and 

Johnson, 1987). Therefore, the effect of unemployment levels on new business 

formation is ambiguous.  Property tax is suggested to deter new entries since higher tax 

builds up operation costs for plants and lowers the expected profits of the new plant. 

Current wage levels may be negatively correlated with new entries, since the higher the 

current average wage level in a particular region, the higher manufacturers’ expectation 

of labor costs will be for new births, which will lower their expected profit.  

Natural amenities in a region are assumed to be positively related with new 

entries, since they are attractive to entrepreneurs and labors that have strong preferences 

on their working and home environment. In addition, Wu and Gopinath (2008) argue 

that some amenities may also enhance the productivity of certain industries.   
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2.4 Data  

 

2.4.1 Dependent Variable  

 

We develop a county level panel data on establishment births from 1989 to 2006, 

across all counties in United States. This data set is collected under the Statistics of U.S. 

Business (SUSB) program at the U.S. Census Bureau. Annual flows of establishment 

births by county and industry (SIC and NAICS) are recorded.  

The following seven pollution intensive2 manufacturing industries are studied, 

following List and McHone (2000): Paper and Allied Products (SIC 26), Chemicals and 

Allied Products (SIC28), Petroleum and Coal Products (SIC 29), Stone, Clay and Glass 

Products (SIC 32), Primary Metal Industries (SIC 33), Fabricated Metal Products (SIC 

34), and Transportation Equipment (SIC 37). The data set was previously tabulated 

based on SIC, and was tabulated based on NAICS since 1999. Therefore, the 

establishments’ data before 1998 are drawn directly from the County Business Patterns 

dataset, whereas data from 1999 to 2006 are manually matched to SIC codes based on 

the concordance between NAICS and SIC codes3.  

Table 2-B.1 shows emissions of five criteria pollutants (PM2.5 and lead are 

excluded because they are not considered in this study) from each of the particular 

industry sectors in 1995 and 2001. The percentages of each of the sector’s contribution 

to the overall manufacturing industrial emissions are listed below the corresponding 

emission levels. Notice that NO2 and VOC (volatile organic compounds) are included 

because they are the two pollutants that may react and form ozone in the presence of 

sunlight.  Ozone is not emitted directly from any sources.   

                                                 
2 EPA provides the major emission source sectors for all six criteria pollutants. 

See http://www.epa.gov/air/emissions/basic.htm#dataloc.   This study selects the related 

manufacturing industries from the list.  
3 Note that there is no one-to-one correspondence between NAICS and SIC 

codes. We regroup the 6-digit NAICS industries to match 2-digit SIC sectors. As long 

as NAICS industries correspond to one of the seven SIC  industries considered in this 

study, they are included in the group, regardless of whether they correspond other SIC 

sectors or not.  

http://www.epa.gov/air/emissions/basic.htm#dataloc


23 

 

The next section introduces each of the seven industries in terms of their 

production characteristics, pollution emission, historical change and current status of the 

geographical distribution. Figure 2-A.1 - Figure 2-A.14 show the spatial distribution of 

changes in the number of firms from 1989 to 2006 in each industry.  

 

2.4.1.1 Paper and Allied Products (SIC 26) 

 

Paper and allied products is a capital-intensive industry that manufactures two 

categories of products: pulp and paper from raw wood fiber or recycled fiber by pulp 

and paper mills; and specialized paper products such as sanitary paper, writing paper, 

and paperboard boxes, using primary paper combined with other materials by 

downstream conversion facilities. The use of raw wood fiber contributes to about 63 

percent of the total fiber consumption in U.S. paper industries in 1999, and waste paper 

supplied most of the rest. Sources for raw wood fiber are pulpwood and residual chips 

from saw mills, which accounted for 78 percent, and 22 percent of all raw wood fiber 

used for pulp in the U.S. for the year 1999, respectively. Pulpwood is harvested from 

trees that are too small to produce wood products and transported from the forest to 

pulp mills. The maximum distance for transporting pulpwood to pulp mills 

economically is suggested to be 250 miles. 4 This industry, especially the pulp and paper 

mills generate large volumes of wastewater and air pollutants such as odor and 

particulates through the pulping and bleaching stages. Mills with no pulping facilities 

do not cause significant environmental concerns. As shown in Table 2-B.1, it generates 

each of the criteria pollutants at 7 to 19 percent of the total emissions by all industry 

sectors.  

Overall, this industry is widely distributed across the nation (see Figure 2-A.2), 

with at least one establishment in each state. According to the U.S. County Business 

Patterns 1989 data, there were approximately 6,300 establishments with 625,000 

                                                 
4 Wood Pulp and Waste Paper, Industry & Trade Summary, USITC Publication 

3490, Office of Industries, 2002.  
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employees in this industry. The largest five states in terms of number of establishments 

were California (611), New York (592), Illinois (412), Ohio (388), and Texas (359). 

From 1988 to 2006, the size of the industry decreased by 25 percent in terms of total 

number of establishments (4,700), and by 40 percent in terms of total employment 

(381,000). In particular, a vast majority of losses occurred in Washington and the 

northeast U.S. New York lost approximately 300 facilities, which represented half of its 

establishments in 1988. In 2006, the five largest states for this industry are California, 

Ohio, Illinois, New York, and Pennsylvania, and the spatial distribution of the industry 

mainly follows the distribution of highly industrialized areas in U.S. The net change in 

the number of establishments is shown in Figure 2-A.1. 

 

2.4.1.2 Chemicals and Allied Products (SIC 28) 

 

The chemicals and allied products industry involves transforming organic and 

inorganic materials into intermediate or end products through various chemical 

processes. Intermediate products include those for other industrial processes (i.e., acids; 

salts; oxidizing agents, and industrial gases); or manufacturing products (i.e., pigments, 

dry colors, and alkali metals). Consumption based final products include glass, 

fertilizers, and construction materials. The dominant role of this industry is intermediate 

input supplier for downstream manufacturers. Common raw materials in this industry 

are refined petroleum products, wood, natural gas, and coal. Major pollution outputs 

associated with the manufacturing processes are chlorine gas (Cl2) emissions; spent 

acids; freon gas; impurities removed from the input salt or brine; and pollutants 

originating from electrolytic cell materials and other system parts. As to the criteria 

pollutants, this industry is responsible for about a quarter of NO2 and VOC emissions, 

and about 7 to 14 percent of CO, PM10, and SO2 emissions in 2001, similar figures can 

be found for 1995.   

According to the EPA’s Industry Sector Notebooks, the chemical industry is 

composed of a large number of small facilities and is widely distributed across the 
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nation, with at least one establishment located in each of the states (See Figure 2-A.4). 

Key concentration areas include the Great Lakes region, east and west coasts, where 

downstream industrial users are concentrated, and the Gulf of Mexico, where many 

refined petroleum feedstocks are produced. During the period from 1989 to 2006, there 

were about 12,000 establishments in total with 800,000 employees. California is the 

largest state in terms of number of establishments, which has about 1,450 during the 

past 20 years, and other large states include Texas, New Jersey, and Illinois, which each 

has more than 600 establishments. Although the overall industry is relatively stable in 

terms of total number of establishments and employees, during the past 20 years, a great 

majority of counties experienced “lose” or “gain” in the total number of facilities in this 

industry, indicating many cases of firms opening, closing, or relocating might have 

happened, which is partly due to the flexibility of smaller size facilities (see Figure 2-

A.3).  

 

2.4.1.3 Petroleum and Coal Products (SIC 29)  

 

Petroleum and coal products industry uses crude petroleum and coal as major 

raw materials and transforms them into a variety of products.  It includes the following 

subsectors: petroleum refining (2911), Asphalt Paving Mixtures and Blocks (2951); 

Asphalt Felts and Coatings (2952); Lubricating Oils and Greases (2992); Petroleum and 

Coal Products, Not Elsewhere Classified (2999). Among those subsectors, petroleum 

refining (2911), which separates crude petroleum into refined component products 

through a series of cracking, distillation, separation, and conversion processes, is one of 

the leading industries in US and also is a major emitter of criteria pollutants. The 

primary products of this industry include fuels (motor gasoline, diesel, and jet fuel); 

finished nonfuel products (solvents, lubricating oils, and petroleum wax); and chemical 

industry feedstocks. Air pollutants generated by this industry include VOCs, carbon 

monoxide (CO), sulfur oxides (SOx), nitrogen oxides (NOx), particulates, ammonia 

(NH3), hydrogen sulfide (H2S), metals, spent acids, and numerous toxic organic 

compounds. It is the biggest emitter of SO2, which is responsible to 28 percent of the 
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whole emission in 1995, which more than doubled in 2001. It also contributes 6 to 22 

percent of total emission in both 1995 and 2001 for the remaining four of the criteria 

pollutants. 

Relative to the economic significance and the share of the total value of 

shipments in U.S. economy, this industry is composed of a relatively small number of 

establishments and is quite stable from 1988 to 2006. (See Figure 2-A.5) There are 

about 2200 establishments in the U.S., with approximately 110,000 employees. The 

facilities are located either close to the crude oil sources or heavily industrialized region 

where lot of consumers reside, partly due to significant transportation costs associated 

with delivering the raw materials and the finished products. (See Figure 2-A.6) The five 

largest states in terms of the number of establishments in 2006 are California, Texas, 

Ohio, Pennsylvania, and New York, which were the same top five in 1988.   

 

2.4.1.4 Stone, Clay and Glass Products (SIC 32)  

 

Stone, clay and glass products industry primarily generates a range of 

nonmetallic mineral products through modification of earthen materials such as stone 

(e.g., granite, limestone, marble, and slate), crude clay, and sand. Its manufacturing 

products include flat glass and other glass products, cement, structural clay products, 

pottery, concrete and gypsum products, cut stone, abrasive and asbestos products, etc. 

The pollution outputs for this industry are generally particulate matter emissions, certain 

solid wastes, and wastewater. In both 1995 and 2001, this industry is the dominant 

emitter of PM10, and is responsible for a quarter of the total emissions. It pollutes a great 

portion of SO2 and NO2 as well, and has relatively smaller contributions to the 

emissions of SO2 and VOC (below 4 percent).   

This industry is widely dispersed according to U.S. Census County Business 

Patterns data from 1989 to 2006, with the existence of an establishment in every state. 

In 1989, it consists of about 16,000 establishments and 470,000 employees; the five 
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largest states in terms of number of establishments are California (1613), Texas (1128), 

Florida (899), Ohio (875), and Pennsylvania (838). The size of the industry remains 

about the same in 2006 compared with 1988, with approximately 16,300 establishments 

and nearly 380,000 employees, and the five largest states in terms of number of 

establishments are California, Texas, Florida, Pennsylvania, and Ohio. (See Figure 2-

A.8)  

 

2.4.1.5 Primary Metal Industries (SIC 33) 

 

Primary metal industries primarily manufacture iron and steel mill products, 

nonferrous metals such as aluminum, copper, lead, and zinc; as well as a variety of 

metal alloys. Subsectors listed under this industry include: Steel Works, Blast Furnaces, 

and Rolling and Finishing Mills (331), Iron and Steel Foundries (332), Primary and 

Secondary Nonferrous Metal Processing (333-334), Rolling, Drawing, and Extruding of 

Nonferrous Metals; Nonferrous Foundries (335-336), and Miscellaneous Primary Metal 

Products (339). Raw materials include ore, pig or scrap, and other nonmetal chemicals 

for metal alloys production. Air pollution emissions associated with this industry are 

mainly sulfur dioxide (SO2), particulate matter, and carbon monoxide (CO).  In fact, it 

is the dominant CO emitter, which generates more than 50 percent of the total emission 

in both 1995 and 2001. It also emits about a quarter of PM10 emissions. Its SO2 

emission has dropped significantly, contributing from 25 to 8 percent of the total 

emissions from 1995 to 2001. As to NO2 and VOC, this industry is responsible for about 

5 to 11 percent of the total emissions.   

Companies and facilities are geographically sited mainly in the Great Lakes 

region, as well as California and Arizona. (See Figure 2-A.10) In 1989 the industry was 

composed of about 6,700 establishments with 725,000 employees. The five largest 

states in terms of the number of establishments were California (713), Ohio (616), 

Michigan (513), Pennsylvania (512), and Illinois (465). In the last twenty years, this 

industry has shrunk enormously. There are about 4,700 establishments and 378,000 

employees in 20096 according to County Business Patterns data.  In comparison with 
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the data from 1989, there is about 30 percent decrease in terms of the total number of 

facilities (near 4,700), and about 50 percent decrease in the total number of employment 

(near 378,000). The top states California, Ohio and Michigan each lost about 200 

establishments from 1989 to 2006. (See Figure 2-A.9) 

 

2.4.1.6 Fabricated Metal Products (SIC 34) 

 

Fabricated metal products mainly transform metal into other intermediate or 

final products, such as pipes, metal cans, tine goods, knives, broilers, military weapons 

and ammunition, etc. It largely depends on the demand of other industries that need its 

products as inputs, such as commercial construction industry, automobiles and 

electronics industries. Air pollutants include solvents such as trichoroethane, acetone, 

xylene, and metal-ion bearing mists and acid mists. It emits relatively less criteria air 

pollutants compared with other industries. For VOC, it emits about 7 percent of the total 

emissions, and for all other pollutants, it emits less than 1 percent in both 1995 and 

2001.  

This industry is the largest among the seven polluting industries that are 

discussed in this study, in terms of the total number of establishments. There is 

establishment in each of the sates, heavily industrialized regions such as the Great 

Lakes region; the northeast region and California are areas it is mainly built in. There 

were 35,700 establishments with 1,492,000 employees in 1989, and the five largest 

states in terms of the number of establishments were California (4650), Ohio (2500), 

Michigan (2468), Illinois (2440), and New York (2193).  This sector has grown by 60 

percent in terms of the number of facilities, with approximately 57,800 establishments 

in 2006, while the total number of employees remains about the same. In fact, most of 

the states receive many net births of establishments.(See Figure 2-A.11) Texas posts a 

large number of establishments and became the second largest state for this sector, with 

about 4000 facilities in 2006. California has about 2000 more facilities in 2006 
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compared with 1989. The other three states that a great volume of facilities in this 

industry is located in 2006 are Ohio, Illinois, and Michigan. (See Figure 2-A.12) 

 

2.4.1.7 Transportation Equipment (SIC 37)  

 

Transportation equipment is engaged primarily in the production and assembly 

of the transportation (by land, air, and water) related equipment and parts, and is sub-

grouped based on its manufacturing outputs as: Motor and Vehicle Equipment (371), 

Aircraft and Parts (372), Ship and Boat Building and Repairing (373); Railroad 

Equipment (374); Motorcycles, Bicycles, and Parts (375); Guided Missiles and Space 

Vehicles and Parts (376); and Miscellaneous Transportation Equipment (379). The main 

air pollution emission associated with this industry is solvent wastes such as toluene, 

xylene, trichloroethane, etc. It also generates acid or alkaline water wastes and metal 

wastes such as copper, chromium, and nickel. Similar to Fabricated metal products (34), 

this industry produces relatively less criteria air pollutants. It contributes about 7 

percent of the total VOC emissions, and 1 percent of the rest of the criteria pollutants in 

1995 and 2001.  

This industry is widely dispersed across the whole nation, with at least 10 

establishments or more in each of the state in 2006. (See Figure 2-A.14) In 1989, there 

are approximately 10,300 establishments with 1,850,000 employees. The Great Lakes 

region, east and west coast all post a large number of firms. The largest states in terms 

of number of establishments are California (1643), Florida (837), Michigan (689), 

Texas (584), and Indiana (510). The size of the industry has increased by 15 percent, 

with about 12,100 establishments and 1,273,000 employees in 2006. Fewer areas 

experienced a decrease of total number establishments compared with those gained net 

births (See Figure 2-A.13). California (1448), Michigan (945), Florida (646) and Texas 

(747) remain the top five largest states, whereas Ohio replaced Indiana and became one 

of the five largest states.    
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2.4.2 Measurements of Agglomeration Effects 

 

Two measurements are used to capture urbanization and localization economies, 

respectively. Urbanization offers lower production costs and easy access to markets in 

concentrated regions, for all industries, whereas localization provides lower production 

costs for firms from a particular industry.  

County population is used to measure the level of urbanization economies in 

each county, which is widely adopted in the literature. (See Condliffe and Morgan 2009; 

List and McHone, 2000) Figure 2-A.15 and Figure 2-A.16 illustrate county population 

level in 2006 and 2006. It is not distributed evenly across the nation. West, central and 

mountain areas have the lowest population levels. The most heavily populated areas 

include the northeast coastal areas, the great lakes regions, Florida, California and some 

metropolitan regions in the northwest U.S. The annual population data (1989 to 2006) is 

from the Bureau of Economic Analysis. County population is a good proxy for 

urbanization economies since it not only presents the accessibility to labor but also 

serves as an indicator of market size. Population density, on the other hand, does not 

contain any information about market size. Therefore we choose county population as a 

proxy for urbanization economies. 5 

To capture the localization of a particular industry in a county, the location 

quotient index (Feldman 1994) is used, which is defined as follows: 
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where nci is employment in county c and industry i, nc is total employment in county c,   

ni is employment in industry i in the whole nation, nus is total employment in all 

industries and counties.  

                                                 
5  Estimation results using population density instead of population level for 

fabricated metal products industry are also shown in Table 2-B.9. The estimation results 

are similar to the ones obtained from using population level.  
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If an industry is concentrated in a particular county, its location quotient will be 

larger than 100 percent. The larger the index, the larger the share of that county in the 

distribution of the industry than the share of the industry in the whole manufacturing 

sector in the distribution of employment, and vice versa. If an industry is located evenly 

across the nation, its location quotient will be approximately 100 percent.  

Figure 2-A.17 to Figure 2-A.30 present the geographical distribution in location 

quotient index in 2006 and the temporal change from 1989 to 2006, for each of the 

seven industries.  A positive number in location quotient difference (shown as red shade 

on the figures) means the particular industry has been more concentrated in that county 

in 2006 compared with 1989, and a negative number (shown as green shade on the 

figures) indicates less concentration. However, a county with a negative number of 

location quotient differences does not necessarily mean that the particular industry is 

not concentrated in that county, only that the level of concentration has decreased over 

time. Similarly, counties gaining concentration for a certain industry may actually 

compare unfavorably to other areas.    

 

2.4.2.1 Paper and Allied Products (SIC 26) 

 

According to Figure 2-A.17, this industry is mostly concentrated in the 

Northeast, Great Lakes, and the Southeast Region, as well as California and the Pacific 

Northwest in 2006. During the past twenty years, it has been more concentrated in 

California, Northeast and the Great Lakes region. (See Figure 2-A.17)  

 

2.4.2.2 Chemical and Allied Products (SIC 28) 

 

This industry has experienced many changes in terms of firms opening, closing, 

or relocating during the past twenty years. Many counties experience plant exits for this 

industry while a relative few counties saw a increase in concentration of plants. 



32 

 

Therefore this industry may have become more concentrated in fewer regions in 2006 

compared to 1989. (See Figure 2-A.30) Unlike the case for Paper and Allied Products 

(SIC 26), which are mostly concentrated in the eastern U.S., the counties that this 

industry is concentrated in 2009 are dispersed across the nation. (See Figure 2-A.20) 

This may due to the dispersion of downstream manufactures, since this industry is to a 

large extent an intermediate inputs supplier. At the same time, the Gulf coast area is a 

high concentration area for this industry because it is where the upstream refined 

petroleum products suppliers are mostly located. Overall, one can see that the level of 

geographical concentrations for this particular industry has increased substantially in 

2006 compared with 1989; however there is no specific spatial pattern regarding where 

this industry most likely favors and it primarily follows the distribution of highly 

industrialized regions.    

 

2.4.2.3 Petroleum and Coal Products (SIC 29) 

 

As is discussed in the previous section, this industry is relatively stable 

compared with other industries with a small number of eatablishments mostly 

concentrated in California, the northeast region, the Gulf coast and counties in the 

midwest with crude oil resources. Compared with other industries, there are not many 

dynamics during the past twenty years, and areas that became more or less  a 

concentrated region for this industry are California and the north east region. (See 

Figure 2-A.21 and Figure 2-A.22) This is due to the relative large size of the 

establishments that makes the mobility of this industry limited.  

2.4.2.4 Stone, Clay and Glass Products (SIC 32) 

 

This industry is the second largest among the seven industries in terms of total 

number of establishments and the smallest in terms of the size of individual facilities 

(the average number of employees per establishment is about 20-30). During the past 
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twenty years, the size of the whole industry remained about the same in 2006 compared 

with 1989. In terms of total number of establishments, however, the levels of industry 

concentrations in a great vast of counties have changed. (See Figure 2-A.23) In 2006, 

counties that this industry is highly concentrated are in highly industrialized regions 

(See Figure 2-A.24), indicating that agglomeration force is influential to the 

manufacturers’ location decision of this industry.   

 

2.4.2.5 Primary Metal Industries (SIC 33) 

 

According to Figure 2-A.26, this industry is highly concentrated in the Great 

Lakes region, northeast U.S., as well as California in 2006. (See Figure 2-A.26) During 

the past twenty years, counties that gain or lose the level of concentration of this 

industry are also mainly located in the same areas. (See Figure 2-A.25) Compared with 

Paper and Allied Products (SIC 26), which has about the same number of 

establishments in 2006, this industry, is relatively more concentrated in certain regions, 

indicating a stronger spatial preference.   

 

2.4.2.6 Fabricated Metal Products (SIC 34) 

 

According to Figure 2-A.27 and Figure 2-A.28, a vast majority of counties have 

some connections with this industry. A lot of counties have either lost or gained the 

level of concentration during the past 20 years. Similar to the Stone, Clay, and Glass 

Products (SIC 32) industry, this industry is most concentrated in high industrialized 

regions, such as northeast and southeast regions and California. It is the largest industry 

in terms of total number of establishments and its products are mainly intermediate 

inputs for downstream manufacturers, therefore urbanization economies may be 

beneficial to this industry.  
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2.4.2.7 Transportation Equipment (SIC 37) 

 

During the past twenty years, this industry has been more concentrated in the 

coastal areas and the Great Lakes region. (See Figure 2-A.29 and Figure 2-A.30 )  It 

may be because of the growth of subsectors such as Aircraft and Parts (372) and Ship 

and Boat Building and Repairing (373).  

 

2.4.3 Measurements of Environmental Regulations  

 

2.4.3.1 Air Pollutants Designations  

 

This essay uses annual air pollutant attainment/nonattainment status designation 

of counties for each of the four criteria air pollutants: Carbon Monoxide (CO), Ozone 

(O3), Sulfur Dioxide (SO2) and Particulate Matter (PM10) to represent pollution 

regulatory costs for each county.  

As is required by the Clean Air Act (CAA), the EPA determines National 

Ambient Air Quality Standards for six common air pollutants, which are particulate 

matter (PM10 and PM2.5), ground-level ozone (O3), carbon monoxide (CO), sulfur 

dioxide (SO2), nitrogen dioxide (NO2), and lead. Under the 1977 Clean Air 

Amendments Act (CAAA), each county in the United States is classified as meeting 

(attainment) or not meeting (nonattainment) the national standards for each of the 

criteria air pollutants. Testing is conducted annually, in July. Environmental regulations 

can be very costly for plants in nonattainment counties, especially the new births. New 

polluting plants located in counties that are nonattainment are subject under federal 

guidelines to the lowest achievable emission rate (LAER), and are required to install the 

cleanest available technology, regardless of cost. In addition, these new plants can be 

required to purchase pollution offsets from existing plants. However, in attainment 
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counties, only new polluting plants that are class A6 polluters are subject to regulation, 

and they are required to install only the best available control technology (BACT), with 

consideration of costs, and is a weaker standard than LAER. As such, new polluting 

plants in nonattainment areas face stricter regulations relative to attainment counties. 

For existing plants, those in nonattainment counties are subject to reasonably available 

technology (usually retrofitting), whereas those within attainment areas are not subject 

to regulatory control.  

In addition to ozone, which is widely adopted in existing literature7, three more 

pollutants standards are considered to better evaluate the regulation stringency of each 

county.  Two other criteria pollutants (NO2 and Lead) are not considered in this study 

since very few counties are under non-attainment designations over the whole study 

period (1989-2006).  

2.4.3.2 Criteria Pollutants  

 

This section discusses background information about the four criteria pollutants, 

regarding their chemical characteristics, industrial emission sources, and health effects. 

8 

Ozone (O3) is a gas composed of three oxygen atoms. Ozone in the upper 

atmosphere (10 to 30 miles above the earth’s surface) is beneficial, which protects the 

earth’s surface from harmful ultraviolet light. However, ground-level ozone is an air 

pollutant harmful to human health and the environment. Breathing ozone can reduce 

lung function and aggravate bronchitis, emphysema, asthma or other respiratory 

infections. It can trigger various health problems including chest pain, coughing, throat 

irritation, congestion, and may also be associated with premature death, especially in 

                                                 
6 If plants have the potential to emit more than 100 tons per year of a criterion 

pollutant per year, they are considered as class A polluters.  
7 See Becker and Henderson (2000), Condliffe and Morgan (2009), List and 

McHone (2000), List et. al. (2003),  
8 Information is gathered from EPA website: 

http://www.epa.gov/airquality/urbanair/. 

http://www.epa.gov/airquality/urbanair/
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people with heart and lung disease. Ground-level ozone causes damages to vegetation 

and ecosystems, responsible for an estimated $500 million in reduced crop production 

each year in the United States alone. Ozone also harms the ecosystem by damaging the 

foliage of trees and and plants, affecting the landscape of cities, national park, forests, 

and recreational areas. Ground-level ozone is usually created by a chemical reaction 

between oxides of nitrogen (NOx) and volatile organic compounds (VOC) in the 

presence of sunlight, rather than emitted directly into the air. Major sources of NOx and 

VOC include industrial facilities, electric utilities, motor vehicle exhaust, gasoline 

vapors, and chemical solvents.  

The 1-hour ozone standard9 was set up in 1979 before being revoked in 2005. 

The area designations for the more stringent 1997 8-Hour ground-level ozone 

standards10 became effective in 2004.11 

Particulate matter (PM), or particle pollution, is a complex mixture of extremely 

small particles and liquid droplets, made up of a number of components, including acids 

(such as nitrates and sulfates), organic chemicals, metals, and soil or dust particles. 

Based on the sizes, EPA groups the particular matter into two categories, “inhalable 

coarse particles”, or PM10, and "fine particles”, or PM2.5
12. Particulate matter, in solid 

and liquid form, may penetrate deeply into the lungs and blood system, causing or 

aggravating existing serious respiratory disease and heart disease. In particular, particles 

with a diameter of less than 10 micrometers pose the greatest risk. Coarse particles 

(PM10) originate from dust on roads, crushing and grinding operations associated with 

construction.  Fine particles (PM2.5) originate from motor vehicles and emissions from 

                                                 
9 Attainment is defined when the expected number of days per calendar year, 

with maximum hourly average concentration greater than 0.12 ppm, is equal to or less 

than 1. 
10  Attainment is defined when annual fourth-highest daily maximum 8-hour 

concentration, averaged over 3 years is below 0.08 ppm.  
11 See more about the ozone standards designation from 

http://www.epa.gov/ozonedesignations/.  
12 "Inhalable coarse particles," or PM10, are particles larger than 2.5 micrometers 

and smaller than 10 micrometers in diameter, often found near roadways and dusty 

industries. "Fine particles," or PM2.5, are particles 2.5 micrometers in diameter and 

smaller, often found in smoke and haze.  

http://www.epa.gov/ozonedesignations/
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industrial processes. The study examines the PM10 standards designations during (1989 

to 2006). PM2.5 standard designations were not effective until 2004 and thus are not 

included.  

Carbon monoxide (CO) is a gas emitted from combustion processes, and is 

colorless and odorless.  High levels of CO have negative health effects by inhibiting the 

delivery of oxygen to the heart, brain and tissues. At extreme levels of exposure, CO 

may result in death. The majority of CO emissions to ambient air come from 

combustion processes, especially in urban environments.  

Sulfur dioxide (SO2) is a highly reactive gas originating from fossil fuel 

combustion at power plants (73%), industrial facilities (20%) and industrial processes 

including ore extraction and the burning of sulfur containing fuels. SO2 is linked with 

adverse effects on the respiratory system. Short term exposure to SO2, ranging from 5 

minutes to 24 hours may result in bronchoconstriction and asthma symptoms. Children 

and the elderly are especially vulnerable; studies have shown a connection between 

exposures to SO2 with increased rates of emergency hospital admissions.  

2.4.3.3 County Designation Status over 18 Years (1989 to 2006) 

 

To estimate the overall effects of attainment/nonattainment designation from the 

Clean Air Act, this study compiles a county nonattainment variable equal to one when 

the county is designated as nonattainment under any of the four criteria pollutants, and 

equal to zero if the county is in attainment status for all of the pollution standards.  

Figure 2-A.31 shows the number of years each county designated as 

nonattainment for any of the four criteria pollution standards. Overall, areas that do not 

meet any of the four national criteria pollutants emission standards are minorities. The 

spatial distributions of nonattainment counties are extremely unbalanced; mostly 

located along the coast and the great lakes regions, where manufacturing industries are 

normally located. From 1989 to 2006, the number of non-attainment counties has been 

decreasing for all standards and counties designated as nonattainment for the majority 

of the time are located in California, the northeast region and great lakes region. The 
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number of non-attainment counties in 2006 has decreased substantially compared with 

1989. 

 

2.4.4 Other County Variables  

 

2.4.4.1 Physical Infrastructure and Human Capital  

 

The abundance of physical and human capital of each county are considered. In 

general, we would expect regions with abundant physical and human capital may be 

more attractive to new entries, all else equal. The level of physical capital is first 

measured by local and highway densities of a county. Local road densities are computed 

as the length of local and state roads divided by the area of a county. Highway densities 

are the length of Eisenhower interstate highways in each county divided by the county 

area. The length of local and state roads, as well as that of Eisenhower interstate 

highways is extracted from the Bureau of Transportation Statistics, U.S. Department of 

Commerce. Figure 2-A.32 presents the distribution of local road densities in 2000. It 

also shows the distribution of nation’s primary roads in 2010, using data provided by 

the U.S. Department of Commerce, U.S. Census Bureau Geography Division. Primary 

roads generally include limited access interstate highways   some toll highways that are 

distinguished by the presence of interchanges. Local road densities in the majority of 

eastern US are at least two times heavier than that in the western U.S., except for some 

metropolitan areas. Similarly, the distribution of primary roads is also much denser in 

the eastern parts of US than in the west.  

To measure a county’s human capital abundance, or skilled labor density, the 

percentage of population over 25 years with a college degree is introduced. Figure 2-

A.33 and Figure 2-A.34 show the percentage of population with a college degree in 

each county in 1990 and 2000, respectively. The northeast and west coast areas are 

relatively abundant with college graduates, whereas Midwest and southern regions have 

less than 12 percent of the population with a bachelor’s degree. Education attainment 
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data for all counties in 1990 and 2000 are from the Bureau of Economic Analysis. Five 

year average data from 2005 to 2009 is taken from the American Community Survey. 

The County area in 2000 is from the City and County Databook (2007). 

 

2.4.4.2 Property Tax, Unemployment, and Wage Rate  

 

Other time-varying county characteristics such as property tax, unemployment 

ratio, and wage rate are also considered in this study. They are common explanatory 

variables that have been widely used in existing literature about firms’ location 

decisions. First, high property tax revenue in a county is an indicator of high rental costs 

of properties and may be negatively correlated with new entries. The annual property 

tax revenue data in each county is from the U.S. Census Bureau, Annual Survey of State 

and Local Government Finances and Census of Governments (1989-2006). We also 

adjusted the annual tax revenue for inflation. However, only in census years (1992, 

1997, 2002, etc.) does the dataset cover records for a full census of governments. The 

remaining years are only sample units which cover one to two thirds of all counties. 

Figure 2-A.35 shows a distribution of property tax revenue collected at each county in 

1997. The coastal areas and the great lakes regions collect more than 10 times the 

property tax compared to the central U.S.    

Second, regions with higher unemployment rate may observe more new entries 

since when labors are unemployed they might be more likely to start their own business 

especially in industries with low capital requirements (Armington and Acs, 2002). 

However, the market demand might also be reduced due to high employment rate, thus 

will negatively affect the new plant formation. (See Evans and Leighton, 1990 and 

Storey and Johnson, 1987) Therefore, the effect of unemployment level on new 

business formation is ambiguous. Annual unemployment rate data (1990 to 2006) is 

from the Bureau of Labor Statistics. Figure 2-A.36 and Figure 2-A.37 show the 

unemployment rate in each county in 1990 and 2009, respectively. In 1990, the 

unemployment rate is below 12% in most areas, except some counties in California, 

Arizona, New Mexico, Texas, Virginia, etc. In 2009, a vast majority of counties from 
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the west coast and eastern US have unemployment rate higher than 12 percent. The 

northeast regions and central US have relatively low unemployment rate in both 1990 

and 2009, which may be because of the high education attainment level in that region, 

since unemployment is higher for the lower educated population.  

Third, annual average wage in a county is calculated by dividing the annual 

payroll by the total number of employment, adjusted for inflation, for each county and 

industry. Both annual payroll and the total number of employment data are taken from 

County Business Patterns, U.S. Census. Inflation is accounted for by using Consumer 

Price Index (CPI), from U.S. Bureau of Labor Statistics. Counties from the northeast 

and pacific western regions have higher wages relative to counties in central and 

southern U.S.  

 

2.4.4.3 Natural Amenities  

 

Similar to residential location choices, regions with better natural amenities are 

likely to attract new firms compared with areas with worse amenities, all else equal. 

Entrepreneurs who want to open new firms may prefer areas with better amenities so 

they have better working and living environments and it might be appealing to potential 

employees, especially skilled labors, who may value amenities heavily when choosing 

from various job offers. The USDA’s Economic Research Service (ERS) constructs a 

natural amenities scale index, which combines 6 measures of physical characteristics of 

a county that may attract people to live.  The measures include warm winter (mean 

temperature for January), winter sun (mean hours of sunlight in January), temperature 

summer (mean temperature for July), low summer humidity (mean relative humidity in 

July), topographic variation (land surface form – topography code), and water area 

(percent water area). Lower scales suggest lower natural amenities, and vice versa. 

Figure 2-A.40 shows the spatial distribution of natural amenities scales in each U.S. 

county. The northern Midwest has the lowest amenities scales, whereas Western U.S. 

and Florida have the highest amenities. The west coast regions attracted new firms from 
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almost all 7 industries during the past twenty years may partially due to the high 

amenities level in these regions. A description of variables used in this study is reported 

in Table 2-B.2. 

 

2.4.4.4 GDP Growth Rates 

 

The annual GDP growth rates are also included in this model as an indicator to 

the general economic trend. It is not county or industry specific factor but is a necessary 

control for the macroeconomic status, especially when the time periods are long, as the 

case of this study. The data is extracted from the World Bank, World Development 

Indicators and Global Development Finance.  

  



42 

 

2.5 Model Specification  

2.5.1 Fixed Effects and Random Effects Poisson Models 

 

Assume entrepreneurs choose new establishment’s location as to maximize the 

expected profits. The dependent variable, number of new establishment births, is 

nonnegative count data that are generally small numbers close to zero, so it is modeled 

as a Poisson distributed random variable. Poisson model has advantages modeling count 

data with zero outcomes. As such, assume for each industry, the probability of 

observing (Nct) new births at county c and time t is 

(2.3)  prob = , 0,1,2,
!

ct ctN

ct
ct ct

ct

e
N N

N

 

  , 

where ct is the Poisson parameter, representing the expected value of new births. Since 

the data on new births are across counties and time, fixed effects and random effects 

Poisson models that are able to control for potential county heterogeneity are chosen.  

Following Hausman, Hall, and Griliches, (1984, hereafter HHG), assume the 

Poisson parameter ct is given by  

(2.4)    1| ,..., , expct ct c cT c c ctE N X X X      , 

where ctX
 
is a vector of county attributes that vary over time t,  is a vector of 

coefficients to be estimated, and c are unobservable county specific attributes that may 

also have important influence on the location decision.  

To be able to estimate the model, the unknown county heterogeneity c needs to 

be removed. Therefore, instead of model (2.3) with(2.4), a fixed effects conditional 

Poisson model is estimated, modeling the sequence of births within a county, 

conditional on total births for that county over time. The likelihood function for this 

event becomes  
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Therefore, the unobservable fixed effects c are conditioned out in model (2.5) 

and cannot be recovered, leaving only coefficients  to be estimated. Equation (2.5) can 

be estimated using conditional maximum likelihood estimation. The log likelihood 

function of this model takes the form  

(2.6)     
1 1 1 1 1

ln 1 ln exp
S T S T T

ct ct ct cr

c t c t r

L N N X X 
    

 
      

 
   .  

The fixed effects conditional Poisson model controls for all time invariant 

differences between counties, so the estimated coefficients cannot be biased because of 

omitted time invariant characteristics.  In addition, it allows unobservable county 

specific factors to be correlated with other time varying explanatory variables. As 

shown in Wooldridge (1999), the fixed effects Poisson estimator is consistent under 

assumption (2.4) only, the distribution of Nct given ctX and c is entirely unrestricted. If 

the Poisson assumption is correct, the estimators are efficient (Papke, 1991).  However, 

the model cannot be used to investigate time invariant variables because those cannot be 

distinguished from county specific fixed effects c . It also restricts that the expected 

variance to be equal to the expected mean.  

A random effects Poisson model, on the other hand, allows the variance to be 

increasing with the mean, and can investigate time invariant observed explanatory 
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variables, such as road density, natural amenity scale. However, it imposes a 

distribution assumption on the unobserved county specific effects, which follow a log 

gamma distribution, and need to be independent of ctX . Therefore, the assumptions are 

relatively stronger than the fixed effects Poisson model. Under the specified 

assumptions, estimates from the random effects model are efficient compared with 

those from a fixed effects model.  Hausman specification test is performed to identify 

whether random effects model are preferred to fixed effects estimator when both models 

have only time varying explanatory variables. For all models the null hypothesis is 

rejected, which suggests the fixed effects model is appropriate. The random effects 

model is adopted, mainly to capture the effects from time invariant explanatory 

variables. 

2.5.2 Negative Binomial Model 

 

The fixed effects conditional Poisson distribution has an undesirable restriction 

that the mean and variance of the dependent variable should be equal, which is not 

uncommon to be violated in the data. If there is overdispersion in the data, i.e., the 

variance of ctN is larger than the mean empirically, the estimates from model (2.5) will 

generate consistent coefficients estimates, but inconsistent standard errors, which lead 

to invalid hypothesis tests. The random effects Poisson allows overdispersion, but it 

restricts the unobserved effects to be uncorrelated with explanatory factors. In addition, 

the Poisson model can deal with count data with zero observations, but not too many of 

them. To allow for both overdispersion and unobserved effects to be correlated with the 

right hand side variables, plus the presence of a high number of zeros, the negative 

binomial model developed by Hausman, Hall, and Griliches is adopted. Based on 

conditional fixed effects Poisson model, the model introduces latent group 

heterogeneity into the expected variance to relax the equi-dispersion assumption.    

Assume that the Poisson parameter ct  follows a gamma distribution with 

parameters  ,ct c  , where exp( )ct ctX  , and the likelihood function becomes  
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(2.7) 
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,  

and the unobservable county specific fixed effects c are conditioned out. The expected 

variance to mean ratio of ctN  in the HHG model ctN  is 1 1 c , clearly the 

equidispersion restriction from the conditional fixed effects Poisson model is relaxed in 

this model.   

2.5.3 Generalized Method of Moments (GMM) Model  

 

The fixed effects Poisson regression model can be specified as   

(2.8)   exp( )ct c ct ctN X    , 

where ct  is the multiplicative error term. Consistent estimators from both Poisson and 

Negative Binomial models require that the explanatory variables ctX
 
are strictly 

exogenous, meaning there is no correlation between any of the idiosyncratic errors cs , 

s=1,…,T, and any of the ctX , t=1,…,T, so   11 | ,..., 0ct c cTE X X   , t=1,…,T. 

The exogeneity assumptions of explanatory variables ctX  may be violated for 

some variables. For example, new plant births in a county could raise the pollution level 

about the environmental standard, causing the county to move from attainment to non-

attainment status. Likewise, an endogeneity issue may exist in the measure of 

localization economies. Suppose county c attracts many new establishments from a 

certain industry at year t, who may hire many new employees, which may in turn 

increase the county’s localization level for the specific industry. If the exogeneity 

condition is not satisfied, the Poisson and Negative Binomial models cannot generate 

consistent estimates.  

Therefore, a generalized method of moments model (GMM) is estimated, which  

generates consistent and efficient estimates of  for equation(2.8), under the presence 
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of unobserved county heterogeneity that is correlated with the explanatory variables, 

and endogenous explanatory variables. By constructing moment conditions associated 

with transformed residual functions and using a stack of sequential explanatory 

variables as instruments, efficient estimates can be generated by GMM method 

(Windmeijer, 2006).  Rewrite model (2.8) as 

(2.9) ct ct c ctN    ,  

where exp( )ct ctX  ,  expc c   is county specific fixed effects, ct  is the 

multiplicative error term. Assume ct are not correlated with c , nor cs , for s t , and 

  1ctE   . ctX  are endogenous variables that are correlated with c and cs , s t , and 

are not correlated with cr , r t .  

Let cZ  be sequential variables
2

1 2( ,..., )t

c c ctX X X

 ,  ctq   be Wooldridge’s 

quasi-differencing error transformation (Windmeijer, 2000, 2006; Wooldridge, 1991, 

1997) 

(2.10)  1
1

1

ct ct
ct c ct ct

ct ct

N N
q   

 






    ., 

then 
2t

c cZ X   can be used as instruments for ctX  , and the following moment 

conditions are satisfied 

(2.11)   | 0ct cE q Z  ,  

or      2 2 2

1| | , | 0t t t

ct c c ct ct c c cE q X E E X X     

   . Equations in (2.11) can be 

consistently and efficiently estimated by GMM estimator.  

Denote  c c cg Z q  , where  cq   is the T-2 vector  
'

3,...,c cTq q , then the 

GMM estimator for   that minimizes  

(2.12)  
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is a consistent estimator, with a weight matrix LW  calculated as 
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The efficient two-step GMM estimator is based on weight matrix: 

(2.13)      
'

'

1 1 1

1

1 L

L c c c c

c

W Z q q Z
L

  


  ,  

where 1  is the first step consistent GMM estimator for (2.12).  

For the GMM models we use ExpEnd, (Blundell, Gri, and Windmeijer, 2002) 

which is an open source GAUSS code for the nonlinear GMM estimations models 

including panel data estimation with endogenous explanatory variables. One-step and 

two-step GMM estimation results are reported when the model is over-identified, and a 

test of serial correlation of the transformed residuals  ctq   is reported. An MA (1) 

serial correlation is expected to find if the model is correctly specified, while an MA (2) 

correlation is not allowed. Test statistics (P-values) for both MA (1) and MA (2) 

processes are reported for each industry, and the assumptions are found to be valid.   

 Besides the potential endogenous variables such as county attainment status and 

location quotient, the exogeneity of county population is implausible as well. As one 

specific industry dominates a county’s economy, that new entries might bring a 

significant change to the region’s population level when new employees moving in. We 

compute the share of employment of each of the seven industries over the total 

employment in a county, and found that the average share is below one percent for all 

of the industries. Therefore, the change in an industry did not contribute much to 

counties overall employment, so county population is not dependent on single 

industry’s new plant entries and is exogenous.  Therefore, the GMM estimation only 

considers county attainment status and location quotient as endogenous variables, and 

uses the second through fourth lags of the two variables as their instruments.     
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2.6 Estimation Results  

Table 2-B.3 through Table 2-B.10 present the regression results from fixed 

effects Poisson, random effects Poisson, negative binomial, and GMM model on each 

industry (26,28,29,32,33,34,37), respectively.  

The coefficients from all of four estimation models are jointly significant at 0.1% 

level. GMM model passes over identification and model specification test. Fixed effects 

Poisson and negative binomial are favored by Log likelihood, AIC and BIC criteria over 

random effects Poisson, in which negative binomial is slightly preferred to fixed effects 

Poisson. Over-dispersion is found in the data, so random effects Poisson and negative 

binomial are favored over fixed effects Poisson. At the same time, standard errors that 

are robust to violation of the equi-dispersion are reported for fixed effects Poisson 

estimation.  

Efficient GMM estimation has advantages over the other three estimations in 

dealing with implausible endogeneity assumptions on attainment status and location 

quotient. However, the estimation procedure loses some information compared with 

other models, because it has to drop some historical observations due to special data 

shaping requirement.13  

We keep the estimation results from all of the four models and continue the 

following discussions based on the overall results from all of the models. Overall, the 

estimation results are consistent across four models, for each of the seven industries, 

some inconsistent results occur under the GMM estimation, indicating that the 

nonattainment and location quotient variables might be endogenous.  

  

                                                 
13 GMM estimation does not allow missing data from a time sequence of a 

certain county. For example, if for a particular county, observations from 2000,2001, 

and 2003 are available, but 2002 data is missing, the whole observations for this county 

need to be dropped out of the regression.  
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There are three variables that involve some interaction with other explanatory 

variables: nonattainment status, location quotient, and population variable. The 

estimated coefficients on these individual variables are indicating their direct effects on 

expected establishment births, while the coefficients on the interaction terms represent 

their indirect effects; and the overall marginal effects depend on both of the direct and 

indirect effects. For example, on county average, the total marginal effects of 

nonattainment status can be computed as the coefficient on nonattainment status (direct 

effect), plus the coefficients on interactive terms times the mean values of 

agglomeration variables that are involved in the interactions (indirect effects). To better 

discuss the effects of these variables, we report the direct, indirect, and total marginal 

effects of all of the three variables, in each industry in Table 2-B.11 to Table 2-B.17. 

Further discussions regarding effects of all county characteristics are in the following 

sections 2.6.1 to 2.6.5. 

 

2.6.1 Impact of Air Quality Regulation on Plant Location Behavior  

 

The direct effects of nonattainment status are negative in most industries. Based 

on the direct effects, the number of expected new establishments will be decreased by 

as much as nearly 100 percent when a county is designated nonattainment from 

attainment. The large negative impact on local new plants formation is a hinder to 

economic development in nonattainment counties, as is also indicated by Morgan and 

Condliffe (2009).  

The indirect effects, from the interactions with location quotient and population, 

on the other hand, are positive for most industries. In fact, without exception, the direct 

and indirect effects of nonattainment status always offset each other, making the overall 

total effects relatively small in magnitude. This implies that agglomeration economies 

always offset the effects of environmental regulations.  

The total effects of county attainment/nonattainment designation are 

heterogeneous over space because of the existence of the interactive effects that involve 

local agglomeration factors. In industry centers or metropolitan areas, the large indirect 
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effects may fully offset the direct effects, making the regulation ineffective, whereas in 

other regions, the direct effects may impose heavier impacts on establishment births, so 

counties would predict a decrease in establishment births once assigned into 

nonattainment status.   

On average, by summing up the direct effects and indirect effects evaluated at 

the mean of the corresponding variables, the total effects of county nonattainment status 

for an average county are different across industries. Establishment births for paper and 

petroleum products industry are negatively correlated with nonattainment designation 

the regulation, whilst for the other five industries, the negative relationship is found in 

the first three models but the GMM model. Take fabricated metal products as an 

example, the expected number of new plants decreases by 3 percent each year as a 

county is assigned nonattainment, according to negative binomial model result. 

However, under GMM model result, the expected establishment births will increase by 

20 percent.  

Recent studies that estimate coefficients on county attainment designations 

mostly find negative impact on establishment births. Condliffe and Morgan (2009) and 

Morgan and Condliffe (2009) find a 9 percent decrease of expected new establishments 

formation each year for a county designated as out of attainment for ozone standards, 

for a pooled pollution intensive sectors. Henderson (1997) uses logit estimates and finds 

the anticipated new establishments in nonattainment counties will decrease by 40 and 

60 percent for industrial organic chemicals and miscellaneous plastics industry, 

respectively.  Becker and Henderson (2000) find that nonattainment status reduces 26-

45 percent of expected new plants formation depending on the industry, ceteris paribus. 

List and McHone (2000) both find the nonattainment counties in New York State will 

expect a decrease of 0.88 between 1985 and 1990, and similar result is found by List et 

al. (2003) when examining the influence of nonattainment designation on the count of 

new relocating plants from 1980 to 1990 for counties in New York State.  

However, under the GMM estimation, the total effects of nonattainment status 

are mostly positive, except for paper and petroleum products. Therefore, taking into 

account of the interactive effects with agglomeration factors and the endogeneity of 
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regulation and agglomeration variables may lead to non-negative total effects of 

environmental regulations, which may support the Porter hypothesis.    

2.6.2 Effect of Localization Economies (Location Quotient Index)  

 

Similar to the nonattainment status, we also report the direct, indirect, and total 

effects of location quotient variable in every industry. The direct effects are found to be 

significantly positive on establishment births, for most of the industries. The indirect 

effects which involve nonattainment status are found with inconsistent signs across 

models. If we rely on the results from the GMM model, the indirect effects of location 

quotient are negative, implying nonattainment status offsets the positive impacts of 

localization economies. However, results from the other three models find positive 

indirect effects, indicating nonattainment status reinforce the positive impacts of 

localization economies, supporting the ideas in the Porter hypothesis.  

The total effects of location quotient are significantly positive for all industries: 

one percent increase in the location quotient index will increase the expected new plant 

births at a county by 0.05 to 0.2 percent for each industry. This suggests that polluting 

plants are attracted to counties where their industry is concentrated to gain positive 

externalities from agglomeration economies, or in particular, localization economies. 

Recall that localization might benefit new plant formation by providing easier access to 

complementary products and services, information spillovers, labor market pooling, a 

greater variety and lower costs of non-tradable specialized inputs, local markets and 

local customer base. These factors in total attract new establishment to locate in 

counties already specializing in the particular industry.  The positive effect is supported 

by Alanon-Pardo et al. (2007). 

2.6.3 Effect of Urbanization Economies  

 

Similar to localization economies, we report direct, indirect, as well as total 

effects of urbanization economies in every industry. In this case, both the direct and 

indirect effects are positively correlated with establishment births for most industries. 

As a result, the total effects of urbanization economies are significantly positive in all 
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industries. The results are consistent with the previous argument about the positive 

externalities from urbanization economies would attract new establishment entry. One 

percent increase in population results in 15 percent to 60 percent of new plant births at a 

county, based on the negative binomial estimation results. This finding is similar to 

recent studies by Condliffe and Morgan (2009) and Morgan and Condliffe (2009). List 

et al. (2003) find that a one percent increase in New York State’s county population 

raises new plant births by 25.5 times, which is larger than their previous finding (List 

and McHone, 2000) of 4.66.   

2.6.4 Physical and Human Capital  

 

Educational attainment (percentage of population with ages over 25 years that 

have a bachelor’s degree or higher) has significantly positive effects for most industries, 

and significantly negative effects for primary and fabricated metal industries.  The 

negative coefficients are supported by Arauzo-Carod and Viladecans-Marsal (2009)’s 

finding when estimating location determinants of new plant entries, in which human 

capital at university level is negatively related to new plant entries in all intermediate- to 

low- technology industries, and is only insignificantly positive in high-technology 

industries. One explanation for the negative effect is that bachelor or higher education 

level is not in high demand for most types of businesses, and a county where the 

population is more educated tends to have higher wage rates, causing some plants to 

locate elsewhere.   Industries such as chemicals and transportation equipment industries 

may have a bigger research and development department than the rest of the industries 

and need a significant number of highly educated employees, so they are more attracted 

to counties with higher educational attainment level. Whereas for primary metal 

industries, blue collar labors may constitute the major employment needs, they may not 

be attracted to regions with high educational attainment level since the wage rate may as 

well bid up in those regions.   

Local road density has significant and positive coefficients for almost all 

industries, except for transportation equipment, and stone, clay and glass industry, 

although the sign of the coefficient is also positive. This result supports the idea that 
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counties with well-established physical capital infrastructure are attractive to new plant 

births. Similar results are found by Wagner and Timmins (2009) when estimating 

effects of environmental regulation on outward foreign direct investment flows in 

Germany manufacturing sectors, in which total length of paved road has positive effects 

on FDI flows for chemical industry. 

2.6.5 Other County Specific Variables 

 

Unemployment rate is significantly negatively correlated to new establishment 

births in all industries. One percent increase in unemployment rate will reduce new 

establishment births by 1 to 4 percent. Armington and Acs (2002) and Gray (1997) both 

find positive coefficients on unemployment when estimating plant births.  

Manufacturers are very sensitive to a county’s wage rate when making location 

decision. High wage rates in a county significantly decrease the expected number of 

new plant births in all industries, an anticipated wage effect. One percent increase in 

wage rate will deter new plant births by 80 to 230 percent. The negative effects of wage 

rate are widely supported by previous studies (see Gray, 1997; Henderson, 1997; List 

and McHone, 2000; List et al., 2003)  

Property tax has significantly negative effects on new plant births for most 

industries. For stone, clay, and glass products and fabricated metal products, the effects 

are positive but insignificant. One percent increase in property tax per capita will 

anticipate a decrease in the number of new plant births by 2 to 28 percent, depending on 

the industry. Negative coefficients are expected and are supported by recent literature 

(see Gray, 1997; Kohlhase and Ju, 2007; List and McHone, 2000). List et al. (2003) also 

find a positive and insignificant coefficient of property tax.    

Natural amenity scale has significantly positive effects on new establishment 

births for almost all industries as anticipated, except for primary metal industries. One 

scale increase in natural amenity will increase the number of new plant births by 2 to 6 

percent, depending on the industry. GDP growth rate has mixed effects on new 

establishment births, depending on the industry.   
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2.7 Conclusion 

Overall, this chapter finds that county attainment/nonattainment designations 

impose heterogeneous impacts over space and across industries. The pollution haven 

hypothesis and the Porter hypothesis are supported by the estimation results in different 

industries. The existence of the interactive effects between nonattainment status and 

agglomeration economies offset the influences of the environmental regulation in 

metropolitan areas or industry centers. Therefore, county designation in enhancing air 

quality can be ineffective in these areas.  

This essay finds negative and significant direct effects of county nonattainment 

status on new establishment births. Agglomeration economies always offset the effects 

of regulation, therefore the indirect effects of county nonattainment status that involve 

the interactions with agglomeration economies are mostly positive, making the total 

effects of environmental regulation insignificant in some industries and sometimes even 

positive. The total effects of agglomeration economies are always significantly positive 

for all industries, implying localization and urbanization economies are beneficial 

factors for counties.  

The Pollution haven hypothesis and Porter hypothesis are each supported by 

different total effects of nonattainment status across industries. For instance, the total 

effects of nonattainment status in petroleum industry support the pollution haven 

hypothesis: counties are expected to lose about 88 percent of establishment births if 

designated as nonattainment, based on the GMM model. However, results in 

transportation equipment support the Porter hypothesis: counties are expected to gain 

about 16 percent of the establishment births if designated as nonattainment, based on 

the GMM estimation. The total effects are much larger in magnitude under the GMM 

model estimation, indicating both hypotheses could be strongly supported by different 

industries. Therefore, based on our estimation, we find that the effects of environmental 

regulations may vary significantly across industries and the pollution haven hypothesis 

and Porter hypothesis may both help to explain the scenarios.  
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For industries that support the pollution haven hypothesis, counties with a 

nonattainment status of environmental regulation may be less conducive to births of 

new polluting plants, which may help mitigate pollution emissions and bring those areas 

into attainment. A shift of new plants to attainment areas might cause air quality 

degradation, as is mentioned by Henderson (1997). If the pollution industries are 

concentrated in large populous counties, a spread of pollution to attainment counties 

with less population may lower negative health impacts of pollution and improve 

overall health. (Becker and Henderson, 2000) 

In the case of the Porter hypothesis being supported, for a county with a large 

population as a center for a pollution intensive industry, a nonattainment designation 

will increase the expected number of new plant entries. Therefore, the actual effect from 

the Clean Air Act, instead of mitigating pollution emission and relieving health issues, 

may raise pollution emissions in already heavily polluted counties and cause greater 

negative health impacts in these areas.  

Significant estimates are found on the interactions of regulation and 

agglomeration economies, indicating the effects of nonattainment counties are different 

over space based on the population and industry concentration level of the particular 

county. The impacts of nonattainment status may be large for certain regions, which can 

be both negative (when the direct effects dominate), and positive (when the indirect 

effects dominate). Therefore, the total effects of nonattainment status evaluated for an 

average county do not necessarily indicate the effects on those counties that are actually 

affected by nonattainment designation. Even though the magnitudes of total effects are 

relatively small and sometimes insignificant for an average county, the actual impacts 

on certain regions can be large. In addition, for those industries that receive negative 

total effects of nonattainment status on average, the impacts can still be positive for 

some regions.   

The indirect effects of nonattainment designation always offset the direct effects, 

indicating counties with large agglomeration economies such as metropolitan areas or 

industry centers are less affected by regulation in terms of decreases in the number of 

polluting establishment births, compared with other regions. Therefore, improving the 
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air quality in these regions is difficult by simply imposing a nonattainment designation. 

More effective regulatory policies are needed to reduce air pollution emissions in all 

nonattainment regions.  
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Figure 2-A.1 Difference in the Number of Establishments (1989-2006) -- Paper and 

Allied Products (SIC 26) 

 

 

Figure 2-A.2  Number of Establishments (2006) -- Paper and Allied Products (SIC 26) 
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Figure 2-A.3 Difference in the Number of Establishments (1989-2006) -- Chemicals 

and Allied Products (SIC 28) 

 

 

Figure 2-A.4 Number of Establishments (2006)-Chemicals and Allied Products (SIC 28) 
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Figure 2-A.5 Difference in the Number of Establishments (1989-2006) -- Petroleum and 

Coal Products (SIC 29) 

 

 

Figure 2-A.6 Number of Establishments (2006) -- Petroleum and Coal Products (SIC 29) 
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Figure 2-A.7  Difference in the Number of Establishments (1989-2006) -- Stone, Clay 

and Glass Products (SIC 32) 

 

 
 

Figure 2-A.8 Number of Establishments (2006)-Stone, Clay and Glass Products (SIC 32) 
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Figure 2-A.9 Difference in the Number of Establishments (1989-2006) -- Primary Metal 

Industries (SIC 33) 

 

 
 

Figure 2-A.10 Number of Establishments (2006) -- Primary Metal Industries (SIC 33) 
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Figure 2-A.11 Difference in the Number of Establishments (1989-2006) -- Fabricated 

Metal Products (SIC 34) 

 

 
 

Figure 2-A.12 Number of Establishments (2006) -- Fabricated Metal Products (SIC 34) 
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Figure 2-A.13 Difference in the Number of Establishments (1989-2006) -- 

Transportation Equipment (SIC 37) 

 

 
 

Figure 2-A.14 Number of Establishments (2006) -- Transportation Equipment (SIC 37) 
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Figure 2-A.15 County Population (1989) 

 

 
 

Figure 2-A.16 County Population (2006) 

 

 



71 

 

 
 

Figure 2-A.17 Dynamics of Industry Concentration (1989-2006) -- Paper and Allied 

Products (SIC 26) 

 

 
 

Figure 2-A.18 Industry Concentration (2006) -- Paper and Allied Products (SIC 26) 
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Figure 2-A.19 Dynamics of Industry Concentration (1989-2006) -- Chemicals and 

Allied Products (SIC 28) 

 

 
 

Figure 2-A.20 Industry Concentration (2006) -- Chemicals and Allied Products (SIC 28) 
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Figure 2-A.21 Dynamics of Industry Concentration (1989-2006) -- Petroleum and Coal 

Products (SIC 29) 

 

 
 

Figure 2-A.22 Industry Concentration (2006) -- Petroleum and Coal Products (SIC 29) 
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Figure 2-A.23 Dynamics of Industry Concentration (1989-2006) -- Stone, Clay and 

Glass Products (SIC 32) 

 

 
 

Figure 2-A.24 Industry Concentration (2006) -- Stone, Clay and Glass Products (SIC 32) 
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Figure 2-A.25 Dynamics of Industry Concentration (1989-2006) -- Primary Metal 

Industries (SIC 33) 

 
 

Figure 2-A.26 Industry Concentration (2006) -- Primary Metal Industries (SIC 33) 
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Figure 2-A.27 Dynamics of Industry Concentration (1989-2006) -- Fabricated Metal 

Products (SIC 34) 

 

 
Figure 2-A.28 Industry Concentration (2006) -- Fabricated Metal Products (SIC 34) 
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Figure 2-A.29 Dynamics of Industry Concentration (1989-2006) -- Transportation 

Equipment (SIC 37) 

 

 
 

Figure 2-A.30 Industry Concentration (2006) -- Transportation Equipment (SIC 37) 
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Figure 2-A.31 Years Designated Nonattainment 

 

 

 
 

Figure 2-A.32 Local Road Densities and Primary Road Distribution 
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Figure 2-A.33 Percentage Population with a Bachelor's Degree (1990) 

 

 
 

Figure 2-A.34 Percentage Population with a Bachelor's Degree (2000) 
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Figure 2-A.35 County Property Tax (1997) 

 

 
 

Figure 2-A.36 County Unemployment Rate (1990) 
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Figure 2-A.37 County Unemployment Rate (2006) 

 

 

 
 

Figure 2-A.38 County Wage Rate (1989) 
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Figure 2-A.39 County Wage Rate (2009) 

 

 
 

Figure 2-A.40 Natural Amenities Scales (1999) 
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Table 2-B.1 Air Pollutant Emissions by Industry Sector, (1995 and 2001) 

Industry Sector Year CO PM10 SO2 NO2 VOC 

Paper and Allied Products 1995 624,291 

(17.55%) 

35,579 

(14.53%) 

341,002 

(14.66%) 

394,448 

(22.45%) 

96,875 

(7.17%) 

2001 567,542 

(17.04%) 

85,403 

(16.51%) 

488,029 

(7.26%) 

318,263 

(19.39%) 

144,373 

(11.13%) 

Chemicals and Allied 

Products 

1995 313,094 

(8.80%) 

30,600 

(12.49%) 

314,648 

(13.53%) 

345,401 

(19.65%) 

253,979 

(18.80%) 

2001 355,195 

(10.66%) 

72,209 

(13.96%) 

459,167 

(6.83%) 

398,347 

(24.27%) 

312,352 

(24.08%) 

Petroleum and Coal 

Products 

1995 419,311 

(11.78%) 

18,787 

(7.67%) 

648,153 

(27.86%) 

380,641 

(21.66%) 

309,058 

(22.87%) 

2001 438,375 

(13.16%) 

33,620 

(6.50%) 

478,998 

(71.23%) 

298,602 

(18.19%) 

161,207 

(12.43%) 

Stone, Clay, and Glass 

Products 

1995 58,043 

(1.63%) 

74,623 

(30.47%) 

339,216 

(14.58%) 

338,482 

(19.26%) 

30,262 

(2.24%) 

2001 161,113 

(4.84%) 

127,283 

(24.60%) 

312,740 

(4.65%) 

372,269 

(22.71%) 

32,687 

(2.52%) 

Primary Metal Industries 1995 1,967,400 

(55.29%) 

62,442 

(25.49%) 

611,275 

(26.28%) 

194,643 

(11.08%) 

109,667 

(8.12%) 

2001 1,603,573 

(48.14%) 

107,374 

(20.75%) 

557,164 

(8.29%) 

142,974 

(8.71%) 

70,556 

(5.44%) 

Fabricated Metal Products 1995 3,851 

(0.11%) 

1,185 

(0.48%) 

4,019 

(0.17%) 

16,424 

(0.93%) 

102,186 

(7.56%) 

2001 6,029 

(0.18%) 

4,691 

(0.91%) 

18,742 

(0.28%) 

11,672 

(0.71%) 

90,575 

(6.98%) 

Transportation Equipment 1995 35,303 

(0.99%) 

2,406 

(0.98%) 

25,462 

(1.09%) 

23,725 

(1.35%) 

101,275 

(7.49%) 

2001 13,439 

(0.40%) 

4,016 

(0.78%) 

24,123 

(0.36%) 

15,388 

(0.94%) 

95,861 

(7.39%) 

Data from US EPA Industry Sector Notebooks, various profiles, 1995, 2002.  
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Table 2-B.2 Description and Summary Statistics of Variables 

Variable Definition  Mean Std. 

Dev. 

New births  Number of county level establishment births in 

two-digit SIC industries: 26,28,29,32,33,34,37.   

  

   26-paper and allied products 0.206 0.730 

   28-chemical and allied products  0.406 1.496 

   29-petroleum and coal products 0.178 0.870 

   32-stone, clay and glass 0.398 1.262 

   33-primary metal industries 0.283 0.927 

   34-fabricated metal products 0.681 2.709 

   37-transportation equipment 0.386 1.411 

    

Location 

quotient (LQ) 

Location quotient by industry and county.    

   26-paper and allied products 0.506 1.807 

   28-chemical and allied products  0.335 1.936 

   29-petroleum and coal products 0.423 3.130 

   32-stone, clay and glass 0.815 2.445 

   33-primary metal industries 0.420 2.679 

   34-fabricated metal products 0.467 1.272 

   37-transportation equipment 0.215 0.994 

   

Attainment 

status (Non-

Att) 

Dummy variable = 1 if county out-of-attainment 

for any of the four pollutants: ozone, carbon 

minoxide, sulfer dioxide, particulate matter 10.  

0.161 0.367 

Ln (pop) Natural log of population (1000s) by county.  10.690 1.237 

Ln(pdsty) Natural log of population (1000s) by land area 

(sq. miles), by county. 

4.131 1.351 

Ln (wage) Natural log of total annual payroll divided by 

total employment ($1000s) by county, adjusted 

by inflation.  

9.796 0.204 

Unemployment Unemployment rate by county. 5.889 2.613 

Education Percentage of population over 25 years old with 

a bachelor's degree or higher.  

17.518 8.300 

Ln(tax) Natural log of per capita property tax by county, 

adjusted by inflation.  

6.094 0.619 

Amenity Natural amenity scale by county.  0.015 2.343 

Road Density Length of local road divided by land area by 

county.  

1.973 1.265 
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Table 2-B.3 Estimated Models of Establishment Births (Paper and Allied Products) 

  
Fixed Effects Random Effects Negative 

GMM 
Poisson Poisson Binomial 

     

Non-Attainment -1.910* -3.539*** -1.969**  -1.878 

 (1.028) (0.544) (0.966)    (2.028) 

Location Quotient 0.000 0.081*** -0.011    0.172*** 

 (0.015) (0.009) (0.014)    (0.046) 

Ln(pop) 0.426 0.567*** 0.537*** 0.274** 

 (0.342) (0.036) (0.176)    (0.118) 

Non-Att x LQ -0.003 0.039* 0.005    -0.113** 

 (0.023) (0.021) (0.026)    (0.053) 

Non-Att x ln(pop) 0.139* 0.273*** 0.143*   0.154 

 (0.079) (0.043) (0.074)    (0.159) 

Ln (wage) -0.704 0.119 -0.853**  0.227 

 (0.453) (0.189) (0.430)    (0.588) 

Unemployment -0.007 -0.017 -0.007    -0.012 

 (0.017) (0.011) (0.017)    (0.023) 

Education -0.004 -0.004 -0.004    0.027* 

 (0.015) (0.004) (0.013)    (0.015) 

Ln(tax) -0.007 0.027 -0.003    -0.280* 

 (0.128) (0.052) (0.140)    (0.153) 

GDP Growth Rate -0.207*** -1.130*** -1.150*** 0.042** 

 (0.039) (0.119) (0.166)    (0.017) 

Amenity  0.027**                 -0.016 

  (0.012)                 (0.048) 

Road Density  0.082***                 -0.006 

  (0.019)                 (0.071) 

Constant  -7.204*** 6.935     

  (1.710) (4.317)     

     

N 13998 19059 13998    15871 

Log Likelihood -6369 -9000 -6363  

Chi2 440 2073 491     

AIC 12789 18057 12778  

BIC 12977 18285 12974  

Sargan Chi2     139 

P-value M1    0 

P-value M2    0.878 

Standard errors in parentheses, robust standard errors for fixed effects Poisson and GMM  

Time dummies (time trend for GMM), compressed, are jointly significant at 0.01 level  

* p<0.10, ** p<0.05, *** p<0.01 
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Table 2-B.4 Estimated Models of Establishment Births (Chemicals and Allied products)  

 
Fixed Effects Random Effects Negative GMM 

Poisson Poisson Binomial  

                    

Non-Attainment -1.327*** -2.276*** -0.987*   0.863 

 (0.492) (0.327) (0.509)    (1.666) 

Location Quotient 0.026** 0.048*** 0.041*** 0.189*** 

 (0.013) (0.008) (0.012)    (0.064) 

Ln(pop) 0.735*** 0.588*** 0.150    0.158 

 (0.176) (0.022) (0.118)    (0.120) 

Non-Att x LQ 0.021 0.021** 0.017    -0.113* 

 (0.015) (0.010) (0.013)    (0.069) 

Non-Att x ln(pop) 0.106*** 0.187*** 0.082**  -0.049 

 (0.037) (0.026) (0.039)    (0.133) 

Ln (wage) -0.275 0.115 -1.156*** 1.553*** 

 (0.274) (0.116) (0.208)    (0.543) 

Unemployment -0.022** -0.029*** -0.007    0.024 

 (0.011) (0.007) (0.008)    (0.021) 

Education 0.004 0.006** -0.026*** 0.020* 

 (0.009) (0.003) (0.005)    (0.011) 

Ln(tax) -0.113 0.128*** -0.239*** 0.150 

 (0.087) (0.033) (0.067)    (0.126) 

GDP Growth Rate -0.201*** -0.772*** -0.017**  0.008 

 (0.024) (0.065) (0.008)    (0.013) 

Amenity  0.058***                 0.107** 

  (0.008)                 (0.053) 

Road Density  0.102***                 0.160 

  (0.015)                 (0.106) 

Constant  -8.226*** 15.240***  

  (1.026) (2.219)     

     

N 22632 28052 22632    21658 

Log Likelihood -13452 -17974 -13568  

Chi2 602 4790 381    

AIC 26953 36005 27159  

BIC 27154 36244 27247  

Sargan Chi2    185 

P-value M1    0 

P-value M2    0.808 

Standard errors in parentheses, robust standard errors for fixed effects Poisson and GMM  

Time dummies (time trend for GMM), compressed, are jointly significant at 0.01 level  

* p<0.10, ** p<0.05, *** p<0.01 
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Table 2-B.5 Estimated Models of Establishment Births (Petroleum and Coal Products)  

 
Fixed Effects Random Effects Negative GMM 

Poisson Poisson Binomial  

                    

Non-Attainment 0.570 -2.315*** 0.474    -7.511*** 

 (1.035) (0.600) (0.964)    (1.051) 

Location Quotient 0.012* 0.021*** 0.012*   0.005 

 (0.006) (0.006) (0.007)    (0.013) 

Ln(pop) 1.050* 0.305*** 0.261**  -0.034 

 (0.557) (0.043) (0.107)    (0.143) 

Non-Att x LQ -0.022 -0.003 -0.017    0.149*** 

 (0.015) (0.010) (0.014)    (0.017) 

Non-Att x ln(pop) -0.058 0.182*** -0.049    0.566*** 

 (0.080) (0.048) (0.076)    (0.090) 

Ln (wage) -0.967* -0.038 -0.419    0.545 

 (0.571) (0.223) (0.477)    (0.754) 

Unemployment -0.019 -0.017 0.022    0.058** 

 (0.040) (0.014) (0.022)    (0.027) 

Education 0.023 -0.005 -0.018    -0.002 

 (0.034) (0.005) (0.013)    (0.020) 

Ln(tax) -0.170 -0.058 -0.205    -0.541*** 

 (0.229) (0.062) (0.163)    (0.191) 

GDP Growth Rate -0.223*** -0.139 -0.062    -0.080*** 

 (0.072) (0.133) (0.178)    (0.023) 

Amenity  0.061***                 0.034 

  (0.015)                 (0.060) 

Road Density  0.084***                 0.054 

  (0.024)                 (0.078) 

Constant  -4.162** 3.625     

  (1.981) (4.283)     

     

N 9910 13889 9910    10239 

Log Likelihood -4494 -6815 -4412  

Chi2 200 766 192     

AIC 9039 13688 8877  

BIC 9219 13907 9064  

Sargan Chi2    85 

P-value M1    0 

P-value M2    0.602 

Standard errors in parentheses, robust standard errors for fixed effects Poisson and GMM  

Time dummies (time trend for GMM), compressed, are jointly significant at 0.01 level  

* p<0.10, ** p<0.05, *** p<0.01 
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Table 2-B.6 Estimated Models of Establishment Births (Stone, Clay and Glass Products) 

 
Fixed Effects Random Effects Negative GMM 

Poisson Poisson Binomial  

                    

Non-Attainment 0.055 -0.805*** -0.192    -0.970 

 (0.456) (0.263) (0.412)    (1.734) 

Location Quotient 0.058*** 0.053*** 0.056*** 0.190*** 

 (0.011) (0.004) (0.008)    (0.044) 

Ln(pop) 1.112*** 0.758*** 0.562*** 0.453*** 

 (0.143) (0.017) (0.060)    (0.109) 

Non-Att x LQ 0.008 0.006 0.009    -0.045 

 (0.016) (0.011) (0.015)    (0.067) 

Non-Att x ln(pop) -0.004 0.063*** 0.017    0.106 

 (0.035) (0.021) (0.032)    (0.145) 

Ln (wage) -0.152 -0.238*** -0.132    0.181 

 (0.201) (0.088) (0.173)    (0.626) 

Unemployment -0.011 -0.026*** -0.013*   0.003 

 (0.009) (0.005) (0.008)    (0.018) 

Education -0.001 0.005** 0.011*   0.009 

 (0.007) (0.002) (0.006)    (0.011) 

Ln(tax) -0.021 0.062** -0.031    0.023 

 (0.068) (0.024) (0.060)    (0.138) 

GDP Growth Rate -0.137*** -0.140*** -0.156**  -0.012 

 (0.019) (0.050) (0.070)    (0.012) 

Amenity  0.055***                 0.104** 

  (0.006)                 (0.051) 

Road Density  0.008                 0.082 

  (0.012)                 (0.109) 

Constant  -6.963*** -2.967*    

  (0.758) (1.609)     

     

N 34570 40148 34570    33970 

Log Likelihood -21468 -27420 -21406  

Chi2 392 7414 463     

AIC 42985 54898 42865  

BIC 43196 55147 43085  

Sargan Chi2    180 

P-value M1    0 

P-value M2    0.636 

Standard errors in parentheses, robust standard errors for fixed effects Poisson and GMM  

Time dummies (time trend for GMM), compressed, are jointly significant at 0.01 level  

* p<0.10, ** p<0.05, *** p<0.01 
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Table 2-B.7 Estimated Models of Establishment Births (Primary Metal Industries) 

 
Fixed Effects Random Effects Negative GMM 

Poisson Poisson Binomial  

                    

Non-Attainment -0.775 -1.893*** -0.987    0.405 

 (0.651) (0.409) (0.626)    (2.125) 

Location Quotient 0.008 0.030*** -0.001    0.093*** 

 (0.011) (0.006) (0.009)    (0.028) 

Ln(pop) 1.367*** 0.656*** 0.281**  0.208* 

 (0.243) (0.029) (0.122)    (0.114) 

Non-Att x LQ 0.018 0.009 0.022*   -0.056* 

 (0.013) (0.009) (0.012)    (0.031) 

Non-Att x ln(pop) 0.061 0.159*** 0.071    -0.019 

 (0.050) (0.033) (0.049)    (0.164) 

Ln (wage) -0.571 -0.146 0.076    2.565*** 

 (0.378) (0.150) (0.278)    (0.580) 

Unemployment 0.017 -0.008 -0.056*** -0.115*** 

 (0.013) (0.010) (0.011)    (0.015) 

Education -0.007 -0.012*** -0.025*** -0.016 

 (0.012) (0.003) (0.006)    (0.012) 

Ln(tax) 0.110 0.105** -0.120    -0.072 

 (0.101) (0.043) (0.084)    (0.134) 

GDP Growth Rate 0.042 -0.689*** -0.010    -0.028** 

 (0.027) (0.095) (0.010)    (0.014) 

Amenity  -0.008                 (0.037) 

  (0.010)                 -0.040 

Road Density  0.018                 (0.084) 

  (0.018)                 0.405 

Constant  -6.526*** -0.074     

  (1.329) (2.667)     

     

N 17822 22795 17822    17139 

Log Likelihood -9485 -13191 -9622  

Chi2 323 2200 61     

AIC 19021 26439 19265  

BIC 19216 26672 19351  

Sargan Chi2    219 

P-value M1    0 

P-value M2    0.615 

Standard errors in parentheses, robust standard errors for fixed effects Poisson and GMM  

Time dummies (time trend for GMM, compressed) are jointly significant at 0.01 level  

* p<0.10, ** p<0.05, *** p<0.01 
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Table 2-B.8 Estimated Models of Establishment Births (Fabricated Metal Products) 

 
Fixed Effects Random Effects Negative GMM 

Poisson Poisson Binomial  

                    

Non-Attainment -0.356 -0.927*** -0.356    -0.580 

 (0.387) (0.233) (0.327)    (2.254) 

Location Quotient 0.054*** 0.086*** 0.054*** 0.202*** 

 (0.014) (0.007) (0.010)    (0.030) 

Ln(pop) 1.108*** 0.796*** 1.108*** 0.617*** 

 (0.121) (0.018) (0.104)    (0.123) 

Non-Att x LQ 0.032 0.071*** 0.032**  -0.107 

 (0.021) (0.014) (0.016)    (0.083) 

Non-Att x ln(pop) 0.028 0.073*** 0.028    0.078 

 (0.030) (0.018) (0.025)    (0.189) 

Ln (wage) -0.053 0.230*** -0.053    0.386 

 (0.197) (0.087) (0.153)    (0.735) 

Unemployment -0.013** -0.033*** -0.013**  -0.033 

 (0.007) (0.005) (0.006)    (0.022) 

Education -0.018** -0.008*** -0.018*** 0.011 

 (0.008) (0.002) (0.005)    (0.011) 

Ln(tax) 0.020 0.093*** 0.020    0.081 

 (0.054) (0.024) (0.048)    (0.134) 

GDP Growth Rate -0.406*** -1.242*** -1.209*** 0.003 

 (0.016) (0.046) (0.064)    (0.015) 

Amenity  0.047***                 0.076* 

  (0.006)                 (0.046) 

Road Density  0.044***                 0.129 

  (0.013)                 (0.123) 

Constant  -9.315*** 7.410     

  (0.752) (143.335)     

     

     

N 32814 36795 32814    29176 

Log Likelihood -23125 -29430 -23125  

Chi2 3911 12976 5340     

AIC 46300 58918 46302  

BIC 46510 59165 46520  

Sargan Chi2    341 

P-value M1    0 

P-value M2    0.626 

Standard errors in parentheses, robust standard errors for fixed effects Poisson and GMM  

Time dummies (time trend for GMM), compressed, are jointly significant at 0.01 level  

* p<0.10, ** p<0.05, *** p<0.01 
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Table 2-B.9 Estimated Models of Establishment Births (Fabricated Metal Products-2) 

 
Fixed Effects Random Effects Negative GMM 

Poisson Poisson Binomial  

     

Non-Attainment -0.246 0.051 -0.246    1.030 

 (0.183) (0.120) (0.154)    (0.810) 

Location Quotient 0.053*** 0.083*** 0.053*** 0.222*** 

 (0.014) (0.008) (0.010)    (0.030) 

Population Density 1.094*** 0.545*** 1.094*** 0.351*** 

 (0.120) (0.023) (0.104)    (0.118) 

Non-Att x LQ 0.032 0.051*** 0.032**  -0.047 

 (0.020) (0.015) (0.016)    (0.076) 

Non-Att x Pop.Dsty 0.042 0.008 0.042*   -0.119 

 (0.029) (0.020) (0.024)    (0.150) 

Ln (wage) -0.056 0.726*** -0.056    1.459** 

 (0.197) (0.099) (0.153)    (0.680) 

Unemployment -0.013* -0.022*** -0.013**  -0.035* 

 (0.007) (0.005) (0.006)    (0.018) 

Education -0.018** 0.003 -0.018*** 0.018* 

 (0.008) (0.003) (0.005)    (0.010) 

Ln(tax) 0.022 0.169*** 0.022    0.089 

 (0.054) (0.028) (0.048)    (0.124) 

GDP Growth Rate -0.405*** -1.366*** -1.208*** 0.008 

 (0.016) (0.047) (0.064)    (0.011) 

Amenity  0.154***                 0.165*** 

  (0.008)                 (0.043) 

Road Density  0.046**                 0.164 

  (0.021)                 (0.134) 

Constant  -8.268*** 14.203     

  (0.891) (124.916)     

     

     

N 32814 36795 32814    29176 

Log Likelihood -23124 -29970 -23124  

Chi2 3964 8874 5340    

AIC 46298 59998 46300  

BIC 46508 60245 46519  

Sargan Chi2    348 

P-value M1    0 

P-value M2    0.314 

Standard errors in parentheses, robust standard errors for fixed effects Poisson and GMM  

Time dummies (time trend for GMM, compressed) are jointly significant at 0.01 level  

* p<0.10, ** p<0.05, *** p<0.01 
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Table 2-B.10 Estimated Models of Establishment Births (Transportation Equipment) 

 
Fixed Effects Random Effects Negative GMM 

Poisson Poisson Binomial  

                    

Non-Attainment -0.376 -0.577* -0.376    0.678 

 (0.476) (0.297) (0.414)    (1.791) 

Location Quotient 0.036** 0.098*** 0.036*** 0.219*** 

 (0.015) (0.008) (0.010)    (0.031) 

Ln(pop) 0.581*** 0.678*** 0.581*** 0.408*** 

 (0.206) (0.024) (0.154)    (0.113) 

Non-Att x LQ 0.009 0.001 0.009    -0.094*** 

 (0.007) (0.009) (0.010)    (0.035) 

Non-Att x ln(pop) 0.034 0.047** 0.034    -0.044 

 (0.036) (0.023) (0.032)    (0.147) 

Ln (wage) 0.208 -0.049 0.208    0.570 

 (0.226) (0.118) (0.213)    (0.598) 

Unemployment -0.018* -0.020*** -0.018**  0.002 

 (0.010) (0.007) (0.009)    (0.022) 

Education 0.001 -0.003 0.001    0.024** 

 (0.008) (0.003) (0.007)    (0.011) 

Ln(tax) 0.068 0.067** 0.068    -0.272* 

 (0.071) (0.032) (0.066)    (0.145) 

GDP Growth Rate -0.232*** -0.939*** -1.003*** 0.022 

 (0.023) (0.065) (0.092)    (0.015) 

Amenity  0.080***                 0.074* 

  (0.009)                 (0.043) 

Road Density  -0.002                 0.046 

  (0.017)                 (0.095) 

Constant  -6.388*** 9.148     

  (1.022) (319.285)     

     

N 26885 32291 26885    24177 

Log Likelihood -15740 -20961 -15740  

Chi2 1312 4780 1533     

AIC 31530 41980 31532  

BIC 31734 42223 31745  

Sargan Chi2    237 

P-value M1    0 

P-value M2    0.351 

Standard errors in parentheses, robust standard errors for fixed effects Poisson and GMM  

Time dummies (time trend for GMM), compressed, are jointly significant at 0.01 level  

* p<0.10, ** p<0.05, *** p<0.01 
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Table 2-B.11 Effects of Environmental Regulation and Agglomeration Economies on 

Establishment Births (Paper and Allied Products) 

  

Fixed 

Effects 

Poisson 

Random 

Effects 

Poisson 

Negative 

Binomial 
GMM 

      

Non-Attainment                    

 

Direct Effects -1.910* -3.539*** -1.969**  -1.878 

  (1.028) (0.544) (0.966)    (2.028) 

      

 Indirect Effects 1.606* 3.102*** 1.663* 1.684 

  (0.923) (0.488) (0.866) (1.810) 

      

 Total Effects -0.303** -0.436*** -0.306** -0.194 

  (0.125) (0.076) (0.121) (0.252) 

      

Location Quotient     

 

Direct Effects 0.000 0.081*** -0.011    0.172*** 

  (0.015) (0.009) (0.014)    (0.046) 

      

 Indirect Effects -0.001 0.010* 0.001 -0.030** 

  (0.007) (0.005) (0.008) (0.014) 

      

 Total Effects -0.001 0.091*** -0.010 0.142*** 

  (0.015) (0.009) (0.014) (0.035) 

      

Ln(pop)     

 

Direct Effects 0.426 0.567*** 0.537*** 0.274** 

  (0.342) (0.036) (0.176)    (0.118) 

      

 Indirect  0.043* 0.069*** 0.044* 0.041 

  (0.024) (0.011) (0.023) (0.042) 

      

 Total Effects 0.557 0.711*** 0.703*** 0.315*** 

  (0.448) (0.045) (0.231) (0.113) 

Standard errors in parentheses, robust standard errors for fixed effects Poisson and 

GMM  

* p<0.10, ** p<0.05, *** p<0.01 
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Table 2-B.12 Effects of Environmental Regulation and Agglomeration Economies on 

Establishment Births (Chemicals and Allied Products)  

  

Fixed 

Effects 

Poisson 

Random 

Effects 

Poisson 

Negative 

Binomial 
GMM 

      

Non-Attainment                    

 

Direct Effects -1.327*** -2.276*** -0.987*   0.863 

  (0.492) (0.327) (0.509)    (1.666) 

      

 Indirect Effects 1.191*** 2.046*** 0.926** -0.590 

  (0.415) (0.282) (0.440) (1.479) 

      

 Total Effects -0.136 -0.229*** -0.061 0.273 

  (0.086) (0.055) (0.079) (0.213) 

      

Location Quotient     

 

Direct Effects 0.026** 0.048*** 0.041*** 0.189*** 

  (0.013) (0.008) (0.012)    (0.064) 

      

 Indirect Effects 0.005 0.004** 0.004 -0.026 

  (0.004) (0.002) (0.003) (0.016) 

      

 Total Effects 0.031*** 0.052*** 0.045*** 0.163*** 

  (0.012) (0.007) (0.010) (0.049) 

      

Ln(pop)     

 

Direct Effects 0.735*** 0.588*** 0.150    0.158 

  (0.176) (0.022) (0.118)    (0.120) 

      

 Indirect  0.026*** 0.038*** 0.020** -0.011 

  (0.009) (0.005) (0.009) (0.031) 

      

 Total Effects 0.913*** 0.708*** 0.187 0.147 

  (0.218) (0.027) (0.147) (0.112) 

Standard errors in parentheses, robust standard errors for fixed effects Poisson and 

GMM  

* p<0.10, ** p<0.05, *** p<0.01 
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Table 2-B.13 Effects of Environmental Regulation and Agglomeration Economies on 

Establishment Births (Petroleum and Coal Products) 

  

Fixed 

Effects 

Poisson 

Random 

Effects 

Poisson 

Negative 

Binomial 
GMM 

      

Non-Attainment                    

 

Direct Effects 0.570 -2.315*** 0.474    -7.511*** 

  (1.035) (0.600) (0.964)    (1.051) 

      

 Indirect Effects -0.703 2.090*** -0.584 6.629*** 

  (0.947) (0.553) (0.895) (1.045) 

      

 Total Effects -0.133 -0.225*** -0.110 -0.883*** 

  (0.128) (0.078) (0.113) (0.143) 

      

Location Quotient     

 

Direct Effects 0.012* 0.021*** 0.012*   0.005 

  (0.006) (0.006) (0.007)    (0.013) 

      

 Indirect Effects -0.008 -0.001 -0.007 0.052*** 

  (0.006) (0.003) (0.005) (0.006) 

      

 Total Effects 0.003 0.021*** 0.005 0.056*** 

  (0.008) (0.005) (0.007) (0.010) 

      

Ln(pop)     

 

Direct Effects 1.050* 0.305*** 0.261**  -0.034 

  (0.557) (0.043) (0.107)    (0.143) 

      

 Indirect  -0.023 0.058*** -0.019 0.197*** 

  (0.032) (0.015) (0.030) (0.031) 

      

 Total Effects 1.464* 0.402*** 0.363** 0.163 

  (0.776) (0.056) (0.149) (0.133) 

Standard errors in parentheses, robust standard errors for fixed effects Poisson and 

GMM  

* p<0.10, ** p<0.05, *** p<0.01 
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Table 2-B.14 Effects of Environmental Regulation and Agglomeration Economies on 

Establishment Births (Stone, Clay, Glass Products) 

  

Fixed 

Effects 

Poisson 

Random 

Effects 

Poisson 

Negative 

Binomial 
GMM 

      

Non-Attainment                    

 

Direct Effects 0.055 -0.805*** -0.192    -0.970 

  (0.456) (0.263) (0.412)    (1.734) 

      

 Indirect Effects -0.037 0.669*** 0.190 1.094 

  (0.384) (0.222) (0.348) (1.546) 

      

 Total Effects 0.018 -0.136*** -0.001 0.125 

  (0.079) (0.048) (0.072) (0.204) 

      

Location Quotient     

 

Direct Effects 0.058*** 0.053*** 0.056*** 0.190*** 

  (0.011) (0.004) (0.008)    (0.044) 

      

 Indirect Effects 0.001 0.001 0.002 -0.007 

  (0.003) (0.002) (0.003) (0.011) 

      

 Total  Effects 0.059*** 0.054*** 0.058*** 0.183*** 

  (0.010) (0.004) (0.008) (0.040) 

      

Ln(pop)     

 

Direct Effects 1.112*** 0.758*** 0.562*** 0.453*** 

  (0.143) (0.017) (0.060)    (0.109) 

      

 Indirect  -0.001 0.010*** 0.003 0.017 

  (0.006) (0.003) (0.006) (0.024) 

      

 Total Effects 1.307*** 0.874*** 0.660*** 0.471*** 

  (0.168) (0.020) (0.070) (0.110) 

Standard errors in parentheses, robust standard errors for fixed effects Poisson and 

GMM  

* p<0.10, ** p<0.05, *** p<0.01 
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Table 2-B.15 Effects of Environmental Regulation and Agglomeration Economies on 

Establishment Births (Primary Metal Industries) 

  

Fixed 

Effects 

Poisson 

Random 

Effects 

Poisson 

Negative 

Binomial 
GMM 

      

Non-Attainment                    

 

Direct Effects -0.775 -1.893*** -0.987    0.405 

  (0.651) (0.409) (0.626)    (2.125) 

      

 Indirect Effects 0.702 1.772*** 0.820 -0.238 

  (0.570) (0.361) (0.556) (1.850) 

      

 Total Effects -0.073 -0.121* -0.167* 0.167 

  (0.094) (0.062) (0.086) (0.290) 

      

Location Quotient     

 

Direct Effects 0.008 0.030*** -0.001    0.093*** 

  (0.011) (0.006) (0.009)    (0.028) 

      

 Indirect Effects 0.005 0.002 0.006* -0.014* 

  (0.004) (0.002) (0.003) (0.008) 

      

 Total Effects 0.013 0.032*** 0.005 0.079*** 

  (0.009) (0.005) (0.007) (0.021) 

      

Ln(pop)     

 

Direct Effects 1.367*** 0.656*** 0.281**  0.208* 

  (0.243) (0.029) (0.122)    (0.114) 

      

 Indirect  0.017 0.036*** 0.020 -0.005 

  (0.014) (0.007) (0.013) (0.041) 

      

 Total Effects 1.743*** 0.806*** 0.358** 0.204 

  (0.310) (0.036) (0.155) (0.133) 

Standard errors in parentheses, robust standard errors for fixed effects Poisson and 

GMM  

* p<0.10, ** p<0.05, *** p<0.01 
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Table 2-B.16 Effects of Environmental Regulation and Agglomeration Economies on 

Establishment Births (Fabricated Metal Products) 

  

Fixed 

Effects 

Poisson 

Random 

Effects 

Poisson 

Negative 

Binomial 
GMM 

      

Non-Attainment                    

 

Direct Effects -0.356 -0.927*** -0.356    -0.580 

  (0.387) (0.233) (0.327)    (2.254) 

      

 Indirect Effects 0.327 0.817*** 0.327 0.782 

  (0.327) (0.197) (0.275) (2.047) 

      

 Total Effects -0.029 -0.111*** -0.029 0.203 

  (0.067) (0.042) (0.058) (0.225) 

      

Location Quotient     

 

Direct Effects 0.054*** 0.086*** 0.054*** 0.202*** 

  (0.014) (0.007) (0.010)    (0.030) 

      

 Indirect Effects 0.006 0.012*** 0.006** -0.020 

  (0.004) (0.002) (0.003) (0.016) 

      

 Total Effects 0.059*** 0.098*** 0.059*** 0.182*** 

  (0.013) (0.007) (0.009) (0.028) 

      

Ln(pop)     

 

Direct Effects 1.108*** 0.796*** 1.108*** 0.617*** 

  (0.121) (0.018) (0.104)    (0.123) 

      

 Indirect  0.005 0.012*** 0.005 0.015 

  (0.005) (0.003) (0.005) (0.036) 

      

 Total Effects 1.311*** 0.928*** 1.311*** 0.631*** 

  (0.143) (0.021) (0.123) (0.122) 

Standard errors in parentheses, robust standard errors for fixed effects Poisson and 

GMM  

* p<0.10, ** p<0.05, *** p<0.01 

 



100 

 

Table 2-B.17 Effects of Environmental Regulation and Agglomeration Economies on 

Establishment Births (Transportation Equipment) 

  

Fixed 

Effects 

Poisson 

Random 

Effects 

Poisson 

Negative 

Binomial 
GMM 

      

Non-Attainment                    

 

Direct Effects -0.376 -0.577* -0.376    0.678 

  (0.476) (0.297) (0.414)    (1.791) 

      

 Indirect Effects 0.372 0.509** 0.372 -0.512 

  (0.400) (0.254) (0.351) (1.608) 

      

 Total Effects -0.004 -0.069 -0.004 0.165 

  (0.087) (0.053) (0.072) (0.204) 

      

Location Quotient     

 

Direct Effects 0.036** 0.098*** 0.036*** 0.219*** 

  (0.015) (0.008) (0.010)    (0.031) 

      

 Indirect Effects 0.002 0.000 0.002 -0.019*** 

  (0.002) (0.002) (0.002) (0.007) 

      

 Total Effects 0.038*** 0.098*** 0.038*** 0.199*** 

  (0.014) (0.008) (0.009) (0.025) 

      

Ln(pop)     

 

Direct Effects 0.581*** 0.678*** 0.581*** 0.408*** 

  (0.206) (0.024) (0.154)    (0.113) 

      

 Indirect  0.007 0.009** 0.007 -0.009 

  (0.008) (0.004) (0.007) (0.030) 

      

 Total Effects 0.702*** 0.801*** 0.702*** 0.399*** 

  (0.249) (0.028) (0.186) (0.108) 

Standard errors in parentheses, robust standard errors for fixed effects Poisson and 

GMM  

* p<0.10, ** p<0.05, *** p<0.01 
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3.1 Introduction  

 

Regulations for air pollution are designed to mitigate emissions in the 

environment and protect human health. The impacts of such pollution regulations on 

local establishments are ambiguous. In Chapter 2, from the estimations on the effects of 

nonattainment status for average counties, we find supporting results for both the 

pollution haven hypothesis and the Porter hypothesis: the nonattainment designation can 

attract or deter establishment births, depending on the industry. Therefore, county 

nonattainment designations can induce heterogeneous impacts across industries: they 

can be beneficial for some industries; but not for all. 

Interactions of the regulatory variable and other local economic factors such as 

agglomeration economies can bring offsetting effects to environmental regulations; as a 

result, the actual impact of pollution regulations will differ over space, for each industry, 

as shown in Chapter 2. Therefore, counties that experience a change in nonattainment 

status can receive diverse impacts from designation: some may gain establishments 

while others may lose. For a particular county, the impacts can also be different by 

industry. Therefore, if some counties expect to gain or lose establishments from 

different industries as a result of nonattainment designations, the total impacts on the 

local economy can be bearable since the positive and negative impacts can balance out 

to some degree; whereas if some counties expect to lose establishments from most of 

the industries; the total negative impacts can be severe enough to influence the stability 

of the local economy.  

In local regions, besides the potential regulatory impacts on changes in the 

stocks of establishments, the consequences of the tightening regulatory standards may 

also include changes in local jobs, unemployment rate, income, taxes, and so forth. 

Careful evaluation of consequences and tradeoffs is needed before revising the 

stringency level of environmental regulation. 

 Historically, the air quality standards have been raised up to four times, for each 

of the air pollutants, since establishment. If the national air quality standards were 

raised again, more counties would be affected and designated into nonattainment status. 
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For those counties that are affected by the tightening regulatory standards, what kind of 

changes would occur to them? Would the nonattainment designation successfully 

reduce the stocks of local establishments? Can we find heterogeneous impacts on these 

affected counties? If so, what types of counties would gain, or lose from the 

nonattainment designation? For industries that generate heavy air pollution, will 

tightening standards stimulate them to grow, or push them to shrink? Will tightening 

standards bring nation-wide impacts for pollution intensive industries?  

In this chapter, we simulate the potential consequences on counties that would 

be affected by a raise in air pollution standards. We use estimation results on modeling 

the stocks of establishments from 1989 to 2009 to predict the stocks of establishments 

that would occur in 2007-2009, under scenarios of tightening regulatory standards. 

Specifically, this chapter answers the following questions: during 2007-2009, (1) How 

many more counties would switch into nonattainment designations if the NAAQS were 

raised in 2007? (2) What would be the changes in stocks of establishments for these 

affected counties?  (3) What would be the changes in local jobs and income for these 

affected counties?   

To the best of our knowledge, this is the first study that examines the effect of 

changes in environmental regulation on polluting firms’ location choices at the county 

level in the United States. A panel data set for U.S. counties with annual observations 

for all explanatory variables from 1989 to 2009 is constructed. As in Chapter 2, seven 

major SIC two digit polluting industries that heavily emit criteria air pollutants under 

the 1977 Clean Air Amendments Act are studied. GMM results on estimating county 

stocks of establishments are used to simulate the impacts under scenarios of regulatory 

standards.  

The rest of this chapter proceeds as follows. Section 3.2 presents the estimation 

methodology and prediction procedure. Section 3.3 describes the data set constructed 

for this study and environmental regulation scenarios. Section 3.4 presents county 

designation status under scenarios of the air quality standards, the estimation results, 

and related discussion on the scenario analysis. Section 3.5 concludes the chapter.  
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3.2 Estimation Methodology   

 

3.2.1 Econometric Models 

 

As discussed in the previous chapter, the total number of polluting establishment 

births in county c in period t (Nct) is assumed to depend on the county’s attainment 

status of environmental regulations (Rct), agglomeration economies (Act), infrastructure 

and human capital (Ect), and other relevant county characteristics (Zct):  

(3.1) 
1( , , , )ct ct ct ct ct ctN f E R A Z e  ,             

where ect denotes the error term. Similarly, the total number of polluting establishment 

deaths in county c in period t (Dct) is assumed to depend on the same set of explanatory 

variables as in the model of establishment births: 

(3.2) 
2 ( , , , ) .ct ct ct ct ct ctD f E R A Z e 

 
 

Since this chapter only focuses on scenario analysis of environmental standards 

on the impacts of net changes of polluting plants (i.e. difference in stocks of 

establishments from two consecutive years), we model the total stocks of establishments 

( ctS ) instead. The stock of establishments ( ctS ) in each county and year are dependent 

on the stock of establishments from the previous year ( , 1c tS  ), the new births of 

establishments (
ctN ), as well as the new deaths of establishments (

ctD ). By combining 

equation (3.1) and (3.2), we have the following equation for the stocks of 

establishments ( ctS ): 

(3.3) , 1 3( , , , , )ct c t ct ct ct ct c ctS S f E R A Z W e   , 

where 
cW denotes some additional county-specific, time-constant variables that are 

correlated with stocks of establishments such as natural resources availability, and 
cte  

denotes the error terms. Since the numbers of county stocks of establishments are 

relatively large with wide ranges, we may treat them as continuous variables. Therefore, 

equation (3.3) can be written as:  

(3.4) , 1ct c t ct c ctS S X W       , 
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where ( , , , )ct ct ct ct ctX E R A Z ,  and  are unknown coefficients of estimates, 
ct are i.i.d 

idiosyncratic errors and | | 1  .  

First, we take the first difference of equation (3.4), and obtain the difference in 

our dependent variable from year t-1 to t as follows:  

(3.5)      , 1 , 1 , 2 , 1 1ct c t c t c t ct c t ct ctS S S S X X              . 

Notice that all time-constant variables are dropped from the equation. Therefore, we can 

use the same set of time-varying explanatory variables from Chapter 2 as 
ctX to 

estimate equation(3.4). Due to the correlation between 
1ct 
 and , 1c tS  , the error terms in 

(3.5) are correlated with part of the explanatory variables  , 1 , 2c t c tS S  , so regular least 

squares estimation will generate inconstant coefficients.  

Following Arellano and Bond (1991), we estimate the above linear dynamic 

model (3.4) by using a generalized method of moments (GMM) estimation method. 

Since , 3c tS  is correlated with  , 1 , 2c t c tS S   but not with  , , 1c t c tS S  , we may use , 3c tS 

(or values of 
ctS lagged more than three periods) as instruments for  , 1 , 2c t c tS S  and 

generate consistent estimators. Therefore, we have the following   2 3 / 2T T  linear 

moment conditions:  

(3.6)      1 , 2 , 1[ | , ] 0ct ct c j ct c tE S X X       ,   3,..., 1 ; 4,...,j t t T    , 

where T denotes the total number of periods in the panel data, which is 20 in our model.  

As discussed in Chapter 2, we suspect nonattainment status and location 

quotient variable to be endogenous (we denote them by 1

ctX ). So  1 1

, 1ct c tX X  may be 

correlated with the error terms as well,  1

,, 0ct c t sE X    for s t , and 0 otherwise. Since 

1

, 2c tX  is correlated with  1 1

, 1ct c tX X   but not with  , 1 , 2c t c tS S  , we use 1

, 2c tX   (or values 

of 1

,c tX  lagged more than two periods) as instruments for  1 1

, 1ct c tX X  . So this GMM 

estimation with instruments for both dependent and endogenous variables can generate 

consistent estimators for equation (3.4).  
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In this chapter we use two versions of the GMM method for estimation, to 

generate results from treating nonattainment and location quotient variables as 

exogenous and endogenous, respectively. By comparing the estimation results we find 

the endogeneity issues are not serious in this model.  

3.2.2 Predicted Stocks of Establishments under Scenarios of Standards  

 

We use the GMM estimation results to predict the stock of establishments under 

scenarios of regulatory standards and simulate the effects of a tightening environmental 

regulation on the polluting firms’ net changes in total establishments.  Under each 

scenario, the predicted stocks in each county are computed by substituting estimated 

coefficients from model (3.4), chosen values of county non-attainment status based on a 

particular standards scenario, historical observations of the remaining explanatory 

variables, for each year and industry from 2007 to 2009.  
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3.3 Data  

 

3.3.1 County Designation Status (2007 to 2009) 

 

As discussed in Chapter 2, polluting plants in nonattainment areas face stricter 

regulations and higher compliance costs relative to attainment counties. Four major 

criteria pollutants: carbon monoxide (CO), ozone (O3), sulfur dioxide (SO2), and 

particulate matter (PM10) are considered to generate a single proxy for the stringency of 

environmental regulation. A county nonattainment variable equals one when the county 

is designated as nonattainment area under any of the four criteria pollutants, and equals 

zero if the county is in attainment for all of the pollution standards.  

The nonattainment areas for criteria pollutants each year from 2007 to 2009 are 

extracted from the EPA Greenbook. From 2007 to 2009, the total nonattainment 

counties are 335, 329 and 302, respectively, which is approximately 10 percent of total 

counties in the United States. Overall, the spatial distributions of nonattainment 

counties are extremely unbalanced, concentrating along the coast and the great lake 

regions, where the majority of manufacturing industries are located.       

3.3.2 National Ambient Air Quality Standards (NAAQS) 

 

There are six commonly found air pollutants in the U.S., which are harmful to 

human health, the environment, as well as properties (e.g. buildings). These air 

pollutants are carbon monoxide, lead, nitrogen oxides, ground-level ozone, particulate 

matter, and sulfur oxides. At extreme levels of exposure, some of the pollutants (such as 

carbon monoxide) can even cause death. To protect the nation’s public health and the 

environment, U.S. EPA has set National Ambient Air Quality Standards (NAAQS) for 

these “criteria” pollutants since 1971, as required by The Clean Air Act (CAA). The 

standards are set based on the impacts to human health (primary standards) or 

environmental and property damage (secondary standards). This chapter focuses on the 

primary standards. During the past 30 years, the NAAQS for each of the criteria 

pollutants have been raised several times, as a result of periodic reviews, to better 
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control air pollution and protect human health. For example, the latest revision of ozone 

standards was made in 2008.  

Table 3-B.1 shows the latest air quality standards for the four criteria pollutants 

that are considered in Chapter 2 – carbon monoxide, ground-level ozone, particulate 

matter, and sulfur dioxide. 

 

3.3.3 Air Quality Statistics Report  

 

The Air Quality Statistics Report displays annual air pollution statistics that are 

related to the NAAQS standards, for criteria pollutants in each county. The report 

shows if a county’s maximum air quality statistics are above the national standard level 

for a particular year.  The air quality statistics for the four criteria pollutants from 2007 

to 2009 are extracted:  carbon monoxide (CO), ozone (O3), sulfur dioxide (SO2), and 

particulate matter (PM10). Based on the statistics and the national air quality standards, 

we can determine if a county’s air quality measures are above the level of standards for 

a particular year.  

3.3.4 Environmental Regulation Scenarios   

 

Based on the baseline national air quality standards, as reported in Table 3-B.1, 

ten levels of “new” standards were generated, by changing the quantity under the 

“Level” column from Table 3-B.1. New levels are obtained by taking a certain 

percentage of the current standards level, respectively. The baseline and “new” 

standards are summarized in Table 3-B.2. Columns “L1” to “L10” indicate the “new” 

standards, which are obtained by taking a certain percentage of the current standards 

level. For example, level 3 (L3) takes 85 percent of the current standards. Therefore, for 

counties that have air quality statistics higher than 85 percent of the current standards 

for any of the four pollutants, the counties are labeled as nonattainment under level 3.  

Comparing each of the “new” standards from Table 3-B.2 with the Air Quality 

Statistics Report, we can get attainment/nonattainment designations under each scenario 

of the regulatory standards. For each county and year, if the reported air quality 
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statistics are higher than the corresponding “new” standards for any of the four 

pollutants, the county is defined as nonattainment under the “new standards”, and 

attainment otherwise.   

3.3.5 Data Sources  

 

We develop a county level panel data on stocks of establishments from 1990 to 

2009, across all counties in the United States. This data set is extracted from the annual 

County Business Patterns (1990-2009), U.S. Census Bureau. For all explanatory 

variables used in the estimation models from 1990 to 2009, they are all from the same 

data sources as mentioned in Chapter 2. The Air Quality Statistics Report and the 

National Ambient Air Quality Statistics are obtained from U.S. EPA.  

A summary statistics of stocks of establishments and location quotient index for 

each industry is listed in Table 3-B.4. A summary statistics of county-specific variables 

used in the regression model is listed in Table 3-B.5.  
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3.4 Results  

 

3.4.1 Nonattainment Counties under Standards Scenarios 

 

Based on ten scenarios of higher air quality standards shown in Table 3-B.2, 

counties are assigned nonattainment if the air quality statistic with any of the four 

pollutants is higher than the standard. Table 3-B.3 shows the number of nonattainment 

counties in the U.S. under various standards scenarios. Under higher standards, more 

counties will become nonattainment. Based on our analysis, as summarized in Table 3-

B.3, if the standards were raised to level 1, which is 95 percent of the current standards, 

about 120 counties would be affected and designated into nonattainment on average 

from 2007 to 2009. The number of affected counties would increase to 307 if the 

standards were raised to level 4, which as 80% of the current standards. 

Figure 3-A.1 to Figure 3-A.3 present spatial distribution of nonattainment 

counties in 2007, 2008, 2009 under current standards, as well as additional 

nonattainment counties under higher standards (level 4, 8 from Table 3-B.2; which are 

80%, 60% of the baseline standards, respectively). Under the baseline regulation 

scenario (current air quality standards), nonattainment counties are mostly located in 

California, Northeastern U.S., and the great lakes regions. Midwest counties are rarely 

affected by a raise of standards, where counties stay under attainment status even at 

level 10, reflecting a minimum air pollution status. Therefore, it is expected that the 

stock of establishments in these regions will not be affected by changes to air pollution 

regulation.     

Under higher regulatory standards, additional counties will switch from 

attainment into nonattainment designation. There is no clear spatial pattern of the 

distributions of these affected counties, according to the figures, except that many of 

those counties that are affected by higher standards are located close to current 

nonattainment counties, due to the fact that the criteria air pollutants are local.    
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3.4.2 Direct, Indirect, and Total Effects for Explanatory Variables with 

Interactions 

 

 

Table 3-B.6 through Table 3-B.12 present the regression results from GMM 

models for each of the seven industries (26, 28, 29, 32, 33, 34, 37), respectively. The 

first model (“GMM1”) considers all explanatory variables as exogenous, whilst the 

second model (“GMM2”) instruments nonattainment and location quotient variable 

using their lagged value. Overall, the stock of establishments from the previous year is 

significantly positively related to the current year stock level, which is expected since 

lots of establishments survive more than one year. County control variables (e.g. wage, 

unemployment level, education, property tax per capita, national GDP growth rate) are 

jointly significant at the 0.1% level.  Two GMM models generate similar coefficient 

estimations, indicating the endogeneity issues regarding nonattainment status and 

location quotient are not serious in this model.   

There are three variables that involve interactions in our model: nonattainment, 

location quotient, and population. Similar to Chapter 2, we report the direct, indirect, 

and total effects associated with these variables from Table 3-B.13 to Table 3-B.19  

Nonattainment status has negative direct effects in five industries (paper, 

chemicals, petroleum, stone, clay, and glass products, and fabricated metal products); 

and positive direct effects on the other two industries (primary metal and transportation 

equipment). Therefore, without taking into account other spatial heterogeneous 

interacting effects such as agglomeration economies, county attainment/nonattainment 

designation alone has mixed impacts on the stocks of establishments. The indirect 

effects of nonattainment designation come from nonattainment designation interacting 

with county agglomeration factors: location quotient and county population. For an 

average county, nonattainment status has negative indirect effects in three industries 

(petroleum, primary metal industries and transportation equipment), and positive 

indirect effects in the other four industries (paper, chemicals, stone, clay, and glass 

product, and fabricated metal products). For each industry, the direct and indirect 

effects of nonattainment designation offset each other, making the total effects small in 
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absolute value and insignificant in some cases. To summarize, for all industries, the 

total effects of nonattainment status are consistent with the direct effects in terms of the 

signs; and are much smaller in magnitude due to the offset from indirect effects. 

Significant negative effects are reported in three industries: chemicals, stone, clay, and 

glass product and fabricated metal products; and significant positive effects are reported 

in primary metal and transportation equipment. Petroleum receives mixed and 

insignificant marginal effects due to the fact that the direct and indirect effects are both 

insignificant.  

In terms of effects of location quotient and population variables, the direct, 

indirect and total effects are significantly positive in most industries, indicating 

agglomeration economies are positively related to county stocks of establishments. The 

only industry that receives negative total marginal impacts from agglomeration 

economies is primary metal industries.   

 

3.4.3 Three-Year Averages of Changes in Predicted Stocks of Establishment 

(2007-2009) 

 

Table 3-B.20 presents the three-year averages of changes in predicted stocks of 

establishments under ten scenarios of standards, for each industry, based on the 

simulation results by “GMM2” model. Under each scenario, we compute the predicted 

changes in stocks of establishments in those counties that would be affected by the 

particular scenario of standards. For example, under the first level of standards (“L1”), 

there are 120 attainment counties that would be designated as nonattainment, which are 

predicted to lose 73 establishments from fabricated metal products. We only show the 

simulation results from the second “GMM2” model since it deals with the potential 

endogeneity issues of regulation and agglomeration factors, and the first GMM model 

(“GMM1”) generates similar simulation results since the coefficients estimation results 

are close to the “GMM2” model.  

Actual three-year averages of national stocks of establishments are also reported 

in the table for comparison with the baseline prediction. The actual numbers are 
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computed by taking the three-year averages of national stocks of establishments from 

each industry. Similarly, we compute the baseline numbers by taking the three-year 

averages of predicted national stocks of establishments under the baseline scenario. The 

comparison between the actual and baseline numbers indicates that the model fits well 

in most of the industries (except for transportation equipment).  

As shown in the table, five industries (paper, chemicals, petroleum, primary 

metal, and fabricated metal products) are predicted with establishment net losses under 

higher standards scenarios, and the losses are increasing with a raise in the standards 

(standards are going higher from “L1” to “L10”). For stone, clay, and glass products, 

even though the total effects of nonattainment status are negative, those affected 

counties would gain establishments under higher standards. This may be caused by 

using the average total effects of a nonattainment variable, to present the effects for an 

average county. However, for those actually affected counties under this scenario of 

standards, they are mainly located in regions with strong agglomeration economies, thus 

the positive indirect effects dominate the overall effects, making nonattainment 

designation ineffective. Similarly, in primary metal industries, the total effects of 

nonattainment designation are positive, but the affected counties would lose 

establishments under a rise in standards. These results support the argument from 

Chapter 2, that nonattainment designations do have heterogeneous effects across space 

and industries, due to its interactions with agglomeration economies.  

Transportation equipment is predicted to lose establishments under initial 

scenarios of standards, but is predicted to gain establishments after the standards reach 

“L6”, which is 70 percent of the baseline level, due to the significant positive direct 

effects of nonattainment status. This result is consistent with the findings from Chapter 

2, that the total effects of nonattainment status are significantly positively related with 

establishment births in transportation equipment industry, a finding that supports the 

Porter hypothesis. In reality, the air pollution contribution from transportation 

equipment is the smallest among the seven industries. It is responsible for about eight 

percent of the total ozone emission and below one percent for the remainder of three 

pollutant emissions.    
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Table 3-B.20 also shows the total changes by summing up the changes from 

each of the seven industries. Overall, counties that are affected by a raise in standards 

are predicted to lose establishments and the loss is increasing with higher standards. In 

the scenario that pollution standards were raised to 80 percent of the current level 

(denoted by “L4”), these 181 affected counties would lose 326 establishments each year 

from 2007 to 2009.  

 

3.4.4 Three-Year Averages of Predicted Job and Income Gains (Losses) (2007-

2009) 

 

Table 3-B.21 and Table 3-B.22 report the three-year averages of predicted gains 

(losses) in total jobs and income14 under each of the ten scenarios of standards, for those 

counties that would be affected by the raise of standards. Under each scenario, we 

report the changes in industry employment and income, for those affected counties.  

Actual three-year averages of national employees and annual income are each 

reported in the tables for comparison with the baseline predictions. We compute the 

actual numbers by averaging the numbers of national employees or income from 2007 

to 2009, in each industry. Similarly, we compute the baseline numbers by replacing the 

national total number of employees or income by the predicted numbers under the 

baseline scenario. The model fit performs well for most industries.  

As shown in the table, for the five industries that are predicted to lose 

establishments under a raise in standards, they are predicted to cut employees and lose 

income. Under certain scenarios, stone, clay, and glass products and transportation 

equipment are predicted to enlarge employment and gain income as they are predicted 

to gain establishments. Large variations exist across industries in terms of the impact on 

job losses (gains) due to a raise in standards. Under “L4”, which is 80 percent of the 

current standards, from 318 to 10,011 jobs would be cut, with income loss from $19 to 

                                                 
14  We use the total payroll information from each industry to compute the 

income changes due to changes in number of jobs. Income from other sources is not 

considered in this study.  
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$436 million U.S. dollars, for different industries. Fabricated metal products are 

affected the most, while paper and stone, clay and glass products are affected the least 

in terms of job and income losses.  

Table 3-B.21 and Table 3-B.22 also present the total changes in jobs and income 

by summing up the numbers from each of the seven industries. Overall, counties that 

are affected by a raise in standards are predicted to lose jobs and income, which are 

increasing with higher standards. If the standards were raised to 80 percent of the 

current level, these counties that are affected under the standards would lose 14,711 

jobs and $705 million dollars of income, each year from 2007 to 2009.  

 

3.4.5 Three-Year National Averages of Changes in Predicted Stocks of 

Establishments 

 

Table 3-B.23 presents the national averages of the changes in predicted stocks of 

establishments, under each of the ten scenarios of standards, for each industry. Actual 

three-year averages of stocks of industry establishments and the baseline prediction are 

also reported in the table, which are the same as reported in Table 3-B.20. Under each 

scenario, we compare the predicted national stocks of establishments with the baseline 

stocks and report the percentage changes in the baseline stocks, for each industry. 

As shown in the table, unlike the dramatic impacts on counties that will switch 

to a nonattainment designation, a raise in pollutant standards has relatively small 

impacts on the total stocks of establishments on a national level. If the standards were 

raised to 80 percent of the current level, one percent of losses in the stocks of 

establishments are predicted at most (in fabricated metal products industry, which is 

affected the most by the tightening standards according to our simulation results). 

Therefore, the air quality standards and the associated county attainment or 

nonattainment designation may have strong impacts on a limited number of counties. 

Tightening such standards would not impose significant impacts on the majority of the 

country: only those counties that are currently in attainment but are heavily polluted 

would be affected. This finding also supports the estimation results from Chapter 2, that 
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on the national average, the total effects of nonattainment status are relatively small and 

sometimes insignificant; however, for certain local counties that are actually affected by 

the nonattainment designation, the impact can be quite significant.   
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3.5 Conclusion 

 

In this chapter, we discuss three questions: (1) how many more counties would 

switch into nonattainment designations if the NAAQS were raised in 2007? (2) What 

would be the changes in stocks of establishments in each industry?  (3) What would be 

the changes in local jobs and income for each industry?  As with Chapter 2, we focus on 

the seven major SIC 2 digit polluting industries that heavily emit criteria air pollutants. 

A panel data set for U.S. counties with annual observations for all explanatory variables 

from 2007 to 2009 is constructed. GMM model estimation coefficients for stocks of 

industry establishments are used to simulate net changes of establishments under 

various scenarios of air quality standards.   

This chapter first answers the question of how many more counties would be 

designated as nonattainment due to a revision of NAAQS standard in 2007. Based on 

our analysis, as summarized in Table 3-B.3, if the standards were raised to level 1, 

which is 95 percent of the current standards, on average about 120 counties would be 

affected and designated into nonattainment from 2007 to 2009. The number of affected 

counties would increase to 307 if the standards were raised to level 4, which as 80% of 

the current standards.  

We then analyze the three-year averages of changes in predicted stocks of 

establishments under various pollutant standards. Five industries are predicted with 

establishment net losses under higher standards scenarios, which include paper, 

chemicals, petroleum, primary metal, and fabricated metal products. Among the five 

industries, fabricated metal products are affected the most by the tightening standards, 

whilst paper and petroleum products are affected the least, which may be due to the 

different size of total stocks of establishments in each industry. Stone, clay, and glass 

products and transportation equipment are predicted with establishments’ gains under 

certain standards levels. This finding shows the spatially heterogeneous effects of 

nonattainment designation due to the existence of its interactions with other local 

factors such as agglomeration economies: even though on average the environmental 
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regulations can bring negative impacts, for certain regions the positive indirect effects 

may dominate, making the regulations ineffective.       

This chapter also discusses the consequences on local jobs and income from 

tightening standards. We do find significant impacts on the local economy, with large 

variations across industries. If the standards were tightened to 80 percent of the current 

standards, about 318 to 10,011 jobs and $19 to $436 million U.S. dollars will be lost in 

an average affected county from different industries. The total impacts from all of the 

seven industries on counties that are affected by the tightening standards (i.e., those 

attainment counties that would be switched to nonattainment under the particular 

scenario of standards) are estimated to be negative: counties would lose establishment, 

jobs, and income; and the impacts would be larger under higher standards. For example, 

if the standards were raised to 80 percent of the current level, in total, these affected 

counties would lose 326 establishments, 14,711 jobs with $705 million U.S. dollars of 

income each year, from 2007 to 2009. Such dramatic negative impacts on those affected 

counties by the tightening regulation may induce other socio-economic consequences as 

well.  

Since the indirect effects of nonattainment status always offset the direct effects, 

counties located at industry centers with large population tend to receive weaker effects 

from nonattainment status, compared with counties elsewhere. For example, in the 

paper products industry, the direct effects of nonattainment status are significantly 

negative, while the indirect effects are significantly positive, and the total effects for an 

average county are also negative. Our simulation results indicate this industry would 

lose establishments under tightening standards, so we expect such loss would occur at 

those affected counties that are neither industry centers nor metropolitan areas. For 

regions with large agglomeration economies, switching from attainment into 

nonattainment may end up with more polluting establishments, even though the whole 

industry is shrinking. As a result, industries would become more clustered; metropolitan 

areas will grow under tightening regulatory standards; the public health issues cannot be 

relieved easily in metropolitan areas by simply raising the air quality standards.    
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At the national economy level, impacts of tightening environmental regulations 

are found to be relatively small. Under the scenario of 80 percent of the current 

standards, industries are predicted to lose between 0.01 to one percent of total 

establishments. Therefore, the well-designed regulatory standards may work effectively 

on their targeted regions, while minimizing the impact on the national economy.  

The increase of air pollution standards include various economic and 

environmental effects, including the impacts on polluting firms’ location decisions, the 

change in local air quality, local employment as well as income and tax gains or losses. 

The regulatory impacts can be spatially heterogeneous due to their interactions with 

other local economic factors such as agglomeration economies. The impacts may also 

differ across different industries. Therefore, if the national standards are raised, local air 

quality status may or may not be improved, due to the non-uniform levels of the 

effectiveness of the regulation. Tightening environmental regulations can also harm 

local economies by causing establishments to close which result in losing local jobs and 

incomes dramatically. Among the counties affected by tightening regulation, those 

located outside of industry centers or metropolitan areas are impacted the most. Careful 

evaluation of all possible consequences is needed before adopting a different stringency 

level in environmental regulation in order to effectively improve air quality while 

minimizing negative consequences on the local economy.  
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Appendix 3-A Figures  

 

 

Figure 3-A.1 Nonattainment Counties (2007) 

 

Figure 3-A.2 Nonattainment Counties (2008) 
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Figure 3-A.3 Nonattainment Counties (2009) 
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Appendix 3-B Tables 

 

Table 3-B.1 Current National Ambient Air Quality Standards (NAAQS) 

Pollutant 
Primary/ 

Secondary 

Averagin

g Time 
Level Form 

CO primary 
8-hour 9 ppm Not to be exceeded more than once 

per year 1-hour 35 ppm 

Ozone 
primary & 

secondary 
8-hour 

0.075 

ppm 

Annual fourth-highest daily 

maximum 8-hr concentration, 

averaged over 3 years 

PM10 
primary & 

secondary 
24-hour 

150 

μg/m3 

Not to be exceeded more than once 

per year on average over 3 years 

SO2 

primary 1-hour 75 ppb 

99th percentile of 1-hour daily 

maximum concentrations, averaged 

over 3 years 

secondary 3-hour 0.5 ppm 
Not to be exceeded more than once 

per year 

 

Table 3-B.2 Scenarios of National Ambient Air Quality Standards 

Pollutant 
Avg. 

Time 
Unit 

Current  

Std. 

L1 

(95%) 

L2 

(90%) 

L3 

(85%) 

L4 

(80%) 

CO 
8-hour ppm 9  8.55  8.1  7.65  7.2 

1-hour ppm 35  33.25  31.5 29.75  28  

Ozone 8-hour ppm 0.075  0.071  0.068  0.064  0.06  

PM10 24-hr. μg/m3 150  142.5 135 127.5 120 

SO2 1-hour ppb 75  71.25 67.5 63.75 60 

        

 
Avg. 

Time 

L5 

(75%) 

L6 

(70%) 

L7 

(65%) 

L8 

(60%) 

L9 

(55%) 

L10 

(50%) 

CO 
8-hour 6.75 6.3  5.85  5.4 4.95  4.5  

1-hour 26.25  24.5  22.75  21  19.25  17.5 

Ozone 8-hour 0.056 0.053  0.049  0.045  0.041 0.038 

PM10 24-hr. 112.5 105 97.5 90  82.5  75.00  

SO2 1-hour 56.25 52.5 48.75 45  41.25  37.5  
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Table 3-B.3 No. of  Additional Nonattainment Counties under Various Standard Levels 

Levels L1(95%) L2(90%) L3(85%) L4(80%) L5(75%) 

Number 120 181 243 307 349 

      Levels L6(70%) L7(65%) L8(60%) L9(55%) L10(50%) 

   Number 379 414 470 508 534 

 

 

Table 3-B.4 Summary Statistics of Stock of Establishments and Location Quotient 

Index 

Industry 

Stock of Establishments   Location Quotient  

Mean Std. Dev. 

 

Mean Std. Dev. 

Paper and allied products  5.159 12.489 

 

0.506 1.807 

Chemicals and allied products 7.206 21.281 

 

0.335 1.936 

Petroleum and coal products  2.601 3.906 

 

0.423 3.130 

Stone, clay and glass products 6.799 14.099 

 

0.815 2.445 

Primary metal industries 6.143 18.990 

 

0.420 2.679 

Fabricated metal products  14.308 50.717 

 

0.467 1.272 

Transportation equipment 9.545 29.473   0.215 0.994 
 

 

Table 3-B.5 Summary Statistics of County-Specific Explanatory Variables  

Variable Mean Std. Dev. 

   

Non-Attainment  0.247 0.431 

Ln(pop) 11.313 1.198 

Ln (wage) 9.874 0.190 

Unemployment 5.859 2.514 

Education 19.321 8.828 

Ln(tax) 6.142 0.572 

GDP Growth Rate 2.455 1.974 
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Table 3-B.6 Estimated Models of Stocks of Establishments (Paper and Allied Products)  

 GMM1 GMM2    

   

Stock of Establishments_1 1.017*** 1.019*** 

 (0.020) (0.019)    

Non-Attainment -2.422* -2.374**  

 (1.366) (1.165)    

Location Quotient 0.063*** 0.049*** 

 (0.020) (0.014)    

Ln(pop) 1.127** 1.099**  

 (0.496) (0.525)    

Non-Att x LQ 0.129* 0.112**  

 (0.072) (0.044)    

Non-Att x ln(pop) 0.199* 0.194*   

 (0.118) (0.100)    

Ln (wage) 0.254 0.231    

 (0.233) (0.229)    

Unemployment 0.000 -0.000    

 (0.012) (0.012)    

Education -0.046** -0.042**  

 (0.022) (0.018)    

Ln(tax) -0.108 -0.099    

 (0.103) (0.099)    

GDP Growth Rate 0.016 0.014    

 (0.014) (0.014)    

Constant -14.094*** -13.647**  

 (5.196) (5.854)    

   

N 19006 19006    

Chi2 9102 8650    

Robust standard errors in parentheses; * p<0.10, ** p<0.05, *** p<0.01 

Time dummies, compressed, are jointly significant at 0.01 level 

GMM2 treats Non-Attainment and Location Quotient as endogenous  
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Table 3-B.7 Estimated Models of Stocks of Establishments (Chemicals and Allied 

Products) 

 GMM1 GMM2    

   

Stock of Establishments_1 0.772*** 0.771*** 

 (0.066) (0.065)    

Non-Attainment -2.196 -2.031    

 (1.604) (1.308)    

Location Quotient 0.043*** 0.030**  

 (0.016) (0.013)    

Ln(pop) 1.945*** 1.907*** 

 (0.635) (0.612)    

Non-Att x LQ 0.034 0.022    

 (0.033) (0.027)    

Non-Att x ln(pop) 0.184 0.169    

 (0.140) (0.114)    

Ln (wage) 0.097 0.095    

 (0.174) (0.176)    

Unemployment -0.045*** -0.044*** 

 (0.014) (0.015)    

Education -0.009 -0.009    

 (0.028) (0.027)    

Ln(tax) -0.225** -0.222**  

 (0.113) (0.112)    

GDP Growth Rate 0.013 0.014    

 (0.013) (0.014)    

Constant -18.933*** -18.523*** 

 (7.289) (7.056)    

   

N 27561 27561    

Chi2 801 780    

   

Robust standard errors in parentheses; * p<0.10, ** p<0.05, *** p<0.01 

Time dummies, compressed, are jointly significant at 0.01 level 

GMM2 treats Non-Attainment and Location Quotient as endogenous  
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Table 3-B.8 Estimated Models of Stocks of Establishments (Petroleum and Coal 

Products) 

 GMM1 GMM2    

   

Stock of Establishments_1 0.655*** 0.669*** 

 (0.083) (0.082)    

Non-Attainment -0.986 -0.189    

 (0.889) (0.793)    

Location Quotient 0.023*** 0.020*** 

 (0.008) (0.008)    

Ln(pop) 0.633 0.765*   

 (0.404) (0.417)    

Non-Att x LQ -0.001 -0.015*   

 (0.010) (0.009)    

Non-Att x ln(pop) 0.086 0.012    

 (0.075) (0.067)    

Ln (wage) -0.159 -0.055    

 (0.240) (0.212)    

Unemployment 0.005 0.002    

 (0.009) (0.008)    

Education -0.014 0.002    

 (0.020) (0.014)    

Ln(tax) -0.068 -0.065    

 (0.082) (0.083)    

GDP Growth Rate 0.035*** 0.032*** 

 (0.011) (0.010)    

Constant -4.319 -7.262    

 (4.026) (4.511)    

   

N 13187 13187    

Chi2 452 484    

   

Robust standard errors in parentheses; * p<0.10, ** p<0.05, *** p<0.01 

Time dummies, compressed, are jointly significant at 0.01 level 

GMM2 treats Non-Attainment and Location Quotient as endogenous  
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Table 3-B.9 Estimated Models of Stocks of Establishments (Stone, Clay and Glass 

Products) 

 GMM1 GMM2    

   

Stock of Establishments_1 0.717*** 0.737*** 

 (0.105) (0.098)    

Non-Attainment -5.330*** -2.978*** 

 (1.608) (1.139)    

Location Quotient 0.084*** 0.073*** 

 (0.012) (0.012)    

Ln(pop) 1.885*** 1.839*** 

 (0.543) (0.497)    

Non-Att x LQ 0.061 0.060    

 (0.056) (0.047)    

Non-Att x ln(pop) 0.464*** 0.255**  

 (0.143) (0.101)    

Ln (wage) 0.579*** 0.607*** 

 (0.152) (0.152)    

Unemployment -0.060*** -0.057*** 

 (0.012) (0.011)    

Education -0.019 -0.006    

 (0.024) (0.023)    

Ln(tax) 0.015 0.001    

 (0.104) (0.104)    

GDP Growth Rate 0.057*** 0.058*** 

 (0.010) (0.010)    

Constant -23.433*** -23.521*** 

 (6.526) (6.072)    

   

N 41096 41096    

Chi2 1282 1400    

Robust standard errors in parentheses; * p<0.10, ** p<0.05, *** p<0.01 

Time dummies, compressed, are jointly significant at 0.01 level 

GMM2 treats Non-Attainment and Location Quotient as endogenous  
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Table 3-B.10 Estimated Models of Stocks of Establishments (Primary Metal Industries) 

 GMM1 GMM2    

   

Stock of Establishments_1 0.787*** 0.790*** 

 (0.007) (0.006)    

Non-Attainment 13.472** 11.660**  

 (6.228) (5.130)    

Location Quotient 0.038 0.050    

 (0.025) (0.033)    

Ln(pop) -2.798 -2.827*   

 (1.725) (1.716)    

Non-Att x LQ -0.079 -0.050    

 (0.052) (0.034)    

Non-Att x ln(pop) -1.168** -1.001**  

 (0.540) (0.444)    

Ln (wage) 1.539** 1.342*** 

 (0.691) (0.515)    

Unemployment -0.156*** -0.147*** 

 (0.049) (0.047)    

Education 0.232** 0.166*** 

 (0.112) (0.061)    

Ln(tax) -1.504* -1.449*   

 (0.899) (0.742)    

GDP Growth Rate -0.051 -0.047    

 (0.033) (0.033)    

Constant 23.092 26.283    

 (17.828) (20.566)    

   

N 21938 21938    

Chi2 40703 49173    

Robust standard errors in parentheses; * p<0.10, ** p<0.05, *** p<0.01 

Time dummies, compressed, are jointly significant at 0.01 level 

GMM2 treats Non-Attainment and Location Quotient as endogenous  
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Table 3-B.11 Estimated Models of Stocks of Establishments (Fabricated Metal Products) 

 GMM1 GMM2    

   

Stock of Establishments_1 0.873*** 0.880*** 

 (0.004) (0.003)    

Non-Attainment -21.880* -18.086**  

 (11.812) (9.011)    

Location Quotient 0.157** 0.079*   

 (0.067) (0.048)    

Ln(pop) 9.054** 9.031**  

 (3.888) (3.867)    

Non-Att x LQ 3.264*** 2.214*** 

 (0.757) (0.468)    

Non-Att x ln(pop) 1.740* 1.421*   

 (1.046) (0.805)    

Ln (wage) -1.214 -1.205    

 (0.813) (0.770)    

Unemployment 0.078** 0.057**  

 (0.031) (0.024)    

Education -0.442** -0.299**  

 (0.205) (0.139)    

Ln(tax) 1.332*** 1.213*** 

 (0.429) (0.392)    

GDP Growth Rate 0.163*** 0.152*** 

 (0.030) (0.025)    

Constant -84.505** -86.266**  

 (42.933) (42.856)    

   

N 36958 36958    

Chi2 177732 233049    

Robust standard errors in parentheses; * p<0.10, ** p<0.05, *** p<0.01 

Time dummies, compressed, are jointly significant at 0.01 level 

GMM2 treats Non-Attainment and Location Quotient as endogenous  
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Table 3-B.12 Estimated Models of Stocks of Establishments (Transportation Equipment) 

 GMM1 GMM2    

   

Stock of Establishments_1 0.801*** 0.800*** 

 (0.014) (0.011)    

Non-Attainment 32.385** 43.032*** 

 (12.742) (10.632)    

Location Quotient 0.299*** 0.371*** 

 (0.096) (0.120)    

Ln(pop) 10.304*** 9.867*** 

 (3.493) (3.444)    

Non-Att x LQ -0.860 -0.566    

 (1.001) (0.577)    

Non-Att x ln(pop) -2.876*** -3.693*** 

 (1.115) (0.938)    

Ln (wage) -0.641 -0.519    

 (1.252) (1.189)    

Unemployment -0.413*** -0.403*** 

 (0.110) (0.102)    

Education 0.672*** 0.605*** 

 (0.220) (0.155)    

Ln(tax) -1.467*** -1.441*** 

 (0.452) (0.416)    

GDP Growth Rate -0.386*** -0.375*** 

 (0.095) (0.090)    

Constant -101.713*** -97.194*** 

 (31.406) (32.458)    

   

N 31865 31865    

Chi2 28790 32853    

Robust standard errors in parentheses; * p<0.10, ** p<0.05, *** p<0.01 

Time dummies, compressed, are jointly significant at 0.01 level 

GMM2 treats Non-Attainment and Location Quotient as endogenous  
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Table 3-B.13  Effects of Environmental Regulation and Agglomeration Economies on 

Stocks of Establishments (Paper and Allied Products) 

  Non-Attainment Location Quotient Ln(pop) 

 GMM1 GMM2 GMM1 GMM2 GMM1 GMM2 

Direct Effects -2.422* -2.374**  0.063*** 0.049*** 1.127** 1.099**  
 (1.366) (1.165)    (0.020) (0.014)    (0.496) (0.525)    
       

Indirect Effects 2.328* 2.254** 0.032* 0.028** 0.050* 0.048* 

 (1.331) (1.138) (0.018) (0.011) (0.029) (0.025) 

       

Total Effects -0.094 -0.120* 0.095*** 0.076*** 1.408** 1.373** 

 (0.071) (0.062) (0.023) (0.015) (0.619) (0.655) 
Robust standard errors in parentheses ; * p<0.10, ** p<0.05, *** p<0.01 

GMM2 treats Non-Attainment and Location Quotient as endogenous  

 

 

 

Table 3-B.14 Effects of Environmental Regulation and Agglomeration Economies on 

Stocks of Establishments (Chemicals and Allied Products) 

 Non-Attainment Location Quotient Ln(pop) 

 GMM1 GMM2 GMM1 GMM2 GMM1 GMM2 

Direct Effects -2.196 -2.031    0.043*** 0.030**  1.945*** 1.907*** 
 (1.604) (1.308)    (0.016) (0.013)    (0.635) (0.612)    
       

Indirect Effects 2.029 1.855 0.007 0.004 0.037 0.034 

 (1.541) (1.254) (0.007) (0.005) (0.028) (0.023) 

       

Total Effects -0.166** -0.176** 0.050*** 0.034*** 2.339*** 2.293*** 

 (0.092) (0.086) (0.015) (0.012) (0.764) (0.737) 
Robust standard errors in parentheses;  * p<0.10, ** p<0.05, *** p<0.01 

GMM2 treats Non-Attainment and Location Quotient as endogenous  
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Table 3-B.15 Effects of Environmental Regulation and Agglomeration Economies on 

Stocks of Establishments (Petroleum and Coal Products) 

 Non-Attainment Location Quotient Ln(pop) 

 GMM1 GMM2 GMM1 GMM2 GMM1 GMM2 

Direct Effects -0.986 -0.189    0.023*** 0.020*** 0.633 0.765*   
 (0.889) (0.793)    (0.008) (0.008)    (0.404) (0.417)    
       

Indirect Effects 0.994 0.137 0.0003 -0.005* 0.027 0.004 

 (0.866) (0.779) (0.003) (0.003) (0.024) (0.021) 

       

Total Effects 0.009 -0.052 0.023*** 0.015*** 0.834 1.009* 

 (0.048) (0.045) (0.008) (0.006) (0.533) (0.549) 
Robust standard errors in parentheses; * p<0.10, ** p<0.05, *** p<0.01 

GMM2 treats Non-Attainment and Location Quotient as endogenous  

 

 

 

Table 3-B.16 Effects of Environmental Regulation and Agglomeration Economies on 

Stocks of Establishments (Stone, Clay, and Glass Products) 

 Non-Attainment Location Quotient Ln(pop) 

 GMM1 GMM2 GMM1 GMM2 GMM1 GMM2 

 

Direct  
-

5.330*** 

-

2.978*** 

 

0.084*** 

 

0.073*** 

 

1.885*** 

 

1.839*** 
Effects (1.608) (1.139)    (0.012) (0.012)    (0.543) (0.497)    
       

Indirect  4.975*** 2.759*** 0.009 0.009 0.070*** 0.038** 

Effects (1.517) (1.076) (0.008) (0.007) (0.021) (0.015) 

       

Total  

-

0.355*** 

- 

0.219** 

 

0.093*** 

 

0.082*** 

 

2.168*** 

 

2.115*** 

Effects (0.117) (0.089) (0.015) (0.014) (0.625) (0.571) 
Robust standard errors in parentheses; * p<0.10, ** p<0.05, *** p<0.01 

GMM2 treats Non-Attainment and Location Quotient as endogenous  
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Table 3-B.17 Effects of Environmental Regulation and Agglomeration Economies on 

Stocks of Establishments (Primary Metal Industries) 

 Non-Attainment Location Quotient Ln(pop) 

 GMM1 GMM2 GMM1 GMM2 GMM1 GMM2 

Direct  13.472** 11.660**  0.038 0.050    -2.798 -2.827*   
Effects (6.228) (5.130)    (0.025) (0.033)    (1.725) (1.716)    
       

Indirect  -13.082** -11.202** -0.018 -0.011 -0.267** -0.229** 

Effects (6.033) (4.958) (0.012) (0.008) (0.123) (0.101) 

       

Total Effects  0.390* 0.458** 0.020 0.038 -3.437 -3.472* 

 (0.234) (0.201) (0.019) (0.025) (2.119) (2.107) 
Robust standard errors in parentheses; * p<0.10, ** p<0.05, *** p<0.01 

GMM2 treats Non-Attainment and Location Quotient as endogenous  

 

 

 

Table 3-B.18 Effects of Environmental Regulation and Agglomeration Economies on 

Stocks of Establishments (Fabricated Metal Products) 

 Non-Attainment Location Quotient Ln(pop) 

 GMM1 GMM2 GMM1 GMM2 GMM1 GMM2 

 

Direct  
-

21.880* 

- 

18.086**  

 

0.157** 

 

0.079*   

 

9.054** 

 

9.031**  
Effects (11.812) (9.011)    (0.067) (0.048)    (3.888) (3.867)    
       

Indirect  20.222* 16.301* 0.536*** 0.364*** 0.286* 0.234* 

Effects (11.213) (8.616) (0.124) (0.077) (0.172) (0.132) 

       

Total  

-

1.657** 

- 

1.785*** 

 

0.693*** 

 

0.443*** 

 

10.542** 

 

10.515** 

Effects (0.653) (0.488) (0.118) (0.070) (4.527) (4.502) 
Robust standard errors in parentheses; * p<0.10, ** p<0.05, *** p<0.01 

GMM2 treats Non-Attainment and Location Quotient as endogenous  
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Table 3-B.19 Effects of Environmental Regulation and Agglomeration Economies on 

Stocks of Establishments (Transportation Equipment) 

 Non-Attainment Location Quotient Ln(pop) 

 GMM1 GMM2 GMM1 GMM2 GMM1 GMM2 

Direct  32.385** 43.032*** 0.299*** 0.371*** 10.304*** 9.867*** 

Effects (12.742) (10.632)    (0.096) (0.120)    (3.493) (3.444)    

       

Indirect  
-

31.406*** 

- 

40.204*** 

               

-0.154 

 

-0.101 

 

-0.514*** 

 

-0.660*** 

Effects (12.132) (10.149) (0.179) (0.103) (0.199) (0.168) 

       

Total  0.980 2.828*** 0.146 0.270** 12.146*** 11.631*** 

Effects (0.689) (0.641) (0.175) (0.126) (4.118) (4.060) 

Robust standard errors in parentheses; * p<0.10, ** p<0.05, *** p<0.01 

GMM2 treats Non-Attainment and Location Quotient as endogenous  

 

 

Table 3-B.20 Three-Year Averages of Changes in Predicted Stock of Establishments 

(2007-2009) 

Scenarios Affected Paper Chem. Petro. Stone Pri.  Fab.  Trans Total  

  Counties 

    

Metal Metal 

 

  

Actual  322 5239 12528 2258 16747 8599 28599 27751 101720 

Baseline  322 5042 12034 2049 16308 8426 27074 29822 100754 

  

       

    

L1(95%) 120 0 -3 -3 6 -30 -73 -72 -175 

L2(90%) 181 0 -4 -4 9 -40 -113 -87 -240 

L3(85%) 243 -3 -8 -5 5 -38 -184 -66 -299 

L4(80%) 307 -4 -12 -7 0 -38 -249 -15 -326 

L5(75%) 349 -4 -14 -7 -1 -42 -297 -8 -374 

L6(70%) 379 -5 -16 -8 -1 -46 -326 1 -401 

L7(65%) 414 -6 -16 -9 1 -54 -341 -9 -434 

L8(60%) 470 -8 -21 -10 -3 -55 -408 28 -476 

L9(55%) 508 -10 -24 -11 -7 -49 -461 84 -477 

L10(50%) 534 -11 -26 -11 -10 -42 -506 140 -466 

Numbers under “Actual” and “Baseline” are averages of national stocks of establishments  

Numbers under each scenario are total establishment losses in the affected counties  
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Table 3-B.21 Three-Year Averages of Predicted Changes in Jobs (2007-2009) 

Scenarios Paper Chem. Petro. Stone Pri. Mtl Fab.Mtl Trans. Total  

  

      

   

Actual  457699 772574 102632 446619 526860 1151387 1698578 5156348 

Baseline  440517 742110 93103 434929 516240 1089978 1755704 5072580 

  

       

  

L1(95%) 29 -164 -121 151 -1838 -2939 -4258 -9141 

L2(90%) 0 -267 -182 231 -2451 -4549 -5122 -12340 

L3(85%) -233 -514 -242 142 -2349 -7408 -3866 -14469 

L4(80%) -379 -761 -318 9 -2349 -10011 -903 -14711 

L5(75%) -349 -863 -333 -27 -2573 -11971 -471 -16588 

L6(70%) -466 -966 -364 -18 -2818 -13138 39 -17731 

L7(65%) -495 -987 -394 18 -3329 -13729 -530 -19445 

L8(60%) -670 -1275 -454 -80 -3349 -16426 1629 -20625 

L9(55%) -845 -1460 -500 -178 -3023 -18560 4965 -19599 

L10(50%) -932 -1624 -500 -276 -2573 -20385 8262 -18028 

Numbers are gains (losses) in jobs in affected counties  
 

 

 

Table 3-B.22 Three-Year Averages of Predicted Income Change (2007-2009) 

Scenarios Paper Chem. Petro. Stone Pri. Mtl Fab.Mtl Trans. Total  

  

      

    

Actual  $22,962 $51,060 $8,384 $19,321 $25,958 $50,090 $106,577 $284,353 

Baseline  $22,100 $49,046 $7,605 $18,816 $25,435 $47,419 $114,533 $284,954 

  

      

    

L1(95%) $1.5 -$10.9 -$9.9 $6.5 -$90.6 -$127.9 -$277.8 -$509.0 

L2(90%) $0.0 -$17.7 -$14.8 $10.0 -$120.7 -$197.9 -$334.1 -$675.3 

L3(85%) -$11.7 -$34.0 -$19.8 $6.2 -$115.7 -$322.3 -$252.2 -$749.5 

L4(80%) -$19.0 -$50.3 -$26.0 $0.4 -$115.7 -$435.5 -$58.9 -$705.0 

L5(75%) -$17.5 -$57.1 -$27.2 -$1.2 -$126.8 -$520.8 -$30.7 -$781.2 

L6(70%) -$23.4 -$63.9 -$29.7 -$0.8 -$138.9 -$571.6 $2.6 -$825.6 

L7(65%) -$24.8 -$65.2 -$32.2 $0.8 -$164.0 -$597.3 -$34.6 -$917.3 

L8(60%) -$33.6 -$84.2 -$37.1 -$3.5 -$165.0 -$714.6 $106.3 -$931.8 

L9(55%) -$42.4 -$96.5 -$40.8 -$7.7 -$148.9 -$807.4 $323.9 -$819.8 

L10(50%) -$46.8 -$107.3 -$40.8 -$11.9 -$126.8 -$886.8 $539.0 -$681.5 

Numbers are income gains (losses) in affected counties, in $1,000,000 U.S. dollars 
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Table 3-B.23 Three-Year Averages of Predicted National Changes in Stock of 

Establishments (2007-2009) 

Scenarios Paper Chemicals Petroleum 

Stone, 

clay, glass 

Primary 

metal 

Fabricated 

metal 

Transporta

tion 

  

      

  

Actual  5239 12528 2258 16747 8599 28599 28852 

Baseline  5042 12034 2049 16308 8426 27074 34761 

  

      

  

L1(95%) 0.01% -0.02% -0.13% 0.03% -0.36% -0.27% -0.24% 

L2(90%) 0.00% -0.04% -0.20% 0.05% -0.47% -0.42% -0.29% 

L3(85%) -0.05% -0.07% -0.26% 0.03% -0.45% -0.68% -0.22% 

L4(80%) -0.09% -0.10% -0.34% 0.00% -0.45% -0.92% -0.05% 

L5(75%) -0.08% -0.12% -0.36% -0.01% -0.50% -1.10% -0.03% 

L6(70%) -0.11% -0.13% -0.39% 0.00% -0.55% -1.21% 0.00% 

L7(65%) -0.11% -0.13% -0.42% 0.00% -0.64% -1.26% -0.03% 

L8(60%) -0.15% -0.17% -0.49% -0.02% -0.65% -1.51% 0.09% 

L9(55%) -0.19% -0.20% -0.54% -0.04% -0.59% -1.70% 0.28% 

L10(50%) -0.21% -0.22% -0.54% -0.06% -0.50% -1.87% 0.47% 

Numbers are three-years averages at the national level 

Percentages are three-year averages of changes in stock of establishments under baseline 
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Chapter4 Assessment of Geologic Carbon Sequestration Strategies in the 

Presence of Environmental Externalities 
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4.1 Introduction 

 

The mitigation and reduction of atmospheric carbon dioxide concentrations due 

to global use of fossil fuel hydrocarbons is a challenging pollution problem facing 

society today. Policy design for effectively controlling CO2 emissions is challenging 

because CO2 is a global pollutant; any emission reduction plan from individual 

countries will produce minimal results. Geological sequestration of CO2 by injection 

and storage into sub-surface formations is an emerging technology that offers long term 

carbon storage opportunities to mitigate greenhouse gases (GHGs). Location is also a 

consideration in the economic analysis of geological sequestration sites. In this context, 

the location and physical characteristics of the geological sinks will determine the 

economic costs of geological sequestration for a point source emitter of CO2.  

Potential geological storage sites differ in terms of technical capacity and 

formation characteristics, as well as in economic potential. Numerous studies have 

explored the technical aspects of geological CO2 sequestration and a myriad of 

scientific questions persist. For example, the effective size of many different reservoirs 

and the fate of produced/expelled fluids after CO2 injection are largely unknown. 

Furthermore, the technologies required for post-injection monitoring and the necessary 

surveillance frequency are poorly constrained and will remain so, until we gain 

considerably more field experience. This technology and monitoring uncertainty 

translates into continued economic uncertainty with respect to quantifying the long term 

costs of differing storage sites. To date, only small sequestration projects (e.g. enhanced 

oil or gas recovery) are implemented and more extensive geologic sequestration is only 

on the stage of small scale pilot test.15    

Therefore, incorporating environmental risk into economic assessments of 

sequestration options is an area that requires attention, because of the technology and 

monitoring uncertainty of post injection process, and public concerns about the safety of 

                                                 
15 See (2010 Carbon Sequestration Atlas of the United States and Canada) for 

more information on their small scale pilot test on basalt rock in southeastern 

Washington. 
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subsurface storage. For the society, there exists more than one potential storage site and 

it may not be cost effective to exhaust the storage capacity of one sink before switching 

to another. Potential environmental risk associated with geological storage cannot be 

underestimated. Environmental benefits from carbon storage from one site or the other, 

on the other hand, are identical, since CO2 is a global air pollutant. Therefore, we are 

interested in the comparison between alternative storage options (locations). In 

particular, we are looking for major factors that may influence carbon storage location 

(site) decisions. Would it be better to choose one storage location or two? What 

determines a switching time from injecting carbon into one sink to another? 

Hotelling’s rule (Hotelling, 1931) provides an optimal solution for utilizing 

nonrenewable resources. It predicts that the shadow price of a nonrenewable resource 

stock, which evaluates the scarcity of the resource, should grow at the interest rate. 

Extensions of the early Hotelling model have included incorporation of externalities, 

uncertainty, and technical change which may increase or decrease resource scarcities. 

The pore space in each geological formation has limited capacity for carbon storage and 

thus the economic dimensions of geological sequestration can be addressed using a 

Hotelling type framework. 

This chapter develops a conceptual model that answers the following question: 

what would be the optimal strategy of using alternative carbon storage sites with limited 

capacity, given that a certain amount of CO2 needs to be sequestered within a fixed 

period of time?  We assume the alternative sites are different in terms of storage 

capacity, engineering costs, and environmental damage costs from carbon leakage after 

injection. We construct a modified Hotelling framework that deals with optimal usage 

of alternative nonrenewable resource sites (geological formations) with possible 

negative externalities from leakage of CO2 during and after injection. We develop 

necessary conditions for optimal use of a geological reservoir and address how injection 

constraints, geological trapping potential, and environmental damage costs may affect 

the quality, capacity, long term economic costs of a potential storage site and the 

shadow price of storage stock.  
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Using the Hotelling framework allows us to reflect these damages in the shadow 

prices of the storage stock. A shadow price that accounts for the marginal 

environmental cost associated with a given level of injection should be reflected in the 

long-term economic and environmental costs of each sequestration option. Ceteris 

paribus, a higher marginal environmental cost makes a particular CO2 storage reservoir 

less favorable. The marginal environmental cost may also be considered as a reciprocal 

of the value of the trapping capability for each storage site. The larger the trapping 

capability of a particular storage site is, the smaller the leakage rate of the site will be, 

and thus the smaller the marginal environmental damage costs of leakage will be.  

We find the decision rule depends on the storage capacity, marginal CO2 capture 

costs, and environmental damage costs associated with CO2 leakage. Based on the 

relationship between these factors, four possible time paths of utilizing alternative 

storage sinks are derived from our conceptual model as well.  
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4.2 Literature Review 

 

We address three strands of literature that are related to this study. First we 

discuss modifications of a Hotelling model to reflect externalities or leakages of CO2 

from geologic storage formation. Then we talk about the specification of damages cost 

function from environmental analysis. Finally we turn to research to date on economic 

potential for geologic sequestration.  

There is extensive literature re-examining the Hotelling model of optimal 

nonrenewable resource extraction under various additional conditions, comparing to the 

case in the original model. The basic Hotelling model predicts that the shadow price of 

a nonrenewable resource stock, which evaluates the scarcity of the resource, should 

grow at the interest rate. However, this single rule may not hold under certain 

circumstances, including, technological progress and environmental externalities in its 

use. Lin and Wagner (2007) take into account stock effects and technological progress 

on the nonrenewable resource extraction problem and find that market prices of the 

mineral grow at a rate less than the interest rate.  Chakravorty et.al (2006) extend 

Hotelling model by assuming the stock of pollution from using a nonrenewable resource 

is constrained and they find that when the constraint is binding, both the low-cost 

nonrenewable energy and high-cost renewable energy may be generated jointly, which 

is a departure from the standard Hotelling rule where costly renewable energy is used 

after the depletion of an inexpensive nonrenewable energy. Herfindahl (1967) shows 

that when the Hotelling model is extended with multiple nonrenewable resources which 

differ in extraction costs, the extraction order follows the “least cost first” rule. In 

addition, Chakravorty et.al (2008) extend Hotelling model with two nonrenewable 

resources that are differentiated by their pollution characteristics with zero extraction 

costs with a cap on the total stock of pollution by environmental regulation. They find 

the order of extraction is not easily predicted when resources are differentiated by 

pollution, and the pattern of extraction is very sensitive to the initial resource stock.. In 

this study we consider two nonrenewable sequestration sites with different storage costs 

as well as different pollution characteristics, i.e., potential environmental damage costs 
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from carbon leakage, to show the order of using the two sites under such an extended 

Hotelling model environment.  

Potential leakage of CO2 from geologic storage has been widely discussed in the 

literature. Esposito and Benson (2012) discuss a number of leakage pathways as they 

develop options for remediation of carbon leakage, which include existing faults and 

fractures on cap rocks, new fractures that form when injection pressures exceed the 

minimum rock stress, as well as lateral spillage beyond the limit of the confining layer. 

Another critical pathway is associated with abandoned wells drilled on depleted oil and 

gas reservoirs, if being used as a storage site, as discussed by Celia et al. (2009). 

Lewicki et al. (2007) also summarize potential releases of CO2 from geologic storage 

which include naturally occurring releases and industrial processes related leakage. 

Consequences of CO2 leakage from geologic storage may include their impacts 

on public health, safety and the environment. Stenhouse et al. (2009) deliver a scoping 

assessment of the potential environmental impacts during the Phase 1 of the IEA 

Weyburn CO2 Monitoring and Storage Project In their study, two major impacts of 

carbon leakage have been discussed:  the increase in indoor CO2 concentration due to 

leakage from a deep storage reservoir into a dwelling; or contamination of the water 

supply from carbon leakage into a near-surface drinking water resource.  

Recent literature proposes different methods to measure environmental damages 

cost due to pollution incidents or climate change. For natural resource damages 

assessments associated with biological injuries (e.g. wildlife and habitat), from 

pollution incidents such as oil spills, resource equivalency analysis (REA) is widely 

applied. (See Zafonte and Hampton, 2007) This analysis first quantifies the natural 

resource injury associated with the loss of ecological services, then it evaluates an 

identified appropriate restoration project in terms of the degree and duration of 

ecological benefits that is likely to provide, trying to make society indifferent to the 

incidence. Weitzman (2010) recently introduces two applicable functional forms for 

low-probability high-impact climate change damage: “prototype multiplicative” and 

“prototype additive” damage functions, measuring the impact of temperature change on 

welfare, which are both functions of the aggregate productive capacity of the economy, 
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and global average surface temperature change above the pre-warming level. He also 

shows how distinct economic policy implications will be: under additive damage 

function, much more consumption needs to be substituted for high temperature than 

multiplicative damages function.  

The majority of existing economics studies regarding geologic sequestration 

focus exclusively on estimating near-term conventional costs of the storage process. 

(See Al-Juaied and Whitmore, 2009; McCollum and Ogden, 2006; Rubin et.al, 2007) 

McCoy and Rubin (2008) develop an engineering-economic model for geological 

sequestration in deep saline formations to estimate the sequestration capital cost for 

specific storage sites. Besides costs related to capital expenditure, operating, 

maintenance, monitoring, verification and closure costs, they also incorporate a one-

time site characterization cost, which is the largest single component of the capital 

outlay associated with sequestration, which was often neglected by previous literature.  

The long-term environmental damage costs associated with potential CO2 

leakage, as well as the tradeoffs between environmental costs and the engineering 

sequestration costs are rarely studied. Bandza and Vajjhala (2010) put long term risks 

into consideration when modeling the transition from enhanced oil recovery to pure 

geologic carbon sequestration operations; however they simply assume a lifetime 

leakage rate for a storage sink, neglecting the variations in leakage rates over time and 

the possible inter-temporal effects on the transition paths. Narita (2009) uses a dynamic 

optimization model to examine the optimal time path of geologic sequestration use, 

where storage site is viewed as a non-renewable resource with limited capacity, and he 

argues that the scarcity of sequestration resources could make it less attractive than 

renewable energy as an option for climate change mitigation. However he considers the 

sequestration option as a whole and does not address the problem of potential 

environmental damage associated with carbon leakage from the sinks. Capalbo et.al 

(2009) provides some guidance on addressing long term risks for basalt formations. 

This paper extends Capalbo et.al (2009)’s framework to address the sequestration sink 

selection problem with a dynamic optimization approach.     
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This study has three main contributions to the literature. First, it extends the 

standard Hotelling model to a case where there are multiple resource options with 

differentiated costs and each option may also cause negative externalities to the 

environment, i.e., environmental damages cost from CO2 migration.  Second, it takes 

into account environmental damages costs when evaluating geological sequestration 

options, following society’s perspective. Third, it derives an analytical solution 

regarding the optimal utilization of alternative CO2 storage sites, rather than focusing on 

the optimal usage of a single site.   
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4.3 Objectives 

 

This chapter aims to construct a dynamic optimization framework that deals 

with optimal utilization order of alternative nonrenewable resource sites which also 

cause negative externalities during exhaustion. The resource sites differ in terms of 

capture, transport, injection cost, and probability of damage or leakages. Geological 

sequestration sites fit well into the framework thus we apply the model to the problem 

of optimal usage of alternative CO2 storage sites as an example. We develop the 

following problem: given a certain amount of CO2 to be sequestered at each time (year) 

and two storage candidates to choose from, what is the optimal allocation of carbon 

storage over time? Is it better to utilize one sink or the other, or both? The storage 

options have different characteristics in terms of capacity and potential leakage after 

CO2 injection. We construct a parsimonious dynamic optimization model to derive 

analytical solutions of storage site utilization. We find that the decision rule depends on 

the storage capacity, marginal CO2 capture costs, and environmental damage costs 

associated with CO2 leakage. 

We focus on the optimal utilization strategy of potential sequestration sites, 

rather than the optimal sequestration level to mitigate global warming, nor the optimal 

production level of a power plant under the climate change mitigation pressures.  

Therefore, we do not address the issue of how much of CO2 should be sequestered, but 

only the allocation decisions for a given volume of CO2 that is determined ex ante. It 

can be addressed as a social planner’s problem, or a sole owner of a fossil fuel power 

plant who is responsible for the storage of CO2 emission as well as the potential 

environmental damage costs of leakage. From now on we keep it as a social planner’s 

problem.  

There are two categories of costs for any given unit of CO2 that is sequestered 

each time:  the near-term engineering costs, which include capture and compression, 

transport, and injection costs; and the long-term environmental costs. Capture and 

compression costs are those of the CO2 capture facility and the parasitic load costs for 

operating the capture and compression operations. Transport costs involve constructing 
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pipelines, operation and maintenance. Injection costs are associated with drilling wells, 

infrastructure and project management. Environmental costs are measuring 

environmental damages caused from CO2 that leak from the storage formation into 

neighboring environment. For example, CO2 migration into underground sources of 

drinking water (USDW) is a major concern, which may cause leaching and mobilization 

of contaminants (e.g., arsenic, lead, and organic compounds), movement of saltier 

formation fluids into USDWs, and degradation of water quality because of changes in 

regional groundwater flow. Releases of stored CO2 into the atmosphere may also impact 

human health and surrounding ecosystems under certain circumstances, however it is 

considered to be minimal by the EPA.  

The environmental costs are specified as the product of a leakage rate and the 

volume of stored CO2. The leakage rate of CO2 is assumed to be increasing in the 

cumulative volume of CO2 that has been sequestered in a sink at an increasing rate and 

depend on the feasibility of different carbon trapping mechanisms on specific storage 

sites. Therefore, environmental cost of geologic sequestration is modeled as a function 

of storage site characteristics.  

There are three main reasons for the specification of our model. First, the model 

is formulated as a constrained cost minimization problem since this study focuses on the 

comparison between two nonrenewable sequestration opportunities, which generate 

equal marginal benefits, but different marginal costs. The marginal benefits of storing 

one unit of CO2, from a social planner’s perspective, do not depend upon where the unit 

is stored, since CO2 is a global greenhouse gas. Second, from society’s point of view, in 

the case of geological sequestration, engineering costs as well as negative externalities 

from environmental damage need to be considered into the total cost function. Solutions 

based on comparisons of engineering costs exclusively will lead to a biased outcome if 

environmental damage costs are significant for any of the options. Third, sequestration 

sites are treated as nonrenewable resources (the capacity for sequestering CO2 is 

limited), which reflect a technical constraint that each storage site has limited capacity. 

Since the capacity of individual storage site is limited, the total storage capacity from 

society’s perspective may also be limited, so the storage formation can be treated as 
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nonrenewable resources.  However, because of the potential carbon leakage 

contamination and the associated environmental costs on geologic sequestration, the 

storage sites are different from conventional nonrenewable resources such as gas/oil 

resources. We find the shadow price of the sequestration site does not follow the 

standard “Hotelling Rule”: it is not always increasing at the rate of interest.   
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4.4 Conceptual Framework  

 

4.4.1 Assumptions  

 

It is assumed that a social planner needs to store one unit of conventional carbon 

dioxide each period t from now to terminal time T, and he or she needs to plan a 

sequestration strategy over alternative storage sites, each with limited capacity. For any 

time period, CO2 can be injected into any of the two sites, or both, as long as they are 

feasible, i.e., there is available pore-space for storing CO2. Assume the infrastructure to 

the sequestration process (capture applications; pipelines, wells) has already been 

constructed; and the social planner takes into account any costs related to the process, 

including both storage costs (capture, transport and injection costs) and environmental 

costs of carbon leakage. Environmental damages costs is assumed be to a function of 

the cumulative amount of CO2 stored.    

Given  two storage sinks (i = 1,2), let 
ic be the constant marginal storage cost, ( )iq t be 

the amount of CO2 sequestered at sink i and time t, ( )iQ t  be the cumulative amount of 

CO2 that is sequestered, and
 iS be the capacity of the sink. At time t, the storage of one 

unit of CO2 generates engineering costs
2

1 1 2 1

1

( ) ( ) (1 ( ))i i

i

c q t c q t c q t


   , and 

environmental costs ( ( )) ( ( )),  0i i i i i iD Q t L Q t   , where 
i  is marginal environmental 

cost from carbon leakage to other media at time t, and 2( )
( ( )) ( ) ,  0i

i i i i
i

Q t
L Q t

S
   is 

the leakage volume. The leakage function ( )iL  is twice differentiable, strictly convex 

and increasing; the marginal leakage rate '( )iL  is increasing in the percentage usage of 

the sink (
( )i

i

Q t

S
), i.e., the more the sink is filled, the higher the leakage rate will be. 

Therefore, the environmental cost ( )iD is also twice differentiable, strictly convex and 

increasing, and the marginal costs ( '( ( ))i iD Q t ) is increasing in the percentage usage of 



151 

 

the sink (
( )i

i

Q t

S
). Let 2

2
0i i

i

iS

 


 
  
 

, 1,2i  , then the environmental cost function 

can be written as: 21
( ( )) ( )

2
i i i iD Q t Q t , for 1,2i  , and the marginal cost is ( )i iQ t  , 

with 
i  denoting the marginal cost growth rate. We also consider the scrap cost of sink i

 

after the planning horizon [0, ]T : ( ( ))i iF Q T , which evaluates the current value total 

environmental cost after terminal time T, and
( ( ))

( ( )) i i
i i

D Q T
F Q T

r
 . 16We find that 

( ( ))i iF Q T  is positive with ' 0iF  , and '' 0iF  . Each component of the sequestration 

costs is discounted at rate r ( 0 1r  ).The marginal sequestration cost of sink 1 is 

assumed to be smaller than that of sink 2: 1 2c c . 

4.4.2 The Model  

 

To determine the optimal storage path of CO2 during time interval [0, ]T , 

consider the following cost minimization problem17:  

(4.1)   

1 2

2 2

00 , 1
1 1

1 2

1 2

min [ ( ) ( ( ))] ( ( ))

. .     ( ) ( ), (0) 0, , 1,2

          ( ) , 1,2

          ( ) ( ) 1,

          , 1,2;

T
rt rT

i i i i i i
q q

i i

i i i

ii

i

c q t D Q t e dt F Q T e

s t Q t q t Q t i

Q T S i

q t q t t

S T i S S T

 

 
 

 

   

 

  

   

 

.

  

 

The current value Hamiltonian associated with this problem is:  

 (4.2)    1 1 2 1 1 1 2 2 1 1 2 1( ) (1 ( )) ( ( )) ( ( )) ( ) ( ) ( )(1 ( ))H c q t c q t D Q t D Q t t q t t q t        
  

                                                 
16 The current value total environmental cost in all future after terminal time T can be 

computed as ( ( )) ( ( )) ( ( )) /rT rt rT rt

i i i i i i
T T

e D Q T e dt e D Q T e dt D Q T r
 

    , i=1, 2.  

17 Notice that the dynamics of ( )iQ t only depends on ( )iq t : ( ) ( )i iQ t q t , since we 

neglect the change in  ( )iQ t  due to leakage of stored CO2.  
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Notice that we have substituted 
11 ( )q t for

2 ( )q t  at all t in the Hamiltonian. Variable 

( )i t denotes the current value shadow price of storage site i at time t, which measures 

the marginal environmental costs of an additional unit of CO2 sequestered into sink i at 

time t. 

The Kuhn-Tucker first-order conditions for the Hamiltonian (4.2) are as follows:  

1 ( ) 
max
q t

H ,  

or 

(4.3)                             

2 2

1 1 1 2 2

2 2

( )0

( ) 1 ,  if ( ) ( ) ,

[0,1] ( )

c t

q t c t c t

c t



 



  
 
    
    

 for 1,2,i    

(4.4) ( ) ( ) ( )i i i it r t Q t    ,                 

and  

(4.5) ( ( ) '( ( )))( ( )) 0,  ( ) '( ( )) 0,  ( ) 0i i i i i i i iT F Q T S Q T T F Q T S Q T        . 

 

4.4.3 Discussion   

 

Denote the full marginal cost as marginal engineering cost of carbon 

sequestration plus the marginal environmental cost at time t, i.e., ( )i ic t . Condition 

(4.3) implies the allocation of CO2 storage among sinks at each time t should satisfy that 

the full marginal cost of each sink is equalized; we may also have corner solutions, 

when the full marginal cost of sink 1 is larger than that of sink 2 for any choice of

1( ) [0,1]q t  , then all of the injection should go to sink 2 at that time t, and vice versa. 

From (4.4) we can get the explicit forms of shadow prices ( )i t for i=1, 2 as 

(4.6) 
( )( ) ( ) ( )

T
r t T rt rs

i i i i
t

t e T e e Q s ds      ,                      

 From condition (4.6), we know that, ( )i t evaluates the accumulated marginal 

damage from time t to terminal T, plus the current value shadow cost of the sink at T, 
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therefore it reflects the accumulated marginal environmental cost after t into the future. 

We know ( )i t
 
is non-negative at all times, since an additional unit of carbon 

sequestration will never make the total cost any smaller. In addition, it is increasing 

over time, i.e. 

(4.7)   0,  1,2i t i    

(See Appendix 4-A.1for proof).  

From (4.4) we find that the representation of shadow cost ( )i t differs from the 

standard shadow price of non-renewable resources based on Hotelling’s Rule. The 

carbon storage sinks can be treated as non-renewable resource because of its limited 

pore space for geologic sequestration. However, it differs from normal natural resources 

in the sense that there exists potential environmental cost associated with the sink once 

it is used. Therefore, the opportunity cost of using a sink at time t will be smaller than 

the normal case when the resource was damage free, ceteris paribus. The second term 

in the RHS of (4.4) captures the diminution of shadow cost change over time, which is 

the marginal environmental cost of the sink.  

Consider an interior solution in condition(4.3), suppose 10 ( ) 1q t   and the first 

order condition is 1 1 2 2( ) ( )c t c t    . Then we have 2 1 1 2( ) ( )t t c c     , and

2 1( ) ( ) 0t t   by time differentiating the condition. Substitutes those two equations 

into(4.4), we get: 

(4.8) 2 2 1 1 1 2( ) ( ) ( )Q t Q t r c c    ,                                                                                     

Notice that 2 1( ) ( )Q t t Q t  ,18 for all t, condition (4.8)  is equivalent to:  

(4.9) 
* 2 1 2

1

1 2 1 2

( )
( )

r c c
Q t t



   


 

 
     ,                                                                            

and 

                                                 
18 This is because 1 2( ) ( ) 1,q t q t t   , and

1 2 1 2
0 0

( ) ( ) [ ( ) ( )] 1
t t

Q t Q t q s q s ds ds t      . 
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(4.10) 
* 2 1 1

2

1 2 1 2

( )
( )

r c c
Q t t



   


  

 
.                                                                            

After time differentiating (4.9) , we get 2
1

1 2

*q


 



, which is the possible 

interior solution. Therefore, if an interior solution occurs, during the time interval that it 

prevails, the dynamics of 1( )Q t  and 2 ( )Q t need to follow (4.9) and (4.10), so that 

2 1 1 2 1( ) ( ) ( )Q t Q t r c c    and 2
1

1 2

*q


 



. Notice that

* 2 1
1

1 2

( )
(0) 0

r c c
Q

 


 


, and 

* 2 1
2

1 2

( )
(0) 0

r c c
Q

 


  


but 1 2(0) (0) 0Q Q  , therefore, we find that interior solutions 

are not feasible initially. This result indicates that at the initial stage, it is not cost-

effective to use two sinks simultaneously.   

Finding: It is optimal to utilize only sink 1( 1 1q  ) initially.  

Proof: We have already shown interior solutions are not viable initially. Now 

suppose instead, sink 2 is adopted initially: 1 0q  . From(4.3), 1 1 2 2( ) ( )c t c t    must 

hold for a certain time interval 1[0, ]t , i.e., 2 1 1 2( ) ( ) 0t t c c     . From (4.4) we find 

that:  

(4.11) 
2 1 2 1 2 2 2 1( ) ( ) ( ( ) ( )) ( ) ( ( ) ( )) 0t t r t t Q t r t t             .   

So 1 1 2 2( ) ( )c t c t     always holds until sink 2 is filled up. However, 

according to the assumption of the sink capacities , 1,2iS T i  , we know it is 

impossible to use only one sink over the entire horizon [0, ]T . So there must be a 

switching time ' [0, ]t T  such that 1 1 2 2( ') ( ')c t c t    . However, it contradicts with 

the hypothesis that sink 2 is adopted initially. Therefore, using sink 2 initially is not 

optimal. Then we have proved that it is always optimal to use only sink 1 initially, and 

we have 1 1 2 2(0) (0)c c    from the first order condition(4.3). 
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In addition, we find 2 1(0) (0)  . If not, then 2 1(0) (0)  , and similarly, we 

can get
2 1 2 1 1 1 2 1( ) ( ) ( ( ) ( )) ( ) ( ( ) ( )) 0t t r t t Q t r t t              from(4.4), and 

1 1 2 2( ) ( )c t c t    will always hold until sink 1 is filled up, which also contradicts 

with the fact that there exists a switching time ( )i t  that 1 1 2 2( ') ( ')c t c t    .   

We have now established that, initially, the decision rules as if only the 

sequestration costs are taken into consideration: the sink with lower marginal 

sequestration costs will be adopted, no matter how big the environmental costs would 

be.  Apparently, the sequestration costs dominate the total costs in the beginning, since 

environmental costs are relatively negligible as they are a dependent of the cumulative 

amount of CO2 that has been stored at that time, which is small at the early stage. 

Although the initial optimization decision seems unrelated to the environmental cost 

components, future analysis will show at what time a switching of sinks will happen, 

and the switching time depends not only on the sequestration costs, but also on the 

environmental costs of the two sinks, which depend upon the capacity of the sinks.   

 

4.5 Time Paths of Geological Sequestration Strategy  

 

Based on the above assumptions and discussion, we find there are four possible -

cost-effective sequestration time paths for this problem, under different scenarios:  

Case 1: If the difference in marginal sequestration costs is larger than the 

maximum marginal scrap cost of sink 1 ( 1 1
2 1( )

S
c c

r


  ), it is cost-effective to fill up 

sink 1 before switching to sink 2.  

In this case, the dynamics of 1 1 2( ), ( ) and ( )q t Q t Q t are:  

(4.12) 
0

1

0

1,  when 0
( )

0,  when 

t t
q t

t t T
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(4.13) 
0

1

1 0

,   when 0
( )

, when 

t t t
Q t

S t t T

 
 

 
      

   

(4.14) 
0

2

1 0

0,        when 0
( )

, when 

t t
Q t

t S t t T

 
 

  
       , 

where 0 1t S .  

 

Proof: See Appendix 4-A.2 

In this case, the optimal path of carbon storage consists of two phases of corner 

solutions, as shown in Figure 4-B.3. Throughout the first phase 1[0, ]t , the full marginal 

cost of using sink 1 is smaller than using sink 2, so sink 1 is used alone, leaving sink 2 

inactive. During this period, the shadow cost of sink 1 is increasing faster than that of 

sink 2, and the difference of full marginal costs between two sinks is declining over 

time, until 1t , when the two full marginal cost lines cross over, so the difference drops to 

zero ( 1 1 1 2 2 1( ) ( )c t c t    ), and sink 2 becomes active.  

After 1t , the full marginal cost is lower at sink 2 so all storage goes to sink 2 

until terminal time T.  

Figure 4-B.2 shows the dynamics of the cumulative amount of CO2 stored at 

both sinks. There are four situations when this corner solution with single switching 

case could happen: (i) there is a large difference in the marginal sequestration costs 

( 2 1c c ); (ii) the capacity of sink 1 ( 1S ) is very small; (iii) the marginal costs of sink 1 

increases at a really low rate ( 1 ); (iv) the discount rate r is large. (i) implies when the 

difference between the marginal sequestration costs is very large, the environmental 

costs will not impact the decision rule, and it is always superior to adopt the one with 

cheaper marginal sequestration costs as long as it is feasible;  (ii) means sink 1 not only 

has a relatively small marginal sequestration cost ( 1 2c c ), but also a small marginal 
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environmental cost increasing rate ( 1 ), therefore sink 1 is filled up before sink 219;  (iii) 

means the capacity of sink 1 is too small to be able to initiate an interior solution20; (iv) 

means a large discount rate can make the environmental damage costs negligible so that 

the engineering costs dominate the decision making. As the optimal switching time 

corresponds to the size of sink 1 ( 0 1t S ), we know it will not take long before sink 2 is 

picked up. This is different from the previous two situations in the sense that over the 

whole planning interval [0, ]T , only a small amount of carbon is stored into sink 1; 

although sink 2 is adopted after sink 1, it is actually taking much more responsibility of 

storing CO2 than sink 1. The other situations, on the other hand, are where sink 1 is 

actually superior than sink 2, either due to much smaller marginal sequestration cost, or 

small marginal environmental cost.  

 

Case 2: If 2 1 2
1

1 2 1 2

( )r c c
T S



   


 

 
,and 2 1 1

2

1 2 1 2

( )r c c
T S



   


  

 
,  it is cost-

effective to start with sink 1 before switching to both sinks simultaneously, and then 

each sink will be injected CO2 at a constant rate of until the terminal time T.  The cost-

effective path of 1( )q t , 1( )Q t  and 2 ( )Q t will be:    

(4.15) 

1

1 2
1

1 2

1,             when 0

( )
,  when ,

t t

q t
t t T



 

 


 
  

 

(4.16) 

1

1 2
2 1 1

1 2 1 2

,                                           when 0

( )
( ),  when ,

t t t

Q t r
t c c t t T



   

 


 
     

   

                                                 
19 Notice that we did not assume 1 2  . as long as 

1 is small in magnitude, 

even if 1 2  ,i.e., sink 2 has an even smaller marginal cost increasing rate, sink 1 is 

still preferred to be filled up before sink2.  
20 See Appendix 4-A.2for further discussion.  
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(4.17)  

1

2 1
2 1 1

1 2 1 2

0,                                          when 0

( )
( ),  when ,

t t

Q t r
t c c t t T



   

 


 
     

    

where 1 2 1

1

( )
r

t c c


  . 

Proof: see Appendix 4-A.3.  

There are also two phases in Case 2. Phase one takes a corner solution of using 

sink 1only, due to its relatively lower full marginal cost, similar to Case 1. Phase two 

starts after 1t , before sink 1 is filled up, at which time the full marginal costs of the two 

sinks become equal, so both are used simultaneously afterwards through terminal T.  

Notice that the switching point of a corner to interior solution 1 2 1

1

( )
r

t c c


   

depends on the difference in the marginal sequestration costs (i.e. 2 1c c ), the constant 

marginal environmental costs increasing rate of sink 1 (i.e. 1 ), and discount rate r. The 

larger the difference ( 2 1c c ) and the discount rate r, or the smaller 1  is, the longer 

time sink 1 will be used solely before switching to an interior solution. However, the 

marginal environmental costs increasing rate of sink 2 ( 2 ) does not affect the 

switching point 1t , so the influences of the environmental damage costs from the two 

sinks are asymmetric.   

During the time interval of interior solution phase, the optimal ratio of carbon 

injection into sink 1 and 2 at each time is constant:
*

1 2

*

2 1

q

q




 , and is the reciprocal of the 

ratio in marginal environmental costs increasing rate ( 1

2




) (which is the slope of the 

line in Figure 4). Therefore, the larger the ratio 1

2




is, the smaller portion of CO2 will be 

injected in sink 1, due to the relatively larger environmental costs. If 1 2  , the 
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portion of CO2 that is injected into sink 2 will be close to 1.  

 

Case 3: When the capacity of sink 1 is small                   

( 2 1 2 1 2
1

1 1 2 1 2

( ) ( )r c c r c c T
S



    

 
  

 
), it is optimal to start with sink 1 before switching 

to both sinks simultaneously after a while until sink 1 is filled up, after then sink 2 is 

used solely until the terminal time T.  The cost-effective path of 1( )q t , 1( )Q t  and 2 ( )Q t

will be:  

(4.18) 

1

2
1 1 2

1 2

2

1,             when 0

( ) ,  when 

0,            when  

t t

q t t t t

t t T



 

  



  


  

 

(4.19) 
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1 2 1 1 2

1 2 1 2

1 2

,                                           when 0

( ) ( ),  when 

,                                        when 

t t t

r
Q t t c c t t t

S t t T



   

  



    
 

  

    

(4.20) 

1

1
2 2 1 1 2

1 2 1 2

1 2

0,                                          when 0

( ) ( ),  when 

,                                   when 

t t

r
Q t t c c t t t

t S t t T



   

  



    
 

   

  

   

where 1 2 1

1

( )
r

t c c


  , 1 2
2 1 2 1

2 2

( )
r

t S c c
 

 


   . 

Proof: see Appendix 4-A.4. 

The explanation of this result is straightforward. Compared with Case 2, there 

exists one additional phase in Case 3. The first two phases are similar to those in Case 2, 

and the third phase starts after sink 1 is filled up, at which time ( 2t ) the interior solution 

is switched back to a corner solution of using sink 2 only. This case happens when the 
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capacity of sink 1 is not large enough for an interior solution all the way from 1t  

through terminal time T. The first switching time ( 1t ) is the same as the one in Case 2 

( 1 2 1

1

( )
r

t c c


  ), and it is not further affected by the capacity of sink 1 as long as it is 

large enough ( 2 1 2
1

1 2 1 2

( )r c c
T S



   


 

 
). The second switching time ( 2t ), on the other 

hand, is determined by the capacity of sink 1 ( 1S ), as well as all the coefficients that 

affect the full marginal cost, such as 2 , 1  and 2 1c c . Therefore, a larger 1 will 

shorten 1t  and lengthen 2t , a larger 2 will shorten 2t but has no influence on 1t , and a 

larger 2 1c c  will delay 1t  but shorten 2t .  

 

Case 4: When 2 1 2
1

1 2 1 2

( )r c c T
S



   


 

 
 , and 2 1 1

2

1 2 1 2

( )r c c
S T



   


  

 
 ,it is 

optimal to start with sink 1 before switching to both sinks simultaneously after a while, 

until sink 2 is filled up, after then sink1 is used solely again until the terminal time T.  

The cost-effective path of 1( )q t , 1( )Q t  and 2 ( )Q t  will be： 

(4.21)  

1
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1 1 3
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(4.22) 
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(4.23) 
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where 1 2 1

1

( )
r

t c c


  , 1 2
3 2 2 1

1 1

( )
r

t S c c
 

 


   .  

 

Proof: see Appendix 4-A.5. 

Compared with Case 3, this case happens when the capacity of sink 2 is not big 

enough for an interior solution all the way from 1t  through terminal time T, ceteris 

paribus. After 3t , sink 2 is filled up, and another corner solution of Sink 1 begins. In this 

case, sink 1 is used the whole time, and sink 2 is used only in the interior solution 

period of time.  
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4.6 Conclusion 

    

This chapter constructs a dynamic optimization framework to compare 

geological carbon sequestration sinks, with a focus on evaluating long-term 

environmental damage costs associated with CO2 leakage to the atmosphere and/or 

other environmental media. Results indicate that considering engineering costs whilst 

ignoring long-term environmental damage costs may lead to inefficient storage 

allocation. The analytical solutions show that the cost effective time path of carbon 

sequestration depends on the discount rate, the total volume of CO2 that needs to be 

stored in period t, the cumulative volume of CO2 that has been stored in the sink (which 

impacts the expected environmental damages, and invokes the case of the Hotelling 

model to reflect the “scarcity” value of the resource, in this case the available pore 

space), and the engineering costs associated with the storage process. The main findings 

of this chapter are summarized as follows.  

The site with lower marginal engineering costs is always chosen at the first stage, 

no matter how large the environmental damage will be by using the sink alone. If the 

difference in the marginal engineering costs is large enough, the one with higher 

marginal engineering costs will be used only after the one with lower marginal 

engineering costs is filled up. (as in Case 1).  There are cases when it is cost-effective to 

use both of the storage sinks simultaneously. The optimal switching time from a single 

sink to two sinks depend on the difference in the marginal engineering cost, the 

discount rate, as well as the growth rate of marginal environmental damage of the sink 

used in the first phase.   

The environmental damage costs become relevant only when the maximum 

marginal scrap cost of using the sink with lower marginal engineering cost is larger than 

the difference in the marginal engineering costs (other than Case 1). In other words, the 

long-term environmental damage costs need to be evaluated significantly so as to 

become a binding factor in the sequestration planning process. In a case where 

environmental damage after the injection period is ignored on the cheaper sink, so that 

its scrap cost is zero, this sink will still be dominate option. This result should bring 
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policy makers attention on careful evaluation of long-term environmental risk 

associated geological storage.  

A large discount rate can make the evaluation of environmental damage 

irrelevant, and cost-effective sequestration strategy under this situation only depends on 

the comparison between engineering costs associated with alternative storage sites, i.e., 

whichever site is cheaper will be used up first (as in Case 1) before switching to the 

alternative. This is because the long-term environmental costs are discounted before 

being compared with current value engineering costs; an increase in the discount rate 

reduced the weight environmental costs are imposed on in the evaluation. It has been 

suggested that a zero discount rate on time preference should be used when discussing 

climate change issues. (Pindyck, 2011) If we do choose a zero discount rate in our 

problem setting, Case 1 will never happen, therefore the sink with better environmental 

performance (lower leakage growth rate) will always be adopted in the storage process.  

Our analytical results depend heavily on the convexity of the environmental 

damage costs function. Applying different functional forms for the environmental 

damages to the model may deliver different policy implications with regard to the order 

of sequestration sinks utilization and the switching time from one site to the other.  For 

example, a constant leakage rate from storage sinks would make completely different 

results, because in that case the relationship between two sinks regarding total marginal 

costs (engineering plus environmental damage) are not changing over time;  it will 

always be optimal to use the single sink with lower total marginal cost.  

To quantify sustainable utilization of sequestration sites, additional information 

should be factored into the analysis, including capacity of potential sites, evaluation of 

total engineering costs, carbon migration patterns after injection, evaluation of 

subsequent environmental damage both in the short and long term, etc. Appropriate 

discount rate is also crucial when dealing with intergenerational policy assessment. 

Careful analysis of these factors is necessary to derive potentially effective policies that 

promote geological carbon sequestration.  
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Appendix 4-A Proofs 

4-A.1 Proof of Equation (4.7) 

 

Substitute the expression of ( )i t from (4.6) into(4.4), we have  

(4.24) ( )( ) [ ( ) ( ) ] ( )
T

r t T rt rs

i i i i i i
t

t r e T e e Q s ds Q t       , 

and notice that ( ) '( ( )) ( )i
i i iT F Q T Q t

r


   , and ( ) ( ), [ , ]i iQ s Q t s t T   , therefore 

( )

( ) ( )

RHS [ ( ) ( ) ] ( )

( ) ( )(1 ) ( )

0

T
r t T rt rsi

i i i i i
t

r t T r t T

i i i i i i

r e Q t e Q t e ds Q t
r

e Q t Q t e Q t


 

  

 

 

  

   





. 

So we have proved that ( ) 0, 1,2i t i   . 

 

4-A.2 Proof of Case 1  

 

From previous analysis we have already known that it is optimal to adopt sink 1 

only initially, 1 1 2 2(0) (0)c c    and 2 1(0) (0)  . Therefore, in the beginning, 

2 1( ) ( )t t  is decreasing as 1( ) Q t  accumulates, since

2 1 2 1 1 1( ) ( ) ( ( ) ( )) ( ) 0t t r t t Q t         holds for 1( ) Q t  not too large. Suppose at 0t , 

2 1( ) ( )t t  drops to 1 2c c so that 1 1 0 2 2 0( ) ( )c t c t    , since 2 1 1 1( )r c c S   and

1 1( )Q t S , we find
2 1 1 2 1 1( ) ( ) ( ) ( ) 0t t r c c Q t       . However, for the possibility 

of interior solution, 1 1 0 2 2 0( ) ( )c t c t    needs to hold for an interval of time, then

2 1( ) ( ) 0t t   is needed!  Therefore in this case, the equality can only hold for just 

one instant, and the interior solution is not feasible, and 0t becomes the switching point 
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from sink 1 to sink 2: 1( ) 0q t  , 1 0( )Q t t and 2 0( )Q t t t  , for all 0t t . Notice that 

2 1( ) ( )t t  will also be decreasing after 0t , since 

2 1 2 1 1 1 2 2

2 0 1 0 1 1 0 2 2

2 0 1 0 2 2

( ) ( ) ( ( ) ( )) ( ) ( )

( ( ) ( )) ( ) ( )

( ) ( ) ( )

0

t t r t t Q t Q t

r t t Q t Q t

t t Q t

     

   

  

    

   

  



, 

for all 0t t T  .Therefore, 2 1( ) ( )t t  is monotonically decreasing in all time[0, ]T , 

and the switching of sinks happens only once at 0t .  So we have proved the dynamics of

1( )q t , 1( ) Q t and 2 ( )Q t will follow a formation like (4.12), (4.13) and (4.14), and next 

we need to solve 0t  from equation 

(4.25) 2 0 1 0 1 2( ) ( )t t c c    .     

   

From(4.6), we can get the following expression:  

(4.26) 0 2

0

( )

2 0 1 0 2 1 2 2 1 1( ) ( ) [ ( ) ( )] ( ( ) ( )) .
T

r t T rt rs

t
t t e T T e e Q s Q s ds                           

Suppose 0 1t S , then from transversality condition(4.5), we have   

1
1 1 1 0( ) '( ( ))T F Q T t

r


    and 2

2 2 2 0( ) '( ( )) ( )T F Q T T t
r


    . Then, by substituting 

the values of 1( )T and 2 ( )T and the dynamics of 1( )Q t and 2 ( )Q t from (4.13) and  

(4.14) into (4.26), we get: 

(4.27) 0( ) 1 02
2 0 1 0 2
( ) ( ) (1 )

r t T t
t t e

r r


  

    .   

    

Since 2 1 1 1( )r c c S   and 0 1t S , we find the RHS of (4.27) is always bigger 

than 1 2c c , so there is no solution for equation (4.25) for 0 1t S . Therefore, we reach 

the conclusion that sink 1 is filled up before the switching, i.e., 0 1t S . In addition, 
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from the transversality condition(4.5), we know that 1
1 1 1 1( ) '( ( ))T F Q T S

r


   , 

2
2 2 2 1( ) '( ( )) ( )T F Q T T S

r


    , and combining (4.25) and (4.26), we get: 

(4.28) 1 1( ) ( )1 1 2 1 1
1 1 22

[ ( )] (1 )
r S T r S TS S

e u T e c c
r r r

   
                                     

and 1( )T is determined by the above equation.  

 

4-A.3 Proof of Case 2 

 

We have already shown that it is optimal to use sink 1 only initially, and 

2 1( ) ( )t t  will be decreasing as 1( )Q t  accumulates in the beginning. Suppose from 't  

to ''t , interior solution emerges, then 2 1 1 2( ') ( ')t t c c    , and
2 1( ') ( ') 0t t   . 

Since 1( ) 1q t  before interior solutions, we have 1( )Q t t and 2 ( ) 0Q t  for [0, ']t t . 

Therefore, 
2 1( ') ( ')t t  can be written as 

(4.29) 
2 1 1 2 2 2 1 1 1 2 1( ') ( ') ( ) ( ') ( ') ( ) 't t r c c Q t Q t r c c t            ,                        

so
2 1( ') ( ') 0t t   gives 2 1

1

' ( )
r

t c c


  .  

Therefore, the interior solution 2
1

1 2

*q


 



 prevails after 1 2 1

1

' ( )
r

t t c c


   , 

and 1( )Q t  and 2 ( )Q t follow the dynamics (4.9) and(4.10). Since 

2 1 2
1 1

1 2 1 2

( )
( )

r c c T
Q T S



   


  

 
 and 2 1 1

2 2

1 2 1 2

( )
( )

r c c T
Q T S



   


   

 
, the interior 

solution is viable until terminal time T, so ''t T .  
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From transversality condition(4.5), we know 1
1 1 1 1( ) '( ( ))T F Q T S

r


    and

2
2 2 2 1( ) '( ( )) ( )T F Q T T S

r


    , since 1 1( )Q T S  , and 2 2( )Q T S .  

 

4-A.4 Proof of Case 3 

 

Proof: from previous discussion in Case 2, we know that if the interior solution

2
1

1 2

*q


 



 prevails for a time interval, the optimal path of 1( )Q t follows

2
1 2 1

1 2 1 2

( ) ( )
r

Q t t c c


   
  

 
during that interval, and the interval starts from

1 2 1

1

( )
r

t c c


  , before which sink 1 is used alone: 1( ) 1q t  , for all 2c .  Since

2 1 2
1

1 2 1 2

( )r c c T
S



   


 

 
, we know interior solution is not feasible from 

( ( )) ( ( )) ( ( )) /rT rt rt

i i i i i i
T T

e D Q T e dt D Q T e dt D Q T r
 

     through the terminal time T. 

Notice that 
*

1 2 1( )Q t S when 1 2
2 1 2 1

2 2

( )
r

t S c c
 

 


    , so interior solution 1 *q  

prevails during the time interval 1 2( , ]t t , and after 2t  sink 1 is filled up, so sink 2 is used 

alone in the final period 2( , ]t T , and 2 1( ) ( )t t  will start to decrease again as 2 ( )Q t

accumulates (
2 1 2 1 2 2( ) ( ) ( ( ) ( )) ( ) 0t t r t t Q t         , for 2( , ]t t T ) .  

From(4.5), we know 2( )i
i

iS


  since 21

( ( )) ( )
2

i i i iD Q t Q t , and

2
2 2 2 1( ) '( ( )) ( )T F Q T T S

r


    , since 2 1 2( )Q T T S S   . 1( )T can be solved from 

equation 2 2 1 2 1 2( ) ( )t t c c     . In fact,  
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2 2

2

2 2

2

2 2 2

2
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2 2 1 2 2 1 2 2 1 1
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2 1 2 1 1 1

( ) ( ) ( )2 1 2 1
2 1 22
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1 1 2 2
1 1 22 2

[ ( )] ( )
S

T c c
r r r

  
    

so ' 0iF   can be solved from the equation:
 

2( ) 1 1 2 2
12 2

[ ( )] 0
r t T S

e T
r r r

  


     .  

4-A.5 Proof of Case 4 

 

We omit the proof since it is similar to case 3. The second switching time from 

interior solution to corner solution ( ) ( ) ( )i i i it r t Q t    is when sink 2 is filled up

( ( ) '( ( )))( ( )) 0,  ( ) '( ( )) 0,  ( ) 0i i i i i i i iT F Q T S Q T T F Q T S Q T       
 

From transversality condition, ( )i ic t , and 1( ) [0,1] q t  is determined by, ( )i t or 

equivalently, by
 

(4.30) 3( ) 2 2 1 1
2 2 2

[ ( ) ] 0
r t T S

e T
r r r

  


    .     
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Appendix 4-B Figures  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 Figure 4-B.1 Optimal Time Paths of Carbon Injection Rate under Case 1  
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Figure 4-B.2 Optimal Time Path of Cumulative Carbon Storage under Case 1 
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Figure 4-B.3 Marginal Environmental Costs of Two Sites over Time under Case 1 
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Figure 4-B.4 Optimal Time Paths of Carbon Injection Rate under Case 2 
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Figure 4-B.5 Optimal Time Path of Cumulative Carbon Storage under Case 2 
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Figure 4-B.6 Marginal Environmental Costs of Two Sites over Time under Case 2 
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Figure 4-B.7 Optimal Time Paths of Carbon Injection Rate under Case 3 
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Figure 4-B.8 Optimal Time Path of Cumulative Carbon Storage under Case 3 
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Figure 4-B.9 Marginal Environmental Costs of Two Sites over Time under Case 3 
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 Figure 4-B.10 Optimal Time Paths of Carbon Injection Rate under Case 4 
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Figure 4-B.11 Optimal Time Path of Cumulative Carbon Storage under Case 4 

 

2 ( )Q t

1( )Q T
1( )Q t

22 ( )Q T S

2
1

1 2

q


 




1 1q 
1 1q 

1S



183 

 

 

Figure 4-B.12 Marginal Environmental Costs of Two Sites over Time under Case 4 

 

     

  

 

  
 

 

2 2(0)c 

1 1(0)c 

2 2 1 1,c c  

1t 2t



184 

 

 

 

 

Chapter5 Conclusions 
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5.1 General Findings  

 

This dissertation finds that firm location decisions have been influenced by 

environmental regulations such as the National Ambient Air Quality Standards 

(NAAQS) and associated county attainment/nonattainment designation. Localization 

and urbanization economies are also factors that are attractive to new establishment 

formation in certain regions. The existence of agglomeration economies offset or 

reinforces the effects of regulation, depending on the industry. If air pollution standards 

are raised, most polluting industries would lose establishments, leading to lower income 

and fewer jobs from the industries. The cost-effective time path of geological carbon 

sequestration depends on the discount rate, the total volume of CO2 that needs to be 

stored in each time period, the cumulative volume of CO2 that has been stored, and the 

operational and maintenance costs of the alternative sinks. 

The first essay examines the interactive effects of air quality regulation and 

agglomeration economies on polluting firms’ location decisions using county-level data 

from the United States. Results indicate that county attainment/nonattainment 

designations impose heterogeneous impacts over space and across industries. The 

pollution haven hypothesis and the Porter hypothesis are supported by the estimation 

results from different industries. The existence of the interactive effects between 

nonattainment status and agglomeration economies offset the impacts of the 

environmental regulation in metropolitan areas or industry centers. Therefore, county 

designation in enhancing air quality can be ineffective in these areas. The total effects 

of agglomeration economies are always significantly positive for all industries, 

implying localization and urbanization economies are beneficial factors for counties. 

In urbanized areas with industries clustering, knowledge spillovers are helpful 

for technology innovations; under the pressure of installing the cleanest technology 

regardless of costs by nonattainment designations, industries may focus R&D 

investments on innovations for less expensive clean technology in order to survive in 

those designated areas. As supported from the estimation results, counties with large 

agglomeration economies such as metropolitan areas or industry centers are less 
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affected by regulation in terms of decreases in the number of polluting establishment 

births, compared with other region. The total effects of county attainment/nonattainment 

designation, instead of mitigating pollution emission and relieving existing health issues, 

may cause local air quality degradation and public health deterioration in already 

heavily polluting counties. Therefore, improving the air quality in these regions is 

difficult by simply imposing a nonattainment designation. More effective regulatory 

policies are needed to reduce air pollution emissions in all nonattainment regions. 

The second essay estimates the effects on polluting firms’ location decisions as 

well as the associated consequences on changes in local jobs and income under higher 

regulation standards for seven pollution intensive manufacturing industries. Results 

show that when the standards were raised to level 1, which is 95 percent of the current 

standards, on average about 120 counties would be affected and designated into 

nonattainment from 2007 to 2009. Overall, counties that are affected by the tightening 

standards (i.e., those attainment counties that would be switched to nonattainment under 

the particular scenario of standards) are predicted to lose establishment, jobs, and 

income, and the losses increase with higher standards. For example, if the standards 

were raised to 80 percent of the current level, in total, these affected counties would 

lose 326 establishments, 14,711 jobs with $705 million U.S. dollars of income each 

year, from 2007 to 2009. The effects of nonattainment designation are found to be 

spatially heterogeneous due to the existence of the interactions with other local factors 

such as agglomeration economies. At the national economy level, impacts of tightening 

environmental regulations are found to be relatively small. 

The third essay constructs a parsimonious dynamic optimization model to find 

cost-effective strategy of using alternative geological carbon sequestration sinks, under 

scenarios of assumptions of the costs framework, with a focus on incorporating long-

term environmental damages cost associated with CO2 leakage to atmosphere and/or 

other environmental media. Results indicate the cost effective time path of carbon 

sequestration depends on the discount rate, the total volume of CO2 that needs to be 

stored in period t, the cumulative volume of CO2 that has been stored in the sink (which 

affects the expected environmental damage costs), and the difference between the 



187 

 

engineering costs of the alternative sinks. In addition, we find that a large discount rate 

may make the evaluation of environmental damage irrelevant, i.e., the site with lower 

marginal engineering costs will be used up first before starting to use the other site; 

incorporating long-term environmental costs are crucial to make environmental risk a 

relevant factor into decision making; the analytical results are very sensitive to the 

functional forms of environmental damage costs.  
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5.2 Policy Assessments and Implications   

 

Overall, the environmental regulations that have been discussed in this 

dissertation are air pollution related federal policies, established by U.S. Environmental 

Protection Agency (EPA), as authorized by the Clean Air Act. County 

attainment/nonattainment designations are heterogeneous across counties; therefore 

they can be influential on establishment locations and births. The significant effects of 

the regulation on firms’ location decisions and the associated socio-economic impacts 

may not be analogous to other environmental policies. Regulatory policies that are 

uniformly applied over space would not be significantly influential on where 

establishments choose to locate. For example, EPA has implemented pollution control 

programs to set up wastewater standards for industry, like the National Pollutant 

Discharge Elimination System (NPDES), which are universal across regions, therefore a 

certain level of such standards will not necessarily cause firms to move.  

The regulatory impact of county designations is also different across polluting 

industries. The attainment/nonattainment designation would be less effective for 

industries where agglomeration offset the effects of regulation in mitigating air 

emission and enhancing air quality in industry centers. Potentially, county designation 

may result in favoring certain polluting industries over others. If the favored industries 

are actually the heaviest polluting industries, industry-specific regulatory controls may 

be needed to better control emission from such industries.  In addition, fierce local 

regulatory competition may happen and even result in a “race to the bottom” of 

regulatory standards or taxation policies for new companies.  

From a policy maker’s perspective, the effectiveness of a certain regulation is 

the most crucial factor that needs to be evaluated during policy design. If regulations 

become less effective due to the existence of other factors (e.g. agglomeration 

economies), careful modifications are needed to enhance the effects of such policy. 

Nevertheless, careful assessment of tradeoffs associated with tightening environmental 

regulations need to be included from the initial policy design to periodic reviews. If 

tightening regulations will be applied to many regions in the country, the overall 
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negative impacts may offset environmental benefits from the regulations. Well-designed 

regulations should maximize the net benefits to society.   

Responsible public policy also requires attention to the environmental risk 

associated with geologic sequestration. The liability of risk associated with carbon 

leakage from sequestration sinks needs to be clarified for the private owners of power 

stations to integrate both engineering and environmental costs into consideration. For 

new polluting plants that heavily emit CO2, implementing carbon storage requires two 

location decisions: where to build the establishment and where to store the CO2. If the 

transportation costs of CO2 are large, the alternative is to locate establishments closer to 

available sinks. The government may fund investigation projects to find potential 

storage sinks and provide recommendations to the public while offering corresponding 

incentives to attract new power plants to locate near storage sinks and install 

sequestration appliances.  

Since county attainment/nonattainment designations are influential in the 

location decisions of polluting firms,  in general counties with more stringent regulation 

expect births drop; similar designed regulation that is applied non-uniformly across 

space may also effect the location decisions of heavy carbon emitters such as fossil fuel 

power plants. Since the total costs associated with carbon sequestration from the 

society’s perspective include both engineering costs (capture, transport, and injection) 

and environmental costs (related to the safety of storage formations). Policy makers 

may consider designing regulations to favor regions with better subsurface pore space 

resources, so new power plants would be more likely to locate closer to better storage 

opportunities, all else equal. If new power plants choose geological storage of generated 

CO2, the associated total costs could be smaller. One potential regulation would be to 

assign regional attainment/nonattainment designations based on the availability of good 

carbon storage opportunities with large capacity and higher safety, so that new power 

plants located in nonattainment regions need to install the cleanest available technology, 

regardless of costs; while in attainment regions they would be exempt from such 

requirements. In addition to generating regulation on the location decisions of new 

power plants; policy makers can also provide market incentives (e.g. subsidies) for 
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power plants to choose promote CO2 storage instead of releasing pollution in the 

atmosphere.   

What are the potential tradeoffs for the design of regulation that attempts to 

attract new power plants to locate closer to geological storage opportunities?  Results 

from the second essay imply that we may expect losses in total power plants from a 

tightening regulation, which may cause substantial negative impacts on the economy 

due to lowered national power supplies. Corresponding losses in employment and 

income may affect other industries as well.   
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5.3 Limitations and Future Research Area  

 

In this dissertation we study the seven major two digit SIC polluting industries. 

Heterogeneities may exist within each industry. For example, in the paper and allied 

products industry (SIC 26), the heaviest polluting subsector is pulp and paper mills (SIC 

2621), which may be affected by county designation more than other subsectors within 

this industry. We also neglect plant heterogeneity by using aggregated births at county 

level; annual plant level observations are needed to take into account plant 

heterogeneity.  

We conduct the scenario analysis of potential consequences from raising 

NAAQS standards, Due to data limitations; we focus on the period from 2007 to 2009.  

Analysis over longer time periods and possible projections into the future may bring 

more insight about the spatial and temporal dynamics in the tradeoffs of a tightening 

regulation. Besides employment and income loss, other socio-economic factors that 

may be impacted from a rising regulatory standard may involve tax loss, population 

change, and the lowered development of other industries.    

The optimal time paths of carbon sequestration over alternative storage sinks 

depend on the assumptions about the functional forms of engineering and 

environmental costs. In particular, the leakage function is assumed to be convex, with 

an increasing leakage rate over the accumulated amount of CO2 that has been stored in a 

certain sink. The risk of any catastrophic disasters is not included in this analysis. 

Future field experimental data is needed to validate those assumptions in the model. A 

legal clarification in the ownership of subsurface pore space as potential commercial 

geological sequestration sites is needed before initiating effective policy incentives. 

Policy makers also need to consider a proper allocation of liability and risk associated 

with carbon storage: will the energy companies be liable for all risks? How long will 

they be responsible for the risks? Integration of these factors when designing regulatory 

policies will enable industries to effectively reduce pollution levels to desired levels 

while minimizing the economic tradeoffs associated with compliance.  
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