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ABSTRACT 

Product architectures are becoming increasingly modular, along with the industries 

that produce them.  Instead of a single integrated firm designing and producing an 

entire product, clusters of firms design and produce individual components that are 

later integrated.  While modularity has often been hailed as a catalyst for innovation, I 

show that modularity can hinder some kinds of innovation.  Within a modular system, 

innovations that are limited to individual modules without altering interfaces and 

processes (modular innovations) thrive, while innovations that cross module 

boundaries and alter interfaces and processes (integral innovations) are stifled.  In a 

study of implementations of twenty three different technologies in one hundred and 

twelve US buildings, I demonstrate that the odds for integral innovations to be 

implemented are 84% lower than for modular innovations, even after accounting for 

technology costs and other factors.  The primary underlying mechanism is that integral 

innovations involve a loss of the embedded coordination that standardization provides.  

Thus, I investigate supply chain integration as a moderator and a substitute for the lost 

coordination.  I compare high integration (both vertical and horizontal), medium 

integration (either vertical or horizontal), and low integration (neither vertical nor 

horizontal).  I demonstrate that as integration increases, so does the likelihood of 

implementing integral innovations.  In fact, the odds of implementation of integral 

innovations increase by 542% in supply chains characterized by high levels of 

integration.  Thus, I shed light on the relationship between an innovation’s alignment 

with existing industry structure and standards and the complex moderating effect of 

supply chain integration in modular industries.  In addition, I develop a comprehensive 

analytical framework to explain innovation diffusion in the construction industry – 

integrating the supply chain learning and coordination issues discussed above with 

high levels of demand fluctuation, competitive bidding by trade, and broken agency. 
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CHAPTER 1 – INTRODUCTION 

In many industries today, traditional vertically- integrated hierarchical organizations 

have given way to networks of specialized firms, each producing individual modules 

that together make up a whole product (Achrol, 1997; Baldwin & Clark, 2000; 

Jacobides, 2005; Schilling, 2000; Sinha & Van de Ven, 2005; Staudenmayer, Tripsas, 

& Tucci, 2005).  This phenomenon, usually referred to as interfirm modularity 

(Schilling, 2000; Staudenmayer, et al., 2005), modular clustering (Baldwin & Clark, 

2000), or interorganizational networks (Powell, 1990), has been widely cited in a 

range of industries, including personal computers (Baldwin & Clark, 2000), 

automobiles (Argyres & Bigelow, 2010; Takeishi, 2002), bicycles (Galvin & Morkel, 

2001), pharmaceuticals (Powell, 1998), movies (Lampel & Shamsie, 2003), and 

construction (Eccles, 1981b).   

The transition from vertically-integrated hierarchies to modular clusters 

mirrors a modularization of product design.  As products become increasingly 

modular, firms become more decentralized and specialized to particular components 

rather than a whole product (Henderson & Clark, 1990; Sanchez & Mahoney, 1996) 

and a matching modular cluster emerges (Garud & Kumaraswamy, 2003).  There are 

two types of modular clusters.  In centralized modular clusters, such as the automobile 

or aerospace industries, network firms are tied to a powerful lead firm.  In contrast, in 

decentralized modular clusters, such as the construction industry, network firms are 

connected to each other without a powerful coordinating firm (Langolis & Robertson, 

2003).  Even General Contractors, who are sometimes assumed to play the role of 

central coordinators, merely provide a very thin layer of coordination, and the network 

of subcontractors on a construction project essentially coordinate themselves 

(Stinchcombe, 1959).   

Coordination among firms within a modular cluster differs across modular 

cluster types.  In centralized modular clusters, coordination is handled by the lead 

firm.  This firm can define the product architecture and the set of design rules that all 

firms in the relevant clusters must follow.  The lead firm plays a similar role to that of 
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central management in Weber’s (1947) bureaucratic organization.  In decentralized 

modular clusters, institutionalization and standardization serve as an embedded 

coordination mechanism.  In a sense, standardization negates the need for the 

centralized control of a hierarchy or a powerful lead organization.  Standardized 

interfaces among modules and well-established procedures and worker training in 

those procedures enable the network of firms at all phases of the supply chain to know 

how to play their part.  This echoes Stinchcombe’s (1959) description of craft 

administration of production.       

Modularity in products and industries has many advantages.  Some of the 

advantages that proponents cite are a reduction in complexity (Parnas, 1972; Simon, 

1962), economies of substitution (Garud & Kumaraswamy, 2003), enhanced customer 

flexibility (Baldwin & Clark, 2000), and organizational agility in responding to 

changing environmental conditions (Galunic & Eisenhardt, 2001).  Moreover, 

modularity has been argued to increase innovation (Baldwin & Clark, 2000).  Because 

many firms are involved in the design and production of a modular system, there are 

more opportunities for innovation as there are more potential innovators.  Further, that 

several firms are involved in the design and production of a product and its modules 

increases competition, which in turn also spurs experimentation and innovation.  Not 

only are there more potential experimenters who face increased competition, but also 

the costs of experimentation are lower (Baldwin & Clark, 2000) given that they are 

split among multiple firms.  Thus, modularity results in an elevated rate of trial-and-

error experimentation (Langolis & Robertson, 2003) and in increased competition and 

innovation at the module-level (Baldwin & Clark, 2000).   

Given the importance of innovation to organizational survival, if modularity 

indeed increases the rate of innovation, then modularity would be ideal.  Innovation is 

central to dynamic organizational capabilities (RR Nelson, 1995; D. J. Teece & 

Pisano, 1994).  It is the primary way for many organizations to adapt to changing 

environments and transform themselves (Eisenhardt & Tabrizi, 1995).  James M. 

Utterback summarizes the sentiments shared by scholars across disciplines:  

“Innovation is at once the creator and destroyer of industries and corporations.  Over 

the years, new technologies have made industrial giants out of many upstart firms, 
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invigorated older ones that were receptive to change, and swept away those that were 

not.  Today… competitiveness hinges on the ability to develop or adapt new 

technologies in products, services, and processes” (1996, p. xiv).   

However, in spite of the many advantages of modularity and the corresponding 

modular clusters, I show that these come at a price, especially in decentralized 

modular clusters.  While modular improvements can be fast and abundant, overall 

architectural designs must remain unaltered.  In other words, innovations can alter 

individual modules (modular innovations) but not the interfaces between modules or 

the overall system architecture (integral innovations) else coordinating among the 

loosely-coupled members of the modular cluster would be too daunting and the 

innovation less likely to be adopted and properly implemented.  Although 

organizations tend to exhibit a high degree of inertia and thus change is difficult in any 

organization (Hannan & Freeman, 1977), the lack of a centralized coordinator in 

decentralized modular clusters make architectural change exponentially more difficult.  

In contrast, when modular products are designed and manufactured within the 

boundaries of a single firm, architectural change can be mandated by management.  In 

a sense, the firm’s management serves as a central, coordinating change agent, making 

sure that all constituents are on board: aware of the change, possess the required 

implementation knowledge, and are willing to conform to the change.  The same is 

true to some degree in centralized modular clusters.  The leading firm can demand that 

all other network members conform to the new product architecture and embrace the 

change.  However, in a decentralized modular cluster, no single firm can educate 

about and mandate the changed architecture.  Instead, disparate firms need to self-

synchronize in order to bring about architectural change.  Thus, integral innovations 

are less likely to be implemented and therefore slower to diffuse.  This is inherently 

limiting because in many cases, significant levels of overall performance improvement 

can only be achieved through a whole-system approach, not a piecemeal, module-by-

module improvement (K. T. Ulrich, 1995).  

Because the fragmented structure of decentralized modular clusters poses 

obstacle to the diffusion of integral innovations, I investigate the effects of strategic 

supply chain integration on the negative relationship between innovation integrality 
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(modular versus integral) and the probability of implementation.  I examine two types 

of integration.  The first is horizontal integration as measured by firms’ breadth of 

scope, and the second is vertical integration across the product lifecycle, which is 

impacted by alternative procurement approaches.  I compare firms with low levels of 

integration (neither horizontal nor vertical), medium integration (either horizontal or 

vertical, but not both), and high integration (both horizontal and vertical).  I 

demonstrate that supply chain integration indeed moderates the relationship between 

innovation integrality and probability of implementation.  In fact, the odds of 

implementation of integral innovations increase by 542% when the supply chain is 

characterized by a high degree of integration, as compared with low integration.   

Implementations of energy-efficient building technologies within the United 

States construction industry provide the context for this dissertation.  The primary 

reason to focus on this industry is a theoretical one: The construction industry is 

extremely fragmented and is comprised of a large number of highly institutionalized 

decentralized modular clusters.  The industry’s main product – a building – is 

comprised of many modules, such as doors, walls, or air-conditioning units.  Each 

module has a very clearly defined and institutionalized modular cluster involved in all 

phases of its production and implementation, from the extraction and refinement of the 

raw materials through the design, installation, operation and maintenance of the 

prefabricated element that is assembled within the building.   

Within each modular cluster, a host of firms employ workers with relatively 

well defined and institutionalized skills, some of which are enshrined in the 

professional registrations of different kinds of engineers and in the jurisdictional 

boundaries of separate craft labor unions.  For example, the modular cluster for a 

window – made up of wood frames, glass sheets, metal latches, neoprene seals, vinyl 

coverings, electric motors for the actuators, etc. – includes the set of firms that 

produces the components for the window, assembles them into the prefabricated, 

ready-to-install window unit, and installs them in a building.  Similarly, the firms that 

produce air-conditioning modules such as chillers, boilers, compressors, and motors 

form another modular cluster, along with the engineers who design the systems and 

the subcontractors who install them. 
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Beyond an excellent theoretical fit with the goals of this research, studying 

innovations in the construction industry presents a potential for significant 

contribution to practice.  The construction industry is extremely important to the 

economy.  With over 1.7 trillion dollars of value in business done (Census, 2007b), 

construction represents over 8% of the country’s gross domestic product and is second 

only to healthcare (Baker, 2006).  In 2007, over 7.3 million people were employed in 

construction in approximately 730,000 establishments for an annual payroll of 331 

billion dollars (Census, 2007b).  Given the magnitude of this industry, “successful 

innovation to keep this industry competitive is essential to maintain U.S. economic 

health (Baker, 2006, p. 7).  Research that could make even modest improvements has 

the potential for a significant contribution.   

However, more important than the sheer magnitude of this industry is the great 

untapped opportunity for energy efficiency.  Buildings emit more CO2 and consume 

more energy globally than any other sector (DOE).  Moreover, the existing stock of 

buildings—and many new buildings—use energy extremely inefficiently. This has 

created a tremendous opportunity to reduce energy use and attendant greenhouse gas 

emissions.  The past three decades have seen a surge in the development of new 

energy-saving technologies for use in existing or new buildings (USPTO, 2009).  With 

the technologies that exist today, energy use could be lowered by 25 to 30 percent by 

2030 (NAS, 2009).  In fact, increased implementation of energy-saving technologies is 

widely agreed to be the nearest-term, lowest-cost way to reduce greenhouse gas 

emissions in both developed and developing countries and meet our nation’s energy 

consumption needs.  Furthermore, many of these energy-saving technologies represent 

attractive investment opportunities: they have positive net present values (NPV), a 

payback period of two to three years, and are likely to remain competitive in the future 

(NAS, 2009).  Yet NPV-positive opportunities worth over $130 billion go unrealized, 

because many promising, technically-feasible innovations diffuse very slowly, or 

sometimes not at all, through the building industry (Choi Granade, et al., 2009; NAS, 

2009).  Not only are opportunities foregone, but energy intensity has recently (1985-

2004) increased by 12% in the commercial buildings sector (DOE).  Finding ways to 
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increase the rate and magnitude of adoption of energy-saving technologies in new and 

existing buildings has tremendous potential.    

Dissertation Aims 

This dissertation has three primary aims.  The first two have to do with decentralized 

modular clusters in general, and the third with the construction industry more 

specifically.   

First Aim:  The Effects of Innovation Integrality on Implementation 

The first aim is to test empirically whether modular innovations have a greater chance 

of being adopted and implemented than integral innovations in industries 

characterized by decentralized interfirm modularity.  Although this notion has been 

previously suggested (Henderson & Clark, 1990; Langolis & Robertson, 2003; Taylor 

& Levitt, 2004), empirical support is limited, and a quantitative, large-N proof of this 

important concept has yet to be provided.  I examine the implementation of 23 

technologies in 112 LEED-certified buildings in the US, yielding 2576 possible 

implementation opportunities.  Using binary logistic regression analyses with the 

Generalized Estimating Equations method, I find that the odds of implementation of 

integral innovations are 84% lower than for modular innovations, even after 

controlling for a host of factors, including technology cost.  In fact, the relative effect 

of technology costs is lower than is generally assumed and overshadows the effect of 

innovation integrality only at very high costs (increase greater than $11 per square foot 

of building space). 

Second Aim:  The Moderating Effects of Supply Chain Integration 

Given that integral innovations offer greater potential for overall system enhancement 

than modular innovations, the second aim of this dissertation is to identify strategies to 

increase the adoption of integral innovations.  Because the greatest barrier to integral 

innovation diffusion is the very structure of the industry–the fragmentation and 

decentralization–I investigate the effects of supply chain integration on the negative 

relationship between innovation integrality and the probability of implementation.  In 

other words, I statistically evaluate the moderating effects of integration.  My 
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regression analyses suggest that integration in fact moderates the relationship between 

innovation integrality and implementation.  Integral innovations have 186% higher 

odds of implementation if the supply chain is characterized by medium as compared to 

low integration, and 542% higher odds of implementation if the supply chain is 

characterized by high and compared to low integration. 

Third Aim:  Innovation in the Construction Industry 

As soon as I began to research innovation implementation within the context of the 

construction industry, an important observation became clear: That although modular 

innovations diffuse much faster than integral innovations, they also are rather slow to 

diffuse.  That is, relative to many other industries, all innovations diffuse slowly in the 

construction industry, not just integral ones.  A review of the literature on construction 

innovation has revealed a lack of comprehensive analyses of the multiple mechanisms 

by which industry structure affects innovation diffusion in construction.  Thus, the 

third aim of the paper is to provide such a comprehensive analysis and review.  I 

review Nam and Tatum’s (1988) analysis of the uniqueness of construction products, 

explain how these unique characteristics have led to vertical, horizontal, and 

longitudinal fragmentation (Fergusson, 1993) in the industry, and analyze the 

mechanisms by which the three types of fragmentation affect innovation diffusion. 

 Dissertation Format 

This dissertation adopts a “classic” format of introduction, literature review, 

methodology, results, and discussion, followed by appendices and references at the 

end. 

Given the uniqueness and importance of the construction industry as the 

context for this study, I begin with a description of the industry in Chapter Two.  The 

chapter begins with an overview of the US construction industry and the unique 

characteristics of construction products.  Next, I explain how these unique 

characteristics gave rise to the fragmented industry structure that we see today.  Then, 

I explain how industry members essentially coordinate themselves in decentralized 
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modular clusters.  I conclude the chapter with an analysis of the mechanisms by which 

industry fragmentation affects innovation implementation and diffusion. 

Chapter Three adopts a wider perspective and offers a more general literature 

review on modularity and innovation in modular industries.  I begin with an 

explanation of the concepts of modules and system architectures.  Then, I develop my 

hypotheses based on literatures on modularity, innovation, institutional theory, and 

social psychology.  I clarify the concept of innovation integrality and distinguish 

between modular and integral innovations.  I hypothesize that in decentralized 

modular clusters, integral innovations have a lower probability of being implemented 

than modular innovations.  I clarify the institutional and social psychological 

mechanisms for this hypothesis.  Finally, I hypothesize that horizontal and vertical 

supply chain integration moderates this relationship.     

Chapter Four describes my methodology, data, variables, and analytic 

approach.  Chapter Five describes my results.  In Chapter Six, I discuss the 

implications of the results.  Chapter Seven provides concluding remarks about this 

dissertation’s contributions to theory and practice, this study’s limitations, and some 

suggestions for future research.  Finally, appendices and references are provided at the 

end.   



9 

 

CHAPTER 2 – INNOVATION IN THE CONSTRUCTION INDUSTRY 

“Introducing new technology can be more difficult in the construction 
industry than in other industries.  Innovation barriers such as diverse 
standards, industry fragmentation, business cycles, risk aversion, and 
other factors can create an inhospitable climate for innovations… Due 
to such impediments, firms are naturally reluctant to try a new 
technology, especially if it amounts to putting the entire company on 
the line” (Haas, Borcherding, Allmon, & Goodrum, 1999, p. 6). 

The construction industry is indeed slow to innovate (Ball, 1999; Dubois & Gadde, 

2001; Winch, 1998).  For example, energy-efficient building innovations worth over 

$130 billion annually are foregone (Choi Granade, et al., 2009).  The slow diffusion is 

not limited to energy-efficient and other sustainable technologies.  Innovations such as 

hollow gypsum-on-stud wall partitions in commercial buildings took as long as fifteen 

years to diffuse through the US construction industry. 

Why do so many innovations fail to diffuse through the construction industry?  

A debate exists in the literature on whether the source of innovation is supply push or 

demand pull (Arditi, Kale, & Tangkar, 1997).  The supply push school of thought 

places emphasis on technological development (Schumpeter, 1942), whereas the 

demand pull school of thought emphasizes profitability opportunities in the market 

(Schmookler, 1966).  In the case of many energy-saving technologies, both schools 

would predict greater diffusion: The technologies are viable and have the potential to 

save energy (supply push) and represent attractive investment opportunities (demand 

pull).  Why is it then that their diffusion has been so slow? 

In interviews with building industry professionals, high costs and general 

conservatism are generally blamed for the slow diffusion of innovations.  However, 

these explanations are not satisfactory because even a superficial look at the history of 

construction reveals that some innovations do diffuse, albeit slowly.  Examples 

include flexible piping for horizontal plumbing runs to replace small diameter copper 

piping, hollow wall partitions to replace masonry walls, and prefabricated lumber wall 

trusses to replace stick-built lumber wall frames.  What is it about the nature of the 
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construction industry that leads to the slow diffusion of innovations in general?  And 

why do some innovations diffuse faster than others? 

Previous research on innovation diffusion in the construction industry provides 

many insightful answers to these questions.  Literature on innovation diffusion 

generally focuses on the willingness of individuals or firms to adopt an innovation or 

on macro factors that influence adopters’ ability to adopt (Attewell, 1992), although 

the vast majority of research focuses on the former  (Taylor & Levitt, 2004).  

Together, these two streams of research have yielded a long list of factors that are 

argued to retard or even inhibit innovation diffusion.   

The primary factors mentioned by adopter-oriented studies include 

unwillingness to bear the risks associated with factors such as the immobility of 

constructed products (Reichstein, Salter, & Gann, 2005), unanticipated demand (Ball, 

1999; Reichstein, et al., 2005; Tatum, 1986), and technological uncertainty (Hendricks 

& Calkins, 2006); the existence of certain heuristics that industry members share 

(Beamish & Biggart, 2010); organizational cultures that are not open to innovation 

(Barlow, 2000); and the lack of “innovation champions” (Nam & Tatum, 1997).   

Macro-oriented studies have highlighted factors such the abundance of codes 

and regulations (Oster & Quigley, 1977; Tatum, 1986); the prevalence of traditional 

procurement systems (Kumaraswamy & Dulaimi, 2001) and practices such as 

competitive bidding (Tatum, 1986); and low labor costs and the strength of labor 

unions (Goodrum & Haas, 2000).  Industry fragmentation and the one-off, project-

based structure of construction, in particular, have been cited as major barriers to 

innovation diffusion by researchers (Barlow, 2000; e.g., Bowley, 1966; Dubois & 

Gadde, 2001; Gann & Salter, 2000; Haas, et al., 1999; Lutzenhiser & N., 2003; Nam 

& Tatum, 1988; Sheffer & Levitt, 2010b; Taylor & Levitt, 2004) and practitioners 

(e.g., Choi Granade, et al., 2009; Walsh, Urban, & Herkel, 2009) alike. 

For example, Bowley (1966) argued that the system of barriers among industry 

players at both the vertical and the horizontal levels is responsible for paralyzing many 

technological innovations.  Nam and Tatum (1988) called this a “locked system,” 

resistant to “any attempt to change the status quo” (p. 140).  Haas and colleagues 

(1999) argued that horizontal fragmentation, or the “barriers between trades,” are the 
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main problem.  Dubois and Gadde (2001) argue that the loose-coupling of firms in the 

industry severely slows collective learning, which is a prerequisite to innovation 

diffusion.  The strong community of practice that has developed within the industry 

further maintains the status quo.  Taylor and Levitt (2004; 2007) highlight the project-

based, one-off nature of the US construction industry as a major barrier to learning and 

consequently to innovation diffusion.  On the practitioner side, a report by Nth Power 

and Fraunhofer argues that the “compartmentalized process structure [of vertical and 

horizontal fragmentation in construction]… creates multiple inefficiencies,” which in 

turn pose significant barriers to innovation due to misaligned interests (Walsh, et al., 

2009, p. 8). 

A recent study by Gambatese and Hallowell (2011) surveyed 34 successful 

innovation generating organizations about the factors that influenced the initiation, 

development, and implementation of their innovations.  A fear of change, innovation 

not being recognized by clients, and lack of communication were believed to be the 

most significant barriers to innovation diffusion. However, the correlation between 

these and successful diffusion was weak.  The only significant factor was risk of 

failure.  A similar discrepancy between managerial beliefs and actual correlations was 

found in the factors that enable diffusion; the factors that were believed to enable 

diffusion, namely effective management, client support, organization culture, and the 

presence of an innovation champion, were not highly correlated with successful 

diffusion.  Only two factors emerged as significant: the level of communication within 

the innovation generating firm and the amount of funds allocated to research and 

development. 

In spite of the abundance of papers on innovation in construction, 

comprehensive, integrative ones are rare.  Certainly, the behavior of industry members 

is related to macro characteristics of the industry and its products.  For example, the 

risk aversion exhibited by many in the industry is not irrational, but rather a rational 

response to the system of liabilities that has emerged in this fragmented industry.  Yet 

research is clearly divided into adopter- and macro- oriented studies without clear 

connections.  Further, many studies have a “laundry list” feel to them, in the sense that 

they list many factors that negatively impact innovation diffusion without providing an 
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explanation as to why these factors were chosen, how they are connected, and what is 

the relative importance of each factor.   

The recent study by Gambatese and Hallowell (2011) statistically evaluates a 

wide variety of factors and demonstrates their relative importance.  However, their 

focus is on innovation generating organizations, not on adopting organizations or 

overall project networks.  At the network and industry levels, I have not found a 

comprehensive study that connected the variety of factors into a single explanatory 

framework.   

Further, the majority of studies that list industry fragmentation as a barrier fail 

to explain the mechanisms by which fragmentation retards innovation diffusion.  The 

studies that do provide an explanation tend to focus on only one type of fragmentation 

(vertical, horizontal, or longitudinal) or offer only one mechanism (e.g., misaligned 

interests, failure to accumulate knowledge).  In order to meaningfully learn about 

innovation in construction, we must first organize the literature, and only then obtain 

empirical evidence for the areas in which it is lacking or weak.   

In this chapter, I address these weaknesses by suggesting a conceptual 

framework to explain how the unique characteristics of construction products affect 

industry structure, which in turn affects innovation diffusion through several 

mechanisms.  Figure 1 provides a flow-chart representation of my framework.  The 

remainder of this chapter clarifies my framework.  In the next section, I describe the 

unique characteristics of construction products.  Next, I describe the implications of 

these characteristics, namely a high degree of risk aversion and extreme vertical, 

horizontal, and longitudinal industry fragmentation.  Finally, I explain how each of 

these affects innovation diffusion.   
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Figure 1:  Innovation in the Construction Industry 
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Construction Products 

The US Census Bureau provides the following definition of the construction sector 

(Census, 2007a): 

The construction sector comprises establishments primarily engaged in 
the construction of buildings or engineering projects (e.g., highways 
and utility systems).  Establishments primarily engaged in the 
preparation of sites for new construction and establishments primarily 
engaged in subdividing land for sale as building sites also are included 
in this sector.  Construction work done may include new work, 
additions, alterations, or maintenance and repairs.  Activities of these 
establishments generally are managed at a fixed price of business, but 
they usually perform construction activities at multiple project sites.  
Production responsibilities for establishments in this sector are usually 
specified in (1) contracts with the owners of construction projects 
(prime contracts) or (2) contracts with other construction 
establishments (subcontracts). 

The project-based construction industry produces a wide range of products, including 

many types of buildings (e.g., commercial or residential), infrastructure (e.g., bridges 

or highways), or industrial facilities (e.g., power plants and factories).  Construction 

products involve a high degree of social impact and are uniquely durable, costly, and 

complex (Nam & Tatum, 1988).  These characteristics have important implications on 

the structure of the industry.   

Social Impact 

Construction products carry a high degree of social impact.  This social impact results 

primarily from a concern for public safety, but also from growing concerns over 

environmental impacts.  Thus, construction is one of the most regulated industries, 

perhaps comparable only to pharmaceuticals with its host of drug safety regulations.  

Building codes and standards set minimum standards for construction to ensure public 

safety.  Codes and standards address a variety of issues, including fire safety, 

resilience to certain natural disasters, energy provisions, environmental impact, 

parking and traffic impact, zoning for particular building usages, component 

specifications, and qualifications for builders. 
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Codes and standards are developed and maintained by national, state, and local 

organizations, and are enacted at the state and local levels.  There are approximately 

1,300 industry standards (NAHB, 2010).  These standards, which become part of 

building codes, are written by a large number of organizations.  Examples of national 

standards organizations include American National Standards Institute (ANSI), 

American Society of Civil Engineers (ASCE), American Society of Heating, 

Refrigerating and Air-Conditioning Engineers (ASHRAE), National Fire Protection 

Association (NPFA), and International Code Council (ICC).  Together, these standards 

include thousands of codes. 

In addition to the host of mandatory codes, there are also many voluntary 

systems.  Leadership in Energy and Environmental Design (LEED), a green building 

rating system developed by the US Green Building Council (USGBC), is an example 

of a set of voluntary standards that have become increasingly popular over the past 

decade.  Since LEED was introduced in 1998, almost 40,000 building projects 

registered their intent to seek certification with the USGBC, and nearly 9,000 already 

obtain certification (USGBC, 2011).   

Durability 

Unlike manufactured products, construction products are expected to be long-lasting 

and resist the forces of time and nature.  Durability is “not only a characteristic of 

constructed products but also a requirement” (Nam & Tatum, 1988, p. 135).  Today, 

we can still observe structures that were erected hundreds and even thousands of years 

ago.  Famous examples include the Roman Coliseum (completed in 80 AD), the 

Western Wall in Jerusalem (constructed around 19 BC), and the Great Wall of China 

(construction began in the 7th Century BC).  While average buildings in the US have 

significantly shorter time spans, they are still expected to last a long time.  In a 2001 

Lawrence Berkeley National Laboratory report, Diamond (2001) reported that over 

90% of the US building stock was built before 1990 with 18% built before 1940.  

Some famous early US buildings include the 1610 Palace of the Governors in Santa 

Fe, the 1637 Fairbanks House in Dedham Massachusetts, the 1700 Gloria Dei in 

Philadelphia, and the 1713 Old State House in Boston (Wikipedia, 2011b). 
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Cost 

Buildings are very costly and generally represent a significant purchase for the buyer.  

A house tends to be the single largest expenditure of an urban family (Nam & Tatum, 

1988).  A National Association of Home Builders study found that the median selling 

price of a single-family home in 2009 was $377,624 (NAHB, 2009). 

Complexity 

By any measure, construction products are complex.  Construction projects are never 

designed or built exactly alike (Haas, et al., 1999).  Building projects involve a high 

degree of customization that result from a tremendous variety of possible site 

conditions including land and climate, possible building uses, owner aesthetic 

preferences, and state and local codes and regulations.  The need to customize each 

project to some degree results in modifications in the construction processes, which 

“require workers to go through a learning curve at the beginning stages of each project 

activity” (Haas, et al., 1999, p. 5).  Once all the details are specified, the hundreds of 

building modules each comprised of many subsystems that are made up of different 

possible materials are installed by hundreds of workers from a plethora of professional 

specializations.  In a sense, “each house is treated as a pilot model for a design that 

never had any runs” (Gann, 1996).    

Resulting Risk Structure 

The high costs and expected durability of construction products have given rise to an 

industry subject to greater risk and uncertainty than many other industries (Flanagan & 

Norman, 1993).     

Daunting Liability 

Due to the expected durability of buildings, mistakes in design or execution are likely 

to be long-lasting.  A highly specified system of risk and liability assignment has 

evolved in the industry.  Most U.S. States hold developers and contractors responsible 

for “latent defects” in buildings for up to fifteen years after completion of 

construction, and repairing or replacing building components is expensive.  Moreover, 
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engineers who specify innovative materials or components can incur claims against 

their professional liability “errors and omissions” insurance. 

Further, not only will mistakes last a long time, but they are also likely to be 

costly.  The high costs, together with low profit margins, make industry players 

generally risk averse (Akintoye & MacLeod, 1997; Sheffer & Levitt, 2010b).  

Decision-makers in building development, design and construction firms all tend to be 

avoid adopting risky technologies that have not been proven conclusively to be 

durable, and to be able to pay back their incremental capital cost in a relatively short 

time frame.   

In an interview with a senior executive at a large US General Contractor, he 

explained his sentiments about PV panels: 

We just don’t know what will happen to the [PV panels] after 20 years 
and how much maintenance will cost.  Have you seen what happens to 
plastic when it lies out in the sun?  It gets yellow and starts to crack.  
And yes, I am sure that those who designed it know what they are doing 
and have thought about these things, but how can we be certain?  We 
haven’t seen it work anywhere for twenty years (Sheffer & Levitt, 
2010b). 

The company’s decision eventually was, not surprisingly, that it would not implement 

the PV panels.   

Sensitivity to Demand Fluctuations 

In addition to being generally risk averse due to high costs, low margins, and daunting 

liability, industry players are sensitive to fluctuations in demand (Sheffer & Levitt, 

2010b).  In 1963, Maisel wrote in the American Economic Review that “housing 

production… has earned the dubious distinction of ranking among the most cyclically 

volatile industries” with three incidents of a 30-40% difference between peaks and 

troughs in housing starts between 1950 and 1962 (Maisel, 1963, p. 359).  Although 

almost fifty years have passed since, this situation has not changed.  An exceptionally 

high level of demand fluctuation—several times greater than the overall business 

cycle—plagues the building industry.  This severe demand fluctuation renders 

building industry firms unable to service large amounts of long term debt or to justify 
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external investment because investments become stranded capital when demand turns 

down, as it did so viciously in 2007.  This forces firms to finance their growth out of 

retained earnings and operate with extremely low fixed overheads. Even modest 

investments in equipment or training are difficult for building firms to justify.   

George Romney, an ex-auto industry executive who was US Housing and 

Urban Development (HUD) Administrator under President Nixon, launched 

“Operation Breakthrough” in the early 1970s to encourage investment in producing 

modular housing units. When demand turned down after the end of the Vietnam War, 

the newly formed modular housing component manufacturers failed, in large part, due 

to stranded capital. “Project Hus” in Denmark met a similar fate in the early 2000s. 

Resulting Industry Structure 

The highly complex nature of construction products has given rise to an extremely 

fragmented industry divided into clearly defined and institutionalized modular 

clusters.  The construction industry is fragmented in three ways (Fergusson, 1993).  

Horizontal fragmentation is a separation into trades/disciplines (i.e., mechanical, 

electrical, structural, civil, structural).  Vertical fragmentation is a separation into 

different stages in a project’s life cycle (i.e., project shaping, design, construction, 

commissioning, operations and maintenance).  Longitudinal fragmentation is a 

separation into distinct projects, with a different set of players working together on 

each project (Fergusson, 1993).  See Figure 2 for a visual representation. 
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Figure 2: Fragmentation in the Construction Industry 

 

Like many other industries, construction has also transitioned from a completely 

vertically and horizontally integrated industry in its early days to a fragmented one 

today.  Early construction was done by “master builders” who were proficient in all 

aspects of the building craft.  These master builders played the roles of architects, 

engineers, and superintendents (Yates & Battersby, 2003).  In fact, at the turn of the 

nineteenth century, the construction industry was still vertically integrated (Port, 

1967).  For example, material producers (such as bricklayers) assembled their 

materials into individual building modules (bricks) and installed them on site.   

Around the time of the Industrial Revolution, new methods, materials, and 

technologies were introduced.  These advances created a need for specialized training, 

and the construction industry began to fragment (Cushman & Loulakis, 2001; Nam & 

Tatum, 1988; Port, 1967; Yates & Battersby, 2003).  The first step was to fragment 

vertically into design and construction specialties, but over time these specialties were 

further separated into the narrower horizontal specializations we see today.  Further, in 

the liberal market economy of the US, the composition of project teams, typically 

selected by competitive bidding at the module level, tends to shift dramatically from 

project to project, resulting in a longitudinal fragmentation.   
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Vertical Fragmentation 

The building process differs greatly from one project to the next according to factors 

such as product type (e.g., single-family home, bridge), chosen procurement method 

(e.g., design-bid-build, integrated process delivery), local regulations (e.g., 

California’s Title 24, Municipal Code of Chicago), and owner type (e.g., government, 

corporation) and preferences (e.g., aesthetics, cost). However, the basic process tends 

to follow the following steps: Planning (project-shaping and feasibility), design, 

construction, commissioning, and operations and maintenance.  This is the basic 

vertical value chain in construction, the series of steps involved in the transformation 

of raw materials into completed products in the marketplace.   

The construction industry is said to be vertically fragmented to the extent that 

different individuals or firms occupy each step in the vertical value chain (Fergusson, 

1993).  In fact, each phase is generally host to a different set of players.  Architects 

and engineers are responsible for planning and design.  Contractors are responsible for 

constructing the building or structure, as well as for costs and schedule.  Contractors 

or commissioning agents are responsible for commissioning.  Building owners are 

responsible for operations and maintenance.   

One of the factors that solidify the vertical fragmentation in construction is the 

use of traditional procurement methods.  A procurement method, or project delivery 

method, refers to “the process of managing how a project will be planned, designed, 

and built” (Kenig, 2007).  Procurement methods are distinguished based on the 

number of separate contracts that the owner holds, the selection criterion, and the 

degree of integration among project team members.   

In the traditional building construction process, it is a “construct by 
committee” process in which the committee never actually meets to 
establish common goals.  Each discipline involved in the process is 
managed by an expert, who typically seeks to satisfy the interests of his 
or her specific industry segment and is involved in only one or two 
steps [in the supply chain].  Experts often do not meet with other key 
stakeholders – even those whom their decisions affect.  The developer 
or owner and architect create the design specifications, budget and 
schedule in isolation from the general contractor and engineer, who 
get involved afterwards to specify subsystems and manage the 
construction process.  (Walsh, et al., 2009, p. 8). 
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The above description depicts the most common and traditional procurement method – 

Design-Bid-Build (D-B-B).  This method is aligned with the fragmented structure of 

the industry and specifies a linear process in which planning, design, bidding, 

construction, and occupancy are sequential without overlap.  Under D-B-B, a 

contractor is hired separately from the design team only after the design process is 

complete, with the final selection criterion generally being the lowest total 

construction bid price (Kenig, 2007).  In this scenario, an owner contracts separately 

with the architect or engineer responsible for the design and the general contractor 

responsible for construction, who in turn holds individual subcontracts with multiple 

subcontractors. 

Over the past couple of decades, more integrated, alternative methods have 

been introduced.  The most common example is Design-Build (D-B), which is 

characterized by a single contract between the owner and an entity responsible for 

both design and construction.  By definition, this process involves a greater degree of 

vertical integration among project members (Cushman & Loulakis, 2001).  While this 

method is certainly gaining traction in the industry, the highly fragmented design-bid-

build remains the most common procurement method in the US construction industry.   

Horizontal Fragmentation 

The increasing complexity of construction products, along with the sheer number of 

different products and modules within each product, requires an extensive amount of 

domain-specific knowledge.  In order to deal with this overwhelming knowledge 

requirement, individuals and firms within the industry have fragmented into separate 

crafts, trades or disciplines (Eccles, 1981a, 1981b).  Craft institutions provide 

socialization and training for workers and ensure a level of occupational competence, 

as well as provide a method for administering the work itself.  In fact, they replace 

bureaucratic methods of administration (Stinchcombe, 1959) and allow the 

decentralized modular clusters of construction industry to function relatively 

smoothly.  

Eccles (1981b) divided trades into five categories:  (1) basic trades – finish 

carpentry, roofing, rough carpentry, and siding; (2) labor specialties – flooring and 
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foundations; (3) labor and material specialties – drywall, insulation and caulking, 

masonry, painting, plaster, and tile; (4) unskilled trades – finish landscaping and 

landscaping/rough grading; and (5) technical specialties – electrical, heating and 

cooling, and plumbing.  The construction industry is said to be horizontally 

fragmented to the extent that individuals and firms within it are separated into trades 

or disciplines. 

Because construction technology is so complex and requires a vast amount of 

domain-specific knowledge, construction firms tend to specialize in one trade.  

Although some firms have multiple specialties, the vast majority are experts at only 

one trade.  Thus, on any given construction project, most tasks are subcontracted in 

order to fill the knowledge gaps that the lead design firm and general contractor lack.  

In fact, the majority of construction specialties are subcontracted most of the time, 

though there is significant variation by specialty.  Technical, labor, and material trades 

are almost always subcontracted, while the basic and unskilled trades are 

subcontracted only fifty percent of the time (Eccles, 1981b).  See Table 1 for the full 

list.   
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Table 1: The Extent of Subcontracting in Construction 

 
 

Eccles (1981b) found that the most significant reason for subcontracting is the nature 

of the construction technology rather than external market conditions.  He argued that 

“subcontracting in the construction industry is a response to uncertainty arising from 

complexity, given bounded rationality of firms” (Eccles, 1981a, p. 451).  The firms 

that Eccles interviewed indicated that even if volatility due to seasonality or economic 

conditions was eliminated, they would still use subcontractors.  Further, in an 

examination of US census data, Eccles found no correlation between seasonal 

variability and the extent of subcontracting. 

Longitudinal Fragmentation 

The construction industry is fragmented longitudinally (Fergusson, 1993) to the extent 

that the set of players working together changes from one project to the next.  The US 

construction industry is characterized by very low relational stability, as contractors 

tend to subcontract to at least five or six firms for each specialty (Taylor & Levitt, 

2007).  Thus, “one and the same team is only seldom (and then rather by coincidence 

Type of Contractor
Percent of builders who 
subcontract 75-100% of 

the time

Percent of builders 
who always perform 
the trade in-house

Electrical 100.0% 0.0%
Tile 100.0% 0.0%
Drywall 96.2% 0.0%
Heating and cooling 96.2% 3.8%
Plaster 96.2% 0.0%
Plumbing 96.2% 3.8%
Flooring 88.5% 3.8%
Foundations 84.6% 3.8%
Insulation and caulking 80.8% 3.8%
Masonry 76.9% 7.7%
Painting 76.9% 15.4%
Roofing 69.2% 26.9%
Siding 65.4% 30.8%
Rough carpentry 61.5% 34.6%
Finish landscaping 57.7% 38.5%
Finish carpentry 50.0% 30.8%
Landscaping/rough grading 46.2% 50.0%
Average 79.0% 14.9%
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than by conscious planning) working together in more than one project” (Dubois & 

Gadde, 2001, p. 9).   

An important factor that likely affects the degree of longitudinal fragmentation 

in an economy is its type – liberal or coordinated market (Hall & Soskice, 2001).  In 

the liberal market economy of the United States, relations between clients and 

contractors, and between contractors and subcontractors, tend to be one-off and arms-

length, relative to those in more coordinated market economies like Finland or Japan 

(Taylor & Levitt, 2007).   

Another factor that affects the degree of longitudinal fragmentation is 

regulation regarding the bidding process.  Many clients, including virtually all public 

construction buyers, require general contractors to submit lump-sum bids and then 

choose the “lowest qualified bidder”1

The US Construction Industry Today 

 (Cushman & Loulakis, 2001).  General 

contractors, in turn then solicit lump-sum bids from multiple specialized 

subcontractors, either at large, or from a list of approved prequalified subcontractors.  

Thus, individuals and firms at every node in the supply chain tend to select the bidder 

with the lowest price for each component’s materials and subsystems rather than 

working with the same set of players from project to project.  The resulting makeup of 

the core team of architects, engineers, building contractors, subcontractors, and 

component suppliers required to deliver significant building projects tends to change 

significantly from project to project, even in the same metropolitan area.   

The complexity of construction products, along with the liberal market economy of the 

US, has given rise to an extremely fragmented industry – vertically, horizontally, and 

longitudinally – with millions of firms.  The top 400 construction firms in the US 

account for less than 15% of industry volume (ENR, 2009).  The US construction 

industry includes nearly three and a half million small, specialized local firms, seventy 

eight percent of which have zero employees (Census, 2007b) and are thus "mom or 

pop” firms.  These self-employed individuals, who operate very small unincorporated 

                                                 
1 “Qualified bidder”, in this context, means simply a contractor that can secure a surety bond 
guaranteeing completion of its work and payment of its subcontractors and vendors on the project. 
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businesses and account for the vast majority of construction firms, represent only 

about 8% of construction’s value of business (Census, 2007b).  See Figure 3 for a 

graphical visualization.  Although recent trends point to some consolidation in the 

industry and the emergence of “super builders,” who are responsible for a growing 

share of the industry’s volume, small- and medium- sized firms remain the norm (B. 

T. Alexander, 2000). 

 

 
Figure 3: Employers and Non-Employers in US Construction 

 

Vertical and horizontal fragmentation is due, in large part, to the high degree of 

complexity of construction products.  Longitudinal fragmentation is due in large part 

to the liberal market economy in the US.  The large number of firms is due in part to 

the vertical and horizontal fragmentation, as well as to the low barriers to entry to this 

industry.   

In addition, the great number of firms results from the immobility of 

construction products.  Because construction products are largely immobile and 

regulatory requirements vary from one region to the next, the construction industry is 

highly localized.  Whereas in the manufacturing industry finished products are 

transported to the market place, buildings are generally constructed and/or assembled 

at the point of consumption.  As such, buildings are subject to local codes and union 

22%

92%

78%

8%

0%

20%

40%

60%

80%

100%

Number of Firms Industry Volume

US Construction Firms (US Census 2007)

Only 1 employee

More than 1 employee



26 

 

jurisdictions.  Even modular buildings that are produced in factories and brought to a 

building site to be assembled have important limitations based on the size of modules 

that can be transported—e.g., 14 foot maximum width for transportation on regular 

highways without police escort (which increases costs substantially), knowledge of 

local regulations, etc.   

In an annual John T. Dunlop lecture at Harvard University’s Joint Center for 

Housing Studies, Alexander (2000) explained, 

“Homebuilding is, in essence, a local business.  There are many 
common elements of homes in Wellesley, Dallas, Orlando and Denver 
– but dozens of visible and less obvious differences that can trip up a 
builder who wants to “export” a successful house plan from his award-
winning (and fast-selling) Las Vegas community development.”(B. T. 
Alexander, 2000, p. 32) 

Although there are some national and even international construction firms, most 

construction firms tend to limit their operations to particular regions (Nam & Tatum, 

1988).  Local firms have important knowledge advantages over non-local ones.  Not 

only are they familiar with local codes and regulations, but they also understand the 

local geographical and climate conditions better.  Moreover, they have relations with 

local subcontractors, designers, and local labor unions from which they can recruit 

laborers.   

The millions of mostly-local firms in the fragmented US construction industry 

are organized into decentralized modular clusters.  Although some may argue that 

general contractors serve as central coordinators, a deeper look at their role reveals 

that they provide only a very thin layer of coordination and that subcontractors 

essentially coordinate themselves (Stinchcombe, 1959).  On a construction site with 

hundreds of workers at any given time, only two or three generally work for the 

general contractor, with the remaining working for various subcontractors.  Moreover, 

the profit margins of general contractors are extremely low as compared to those of 

the subcontractors, leaving them unlikely to invest additional resources into 

coordination beyond the standard thin layer.   



27 

 

Craft Administration and Standardization as Enablers 

A natural question to ask at this point is, how can a large number of players from a 

variety of trades, many of which have never worked together before, produce such 

complex products as buildings without a central coordinating firm?  What makes the 

industry gears turn in concert?  The answer is that this is possible due to craft 

administration (Stinchcombe, 1959) and extreme standardization in construction.  So 

long as a building project does not deviate from standard procedures, coordination is 

relatively simple and effective.     

“Craft institutions in construction are more than craft trade unions; they are 

also a method of administering work” (Stinchcombe, 1959, p. 170).  They have clear 

jurisdictions within which they set professional standards, provide technical training to 

workers, enforce preferential hiring rights to its members, define what constitutes 

legitimate communications and procedures, and determine the divisions of work.  

Members of a craft institution have shared sense-making and collective 

understandings of the roles, expectations, and processes within their crafts.  In fact, the 

“professionalization of the labor force in the construction industry serves the same 

functions as bureaucratic administration in mass production industries” (p. 169).  

Construction industry members are essentially able to self-synchronize without central 

coordinating firms.  Subcontractors on a construction project coordinate themselves by 

following well-established procedures that are enshrined by their respective craft 

institutions, and general contractors need only provide very minimal coordination.     

In addition to the craft administration of work, the extensive standardization in 

construction serves as an additional enabler to the highly fragmented and decentralized 

modular clustering of the industry.  Clear standards make clear what building products 

are acceptable, how they should be connected to one another, what dimensions are 

acceptable, etc.  A central coordinator is not needed, as industry members conform to 

standards.  

The high degree of standardization in construction is not surprising given the 

maturity of the industry.  In fact, in most industries, standardization occurs at some 

point in a product’s lifecycle.  Abernathy and Utterback (1978) describe this product 

life cycle as consisting of three distinct phases.  The early formative years in an 
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industry’s life are called the “fluid phase.”  During this time, competitors experiment 

with product design.  At some point, a dominant design emerges in what Abernathy 

and Utterback call the “transitional phase”.  A dominant design involves both a set of 

core design concepts for individual components and a standardized architecture that 

defines the ways in which the entire system is integrated (Clark, 1985).  In fact, 

Utterback (1996) argues that long-term firm survival is contingent on the adoption of 

the dominant design.  The next phase for some industries as they mature is a “specific 

phase,” during which competitors focus their attention on cost, volume, and capacity 

(Utterback, 1996).  See Figure 4 below. 

 

 
 

Figure 4: Industry Lifecycle and the Emergence of a Dominant Design 

 

The set of codes and standards in construction essentially formalize the dominant 

design that has emerged in construction.  Like design rules in other industries 

(Baldwin & Clark, 2000), they specify three things: The overall architecture by which 

modules can be integrated, the interfaces between modules, and the integration 

process.  Thus, craft institutions dictate the roles of all industry players, and the 

extensive codes and standards dictate the processes by which specific modules can be 

integrated into a completed product.   
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Craft Administration and Standardization as Forces of Inertia 

The craft administration and extensive standardization that enable industry members 

to operate effectively in the fragmented, decentralized modular clusters of the 

construction industry also render this industry structure to be very resistant to change. 

Craft institutions in construction have a long history.  Today’s trade unions 

originated in the craft guilds of the European Middle Ages (Britannica, 2011).  A craft 

guild is an occupational association of craftsmen “formed for mutual aid and 

protection and for the furtherance of their professional interests” (Britannica, 2011).  

Craft guilds such as of masons and architects were especially prominent between the 

eleventh and sixteenth centuries.  These guilds formed monopolies in their regions, set 

standards for quality and practice, worked within stable prices, and sought municipal 

connections. 

Today, craft guilds have generally given way to craft unions and associations, 

which serve similar functions.  Unionization serves as another force of resistance to 

change.  The large number construction trade unions lock professionals into narrower 

and narrower domain specializations and further enforce the separation of trade silos.  

With approximately fifteen construction craft labor unions in the US, there is 

essentially a union for every trade.  Examples of trade unions include the Sheet Metal 

Workers Union International; United Union of Roofers, Waterproofers and Allied 

Trades; International Brotherhood of Electrical Workers; International Union of 

Elevator Constructors; to name a few.   

Union membership in the construction industry has been declining steadily 

over the past few decades, from 41.4% of all construction workers unionized in 1966 

(Allen, 1994) to 31.6% in 1979, 22% in 1989, to about 13.1% in 2005 (Belman & 

Voos, 2006) and approximately 17% today (BLS, 2010).  Nonetheless, at 17%, 

construction still has among the highest unionization rates in the private sector 

(Belman & Voos, 2006; BLS, 2010). 

Like craft institutions, construction codes have a very long history.  Building 

codes are as old as the first metropolis and date back to Babylonian times.  The first 

documented building codes are included in Hammurabi’s Code of Laws (King, 2007; 

Wikipedia, 2011a).  Hammurabi, the sixth king of Babylon, lived from 1792BC to 
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1750BC.  Written on an eight-foot high stone monument and placed in public for all to 

see, the code contained 282 laws, several of which are related to construction.  For 

example, law number 229 states, that if a builder does not construct a house properly 

and the house falls and kills the owner, then the builder will be put to death.  Law 

number 230 states that if the son of the owner is killed, than the son of the builder 

shall be put to death.  Law number 231 states that if the slave of the owner is killed, 

then the slave of the builder will be executed.  Laws 232 and 233 state that if any 

property is damaged and the builder is found to be at fault, then he is responsible for 

rebuilding the house from his own means (King, 2007).   

In sum, the unique characteristics of construction products have given rise to 

an extremely fragmented industry characterized by decentralized modular clusters.  

This industry structure is both enabled and locked into place by strong craft 

institutions and extensive regulation.  Finally, while inertia is characteristic of 

organizations in all industries (Hannan & Freeman, 1977), inertia in the mature 

construction is especially strong.  With codes that date back to Babylonian times and 

craft guilds to the Middle Ages, industry members share very clear understandings of 

“the way things are.”   

Implications of Fragmentation and Decentralization 

The fragmentation of the construction industry has two main advantages.  The first is 

that fragmentation allows the accumulation of vast amounts of knowledge at the 

industry level.  An individual firm cannot possess in-depth knowledge of every single 

trade. However, in the aggregate, the industry as a whole contains the necessary 

knowledge.  Subcontracting provides a way of bringing all that knowledge to a single 

project.  The second is that fragmentation reduces the risks and liability of players 

within the industry.  Because each player has a limited role in the construction of a 

building or a structure, their exposure to risk and resulting liability is limited. 

However, construction industry fragmentation and decentralization carry a 

major disadvantage: They create a major barrier to innovation diffusion.  Researchers 

(e.g., Bowley, 1966; Nam & Tatum, 1988; Taylor & Levitt, 2004) and practitioners 

(e.g., Choi Granade, et al., 2009; Walsh, et al., 2009) alike have long recognized this 
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fact.  However, no study to date has provides a comprehensive analysis of the 

mechanisms by which industry fragmentation and decentralization negatively affect 

innovation diffusion.  In the following section, I review existing literature on industry 

fragmentation and innovation in construction and provide my own theoretical analysis 

of this problem. 

Innovation in the Construction Industry 

An innovation is “an idea, practice, or object perceived as new by an individual or 

other unit of adoption” (E. M. Rogers, 2003, p. 36).  A technological innovation in 

buildings replaces a conventional technology in performing particular processes or 

functions, or–more rarely–performs new processes or functions not conventionally 

performed in buildings.  I distinguish two types of innovations – modular and integral 

– because industry fragmentation and decentralization have different effects on their 

diffusion. 

Modular innovations affect only a single building module (e.g., flooring, 

roofing, HVAC).  In comparison to the technology that they replace, modular 

innovations do not alter interfaces with adjacent modules nor the installation of the 

module within the building.  On both the design and construction sides, a modular 

innovation can be designed and installed in a similar fashion to the standard alternative 

technology that is being replaced.  These innovations fit within existing industry 

standards and the jurisdictions of craft institutions.  Examples of modular innovations 

are high efficiency light bulbs that fit into the same light sockets as incandescent 

bulbs, CO2 monitoring equipment with interfaces and installation that are essentially 

the same as those for smoke detectors, or automatic faucets or toilets that are designed 

and installed in the same way as manually-controlled faucets and toilets.  My 

definition of modular innovations overlaps, to some degree, with several terms used 

interchangeably in the organizational literature, including modular and incremental 

(Henderson & Clark, 1990), focal (Ferlie, Fitzgerald, Wood, & Hawkins, 2005), 

incremental (Taylor & Levitt, 2004), autonomous (Langolis & Robertson, 2003; D. 

Teece, 1986), bounded (Harty, 2005), and paradigm-deepening (Ahuja, Lampert, & 

Tandon). 
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In contrast, integral innovations affect multiple building modules.  In 

comparison to the technology that they replace, integral innovations alter the 

interfaces between modules, the installation process, or both.  An integral innovation 

has implications for the design phase, construction phase, or both.  These innovations 

do fit perfectly within existing industry standards or the jurisdictions of craft 

institutions.  For example, radiant floor heating involves the design and installation of 

an extensive network of pipes underneath a floor.  Radiant floor heating affects both 

the design and construction phases, and significantly alters interfaces and installation 

processes in comparison to typical floor construction.  On the design side, radiant 

heating has many implications for adjacent modules, such as the choice of flooring 

(e.g., carpeting is generally discourages; wood can be selected, but should be 

laminated rather than solid wood; ceramic tile is the most effective choice of flooring; 

etc.).  On the construction side, the sequence of activities performed by the various 

subcontractors changes in several ways.  For example, mechanical workers need to lay 

the piping before the floor concrete is poured.  My definition of integral innovations is 

similar to architectural and radical innovations (Henderson & Clark, 1990), complex 

innovations (Ferlie, et al., 2005), systemic innovations (Taylor & Levitt, 2004), 

unbounded (Harty, 2005), paradigm-shifting (Ahuja, et al.), disruptive (Christensen, 

Suarez, & Utterback, 1999), and discontinuous (Robertson, 1971; Robertson & 

Gatignon, 1986). 

The results of the unique characteristics of construction products–an extremely 

fragmented and conservative industry–affect innovation diffusion in several ways.  

Some of the mechanisms affect primarily integral innovations, while others affect both 

modular and integral innovations.   

Effects of Risk Structure 

The heightened sensitivity to risk that results from the durability and costliness of 

construction products negatively impacts the diffusion of both modular and integral 

innovations alike.     



33 

 

Reluctance to Invest 

Severe fluctuations in demand significantly affect the behavior of construction firms 

and distinguish them from firms in other industries (Gann, 1996; Maisel, 1963; 

Reichstein, et al., 2005).  The high level of demand fluctuation strands capital and 

provides a disincentive to make the capital investments that are sometimes necessary 

for the implementation of both modular and integral innovations (Sheffer & Levitt, 

2010b).  Even modest investments in the needed equipment or training can be difficult 

for architectural, engineering and construction firms to justify.   

Technological Risk Aversion 

The daunting system of liability that has emerged in the construction industry, along 

with low profit margins and costly products, makes industry members highly risk 

averse.  Construction professionals are hesitant to take risks with technologies that 

have not been proven conclusively (Nam & Tatum, 1988; Sheffer & Levitt, 2010b).  

Both modular and integral innovations with uncertain payoffs, no performance 

histories, unknown installation time, and unclear maintenance costs are often foregone 

in favor of safer alternatives. 

Effects of Vertical Fragmentation 

Vertical fragmentation leads to a problem of broken agency that negatively impacts 

the diffusion of both modular and integral innovations.  Further, vertical fragmentation 

exacerbates the general conservatism of industry members.   

Broken Agency 

The vertical fragmentation of the construction industry poses “a significant barrier to 

innovation because it does not align the interests of those involved in the collective 

process” (Walsh, et al., 2009, p. 8).  In the construction industry, separate individuals, 

different departments within an organization, or different companies incur the risks 

and benefits associated with each phase of a building project's life cycle, so no 

individual or firm on the project has a truly multidisciplinary, life cycle perspective.  

A particularly harmful misalignment that results from vertical fragmentation is that the 

individual or firm that bears capital costs does not usually bear the full lifecycle 
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operating costs.  Moreover, even within a single phase of the lifecycle, overall project 

benefits may conflict with individual participants’ self interests and so tend to be 

ignored.     

This situation can be referred to as displaced or broken agency (Henisz & 

Levitt, 2009), and is a special case of the classic principal-agent problem (Jensen & 

Meckling, 1976).  Henisz and Levitt (2009) define “displaced agency” as “the costs 

that accrue to a series of interdependent transactions as a result of counterparties’ 

incentives to pass through or shift costs or responsibilities to a counterparty not 

represented in the current transaction to the long-term detriment of the current residual 

claimant” (p. 5).   

Broken agency affects both modular and integral innovations (Sheffer & 

Levitt, 2010b).  Any innovation that even slightly increases the capital costs but offers 

a substantial reduction in operating costs is unattractive to one who bears only the 

capital costs but does not expect to incur the operating costs.  An example of this 

situation is the division between university presidents who fundraise to erect buildings 

and university provosts who pay the operating costs of those buildings later on with 

funds from multiple sources including indirect cost recovery from research sponsors.  

Other examples are a developer who expects to sell the building faster than the 

expected payback schedule of a particular innovation, a building owner who does not 

expect to live in a building long enough to reap the benefit, or an investor who plans to 

rent out the property “triple net” in which case tenants pay utility bills.    

A Lawrence Berkeley National Laboratory study that measured differences in 

implementation of energy-efficient technologies by principals and agents (sellers and 

purchasers, owners and users) found that in just four of the major energy end uses in 

the US residential sector alone, the magnitude of this broken agency problem totaled 

over 3,400 trillion BTUs in 2003, which equaled 35% of site energy consumed 

(Martishaw & Sathaye, 2006). 

Broken agency is present in each phase of a building’s life cycle (Henisz & 

Levitt, 2009).  While vertical fragmentation between owners and operators of 

buildings is the primary cause of broken agency, misaligned interests among separate 

project firms also retards innovation diffusion.  For example, Taylor and Levitt (2007) 
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found misalignment of interests among firms in US construction projects.  They 

provide an illustrative case of an architecture firm that did not inform other project 

firms that it was using a new building modeling software.  The firm managers 

acknowledged that sharing this information would have been very beneficial 

downstream in reducing workload and errors, but they wanted their firm to be the only 

one to accrue the software’s benefits.    

Designer Conservatism 

Vertical fragmentation may also lead to greater conservatism and risk aversion among 

designers concerned about their reputation and professional liability, especially when 

it comes to integral innovations.  Since integral innovations involve new interfaces or 

installation procedures, there is a substantial risk that, even if designed correctly by the 

engineers or architects, the contractors responsible for the installation may require 

additional time or may install the module in a suboptimal manner.  In such a scenario, 

the designer is often sued for negligence along with the contractor and is likely to 

incur not only increased future insurance costs but also reputation costs.  Thus, the 

designers are likely to be cautious and only include specifications for less risky 

technologies. 

Effects of Horizontal Fragmentation  

Horizontal fragmentation leads to an inability to cross-subsidize the costs of 

innovation and increases the risk of diffusion of responsibility.  These effect primarily 

integral innovations.   

Inability to Cross-Subsidize 

Horizontal fragmentation, in the face of the common practice of competitive bidding 

by a general contractor and multiple specialty contractors, inhibits cross-subsidies 

which are often necessary for innovation adoption (Sheffer & Levitt, 2010b).  This is 

more likely to affect integral innovations.  Bidding for a building project is typically 

done separately by component/sub-trade—i.e., the lowest bidder for each building 

component on a typical project is chosen to supply and install that component.  This 
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fragmented competitive bidding process blocks any inter-component cross-subsidies 

that might be positive in the aggregate, so the best overall solution may not be chosen.  

For example, ConXTech's innovative steel structural system has a higher cost 

than traditional structural systems, but can be installed at the rate of one floor per day 

(vs. about one floor per week) and also allows for significant savings on mechanical 

and electrical systems. It thus provides a substantial reduction in overall project cost 

and time, but is an integral innovation because it affects assembly rates for all trades, 

and prefabrication and erection processes and subsystem interfaces for mechanical and 

electrical trades. Thus, when bids are awarded separately by subtrade/component, 

contractors using lower cost traditional structural systems can underbid ConXTech 

and displace the innovative, and globally more optimal, integral structural system 

(ConXTech).  As a result, this integral innovation is diffusing very slowly. 

The competitive landscape that results from the competitive bidding system 

further inhibits innovation diffusion in construction.  In such a competitive 

environment, most decision makers are unwilling to carry the technical and financial 

risks associated with new innovations (Tatum, 1986). 

Diffusion of Responsibility 

In the case of integral innovations that affect multiple trades, it may be unclear at first 

who is primarily responsible for the design and installation of the innovation.  This 

may lead to a diffusion of responsibility (Darley & Latane, 1968), where no firm steps 

up and serves as a champion for the innovation.  This likely negatively affects the rate 

of diffusion for integral innovations.      

Combined Effects of Three-Way Fragmentation 

Longitudinal fragmentation impairs industry-level learning in the construction 

industry.  Vertical and horizontal fragmentation exacerbate this learning disability.  

This is especially true for integral innovations.   
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Learning Disability 

“Compartmentalization prevents industry stakeholders from sharing or 
retaining the knowledge gained from newly demonstrated innovations 
and even from natural ingenuity.  This industry has, instead, 
maintained a preference for re-using what has worked reliably in the 
past.  While this reduces liability, it eliminates any meaningful industry 
“technology improvement learning curve” or performance 
improvement trajectory common to other industries” (Walsh, et al., 
2009, p. 9). 

Learning and accumulating knowledge is a critical component of innovation 

implementation and consequently diffusion.  In order for a construction innovation to 

diffuse, designers need not only to be aware of it, but also to be convinced of its merits 

and possess the knowledge of how to include it in the designs.  The contractors, on the 

other hand, need to know how to properly install it and integrate it with adjacent 

modules within a building.  As Haas and colleagues (1999) observe, “tools and 

machinery have increased both in power and complexity.  These advances in 

technology can significantly modify skill requirements” (p. 6) and increase the need to 

learn.  Due to the extremely fragmented nature of construction, accumulating 

knowledge at the industry level is a difficult and slow process.   

The three types of fragmentation – vertical, horizontal, and longitudinal – 

negatively affect the construction industry’s collective ability to learn.  This learning 

disability (Sheffer & Levitt, 2010a) consequently yields a slow rate of innovation 

diffusion, especially in the case of integral innovations.   

Given the vertical separation into design and construction, and the horizontal 

separation into specialized trades, all firms must accumulate knowledge independently 

about how to design and install a new integral innovation.  This learning is almost 

impossible to coordinate because it must cross firm boundaries, and standardization of 

the innovative work practices and module interfaces, which can eventually facilitate 

coordination of the construction network, is by definition not yet in place for the 

integral innovation.  Thus, learning is impaired and significantly slows down at the 

network level.   
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Moreover, as the makeup of core project teams tends to change significantly 

from project to project (longitudinal fragmentation), much of the tacit knowledge 

gained from designing and installing the innovative technology is lost when teams 

disband, and the learning cannot be transferred to future projects (Taylor & Levitt, 

2004).  In general, “the project organization is not promoting learning.  One reason is 

that the temporary nature of the project [offers] no guarantee of further contacts 

among team-members” (Dubois & Gadde, 2001, p. 14) and projects do not have an 

“organizational memory” (Björkegren, 1999).   

In the US, this effect is exacerbated by the fact that the US is a liberal market 

economy (Hall & Soskice, 2001), and relational stability within the construction 

industry is very low (Taylor & Levitt, 2004).  Given that “long-term relationships and 

adaptations beyond individual construction projects are necessary requisites to foster 

learning and innovation” (Dubois & Gadde, 2001, p. 15), longitudinal fragmentation 

perhaps poses the greatest obstacle to the accumulation of the knowledge necessary 

for successful innovation implementation and diffusion.   

Conclusion and Hypotheses 

Construction products are distinct from manufactured products in several important 

ways.  They involve a high degree of social impact and are durable, costly, and 

complex.  These four characteristics gave rise to an industry that is fragmented 

vertically, horizontally, and longitudinally, as well as hypersensitive to risks that result 

from a daunting system of tort liability in an environment with extreme fluctuations in 

demand.  These, in turn, retard innovation diffusion by creating an industry with 

reluctance to invest, general aversion to risky technologies, broken agency, inability to 

cross-subsidize, diffusion of responsibility, and an industry-level learning disability.   

Modular innovations are affected by the general aversion to risk and reluctance 

to invest and by broken agency.  Integral innovations are affected by all the factors 

that affect modular innovations, as well as by an inability to cross-subsidize, diffusion 

of responsibility, and, probably most critically, by an industry-level learning disability.  

Thus, I hypothesize that while all innovations are slow to diffuse in the construction 

industry, integral innovations are significantly slower than modular innovations.  In 
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other words, modular innovations have a greater likelihood of implementation than 

integral ones (hypothesis 1).  Further, because industry fragmentation has more effects 

on integral than on modular innovations, integration of construction project supply 

chains is likely to increase the rate of diffusion of integral innovations with smaller 

effects on modular innovations (hypothesis 2).  These hypotheses are further 

developed and more clearly defined in Chapter Three. 
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CHAPTER 3 – INNOVATION IN MODULAR CLUSTERS 

“It is increasingly apparent that the giant, vertically integrated, 
multidivisional firm, so successful in the 20th century, is likely to be the 
dinosaur of the 21st century.  Replacing it are smaller, more focused, 
vertically disaggregated firms.  The vertically disaggregated network 
firm is able to generate the highest levels of performance in its 
individual functional units while maintaining maximum flexibility for 
the system as a whole” (Achrol, 1997, pp. 58-59). 

The magnitude of the transformation of the “mighty multidivisional organizations of 

the 20th century” into “leaner, more flexible firms focused on core technology and 

process, laced in a network of strategic alliances” may be “as great as the Industrial 

Revolution” (Achrol, 1997, pp. 56-57).  Examples of this phenomenon can be 

observed in a variety of industries, including construction, automobile, personal 

computers, mobile phones, pharmaceuticals, and motion pictures.   

Early construction was done by “master builders” who mastered all aspects of 

the building craft.  These master builders played the roles of architects, engineers, and 

superintendents.  As technologies advanced, a need for specialized training arose, and 

the construction industry began to fragment.  The first step was to fragment vertically 

into design and construction specialties, but over time these specialties were further 

separated horizontally into the narrower specializations we see today (Cushman & 

Loulakis, 2001; Nam & Tatum, 1988; Port, 1967; Yates & Battersby, 2003).   

Early automobiles were handmade custom products.  The unique components 

made by a single firm were assembled by fitters.  Henry Ford’s assembly-line process 

radically changed this and turned the automobile into a platform with standardized 

parts that are manufactured by vendors and assembled by unskilled workers (Davidow 

& Malone, 1993).   

In both the personal computer and mobile phone industries, early machines 

were produced from custom parts and software and sold by single vendors.  After IBM 

published its IBM PC specifications in 1981, personal computers became platforms 

with standardized parts that are outsourced, assembled, and sold through channels.  

The same holds true of mobile phones.  Nokia, Motorola, and Ericsson originally 
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produced most of the hardware and software involved in cellular phone and cellular 

phone networks. Today, firms like Qualcomm write software and make the 

microprocessors, Taiwanese and Korean firms make the touch screens and keyboards, 

Flextronics and others assemble the phones in China, etc.   

In the pharmaceutical industry, drugs were developed, tested, marketed, and 

sold by large pharmaceutical companies until their patents ran out.  Today, drugs are 

often invented or discovered by biotechnology firms, drug testing is outsourced, and 

the drugs are licensed for manufacturing and distribution to, or acquired by, the big 

pharmaceutical companies (Powell, 1998).   

The same trend can even be observed in the movie industry, in its transition 

from movie houses that do all the writing, casting, producing, and other functions in-

house, to a very specialized, segmented industry with separate organizations for each 

aspect of the movie production process (Lampel & Shamsie, 2003).    

What enables the specialization and fragmentation of these and other industries 

is increased product modularity and standardization at the industry-level.   

Product Modularity 

Almost any product can be viewed as a set of hierarchically-nested modules (Simon, 

1962).  A module is defined as “a unit whose structural elements are powerfully 

connected among themselves and relatively weakly connected to elements in other 

units” (Baldwin & Clark, 2000, p. 63).  For example, a product such as a mobile phone 

is made up of many modules, including a circuit board, antenna, microphone, speaker, 

battery, etc.  In this study, I am considering a building as a product made up of many 

modules, such as doors, windows, or air-conditioning units.  I slightly adapt Baldwin 

and Clark’s definition to fit the context of the construction industry and define a 

module as a relatively standard and institutionalized component, prefabricated off-site 

and brought to a job site to be assembled into the building.  For example, a window 

module is made up of wood frames, glass sheets, metal latches, neoprene seals, vinyl 

coverings, electric motors for the actuators, etc. 

Like in many industries, the scope of what constitutes a module in the building 

industry changes over time.  On-site labor is extremely costly, so prefabrication of 
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building elements is increasing at a rate of 3% per year.  For example, a door that used 

to be finished and hung on-site within its customized, site-assembled frame by a 

carpenter using a chisel, screwdriver and wedges, now typically arrives on site already 

hung within its frame, with locking hardware installed, and often already finished with 

the appropriate varnish or paint.  However, while the scope of what comprises a 

module changes over time, there is general consensus among industry members at any 

given time about what each module comprises.  Moreover, the highly regulated nature 

of construction clearly defines the boundaries of each trade and the associated 

modules.       

Within a product, modules are arranged and connected through a set of design 

rules (Baldwin & Clark, 2000).  Design rules ensure compatibility among modules by 

defining how modules will be connected.  They address three categories of design 

information (Baldwin & Clark, 2000).  The first is product architectures that define 

which modules make up the product and what their roles are.  The second is module 

interfaces which detail how modules will connect and interact.  The third is integration 

protocols and testing standards which assist in assembling the whole product and 

provide performance measures by which to assess the product and the modules that it 

contains.  Once created, design rules are “not just guidelines or recommendations: 

they must be rigorously obeyed in all phases of design and production” (Baldwin & 

Clark, 2000, p. 6).  They are binding on everyone involved in the design, production, 

integration, and use of the product. 

Industry Modularity 

As products become modular, so do the industries associated with them (Baldwin & 

Clark, 2000; Garud & Kumaraswamy, 2003; Langolis & Robertson, 2003; Sanchez & 

Mahoney, 1996).  Thus, an industry’s structure evolves to mirror a product’s structure.  

The structure that emerges is one of interfirm modularity (Schilling, 2000; Schilling & 

Steensma, 2001; Staudenmayer, et al., 2005), or a modular cluster (Baldwin & Clark, 

2000).  A modular cluster is defined as the group of firms and markets involved in all 

phases of a product’s supply chain, from raw materials through marketing and sales to 

end users, or, in the case of buildings, installation and integration on site.  For 
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example, the modular cluster that corresponds to a window module is made up of the 

set of firms that produce the various abovementioned components and assemble them 

into the prefabricated, ready-to-install window unit.   

Each module has a corresponding modular cluster.  A modular cluster can be 

made up of a few firms or, more typically, hundreds or even thousands of firms.  The 

modular clusters that evolved around System/360, the first truly modular mainframe 

computer in the 1970s, included more than one thousand firms in sixteen industry 

subcategories (Baldwin & Clark, 2000).  The modular clusters involved in producing 

Boeing aircrafts are comprised of more than 22,000 suppliers and partners worldwide 

for manufacturing, service, and technology (Boeing, 2010).   

Antecedents of Modular Clusters 

Explanations for the organizational mirroring of product architecture have emerged 

from the transaction costs, dynamic capacities, contingency theory, and strategic 

perspectives.  A transaction cost explanation for the organizational design mirroring is 

that increased modularity reduces asset specificity, thereby tipping the transaction cost 

advantage in favor of hierarchical forms of organizations (Argyres & Bigelow, 2010).  

A dynamic capabilities explanation is that resources and organizational forms are 

reconfigured to match evolving markets (Galunic & Eisenhardt, 2001).  Although the 

argument made by Galunic and Eisenhardt focused on the organizational level of 

analysis, it could be extended to the network level.   The contingency perspective 

argues that organizational forms change over an innovation’s lifecycle in response to 

evolving strategic contingencies in the competitive environment (Westerman, 

McFarlan, & Iansiti, 2006).  A strategy explanation argues that the transition signifies 

a shift from complex systems to volume operations (Moore, 2005).   

The Evolution of Modular Clusters 

Whatever the explanation for what triggers the creation of a modular cluster, it is clear 

that what allows the firms within it to operate independently is the institutionalization 

of the product’s architecture and the corresponding set of design rules (Baldwin & 

Clark, 2000).  Together, the architecture and design rules define the ways in which the 

firms interact with one another and industry architectures emerge.   
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Industry architectures are the “templates that emerge in a sector and 

circumscribe the division of labor among a set of co-specialized firms” (Jacobides, 

Knudsen, & Augier, 2006, p. 2).  Each firm employs workers with relatively well 

defined and institutionalized skills.  In construction, the skills are enshrined in the 

professional registrations of different kinds of engineers and in the jurisdictional 

boundaries and apprenticeship training programs of separate craft labor unions.  The 

firms in a modular cluster follow explicit and tacit scripts and rules that guide their 

interactions and work processes.  For example, manufacturers of particular modules 

know who to interact with upstream (e.g., suppliers of module subcomponents or raw 

materials) and downstream (e.g., system integrators, marketing firms, or the end 

users).   

Types of Modular Clusters 

Because design rules and product architectures can serve as coordination mechanisms 

among firms, modular clusters do not need a central actor to serve as coordinator.  

Modular clusters without a lead firm that coordinates other cluster members are said to 

be decentralized (Langolis & Robertson, 2003).  The institutionalized product 

architecture and design rules become standards that serve as a coordination 

mechanism that dictates who produces what and ensures that modules produced by 

separate firms fit together into a coherent whole product.  Because no single network 

member has significant control over other network members, systemic change is 

slower to occur and difficult to coordinate.  An example of a decentralized network is 

the US construction industry, as explained in Chapter Two of this dissertation.   

By contrast, in centralized modular clusters, a lead firm coordinates the other 

cluster members.  In these clusters, systemic change can be dictated by the lead firm 

and is therefore easier to induce and faster to take place.  A well-known example of a 

centralized network is Wal-Mart and its host of suppliers.  Because Wal-Mart is so 

powerful, it is able to largely mandate that its suppliers follow certain procedures or 

implement certain technologies such as radio-frequency identification (RFID) tags 

(Kinsella, 2003).  Another example of a decentralized network is the Japanese 

construction industry, in which a large general contractor such as Obayashi actually 
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houses its subcontractors in its headquarters and is powerful enough to be able to 

mandate certain requirements.  Figure 5 provides a graphical representation of 

industries with varying degrees of fragmentation, from those characterized by 

integrated, hierarchical organizations, to centralized modular clusters, to decentralized 

modular clusters. 

 

 

 
Figure 5: Industry Structures with Varying Degrees of Fragmentation 

 

 

Another way to classify modular clusters is by the degree of fragmentation within the 

industry.  Industries characterized by interfirm modularity are, by definition, 

fragmented.  The degree of fragmentation, however, varies from one industry to the 

next.  As I explained in chapter two, an industry can be fragmented in three ways – 

vertically, horizontally, and longitudinally.  Vertical fragmentation refers to the 

separation in the stages of production from raw materials all the way to marketing.  

Horizontal fragmentation refers to the separation of firms within a particular vertical 

step.  Longitudinal fragmentation refers to project-based production, where the 

makeup of project firms shifts significantly from one project to the next.  In contrast to 
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the relatively integrated insurance industry, the US construction industry is a case of 

an extremely fragmented industry – by lifecycle and stage of production (vertical), by 

specialty trade (horizontal), and from project to project (longitudinal).  

Implications of Modularity 

Modularity has generally been hailed as superior to its integrated counterpart (Baldwin 

& Clark, 2000; Sanchez & Mahoney, 1996; K. Ulrich & Eppinger, 1999).  Some of 

the main benefits that scholars have cited are reduced complexity (Parnas, 1972; 

Simon, 1962); greater flexibility which results from the ability to recombine modules 

(Baldwin & Clark, 2000); increased organizational agility in responding to changing 

environmental conditions (Galunic & Eisenhardt, 2001); economies of substitution 

(Garud & Kumaraswamy, 2003); and increased innovation that comes from increased 

local search, reduced testing costs as those are essentially shared by multiple firms, 

and increased motivation to innovate due to increased competition (Baldwin & Clark, 

2000; Langolis & Robertson, 2003). 

Langolis and Robertson (2003) capture these sentiments and explain how 

modularity increases innovation: 

“A modular system is open to innovation of certain kinds in a way that 
a closed system – an appliance – is not.  Thus a decentralized network 
based on modularity can have advantages in innovation to the extent 
that it involves the trying out of many alternate approaches 
simultaneously, leading to rapid trial-and-error learning… In a 
decentralized network, there are many more entry points for new firms, 
and thus for new ideas, than in a vertically integrated industry 
producing functionally similar appliances.  To this extent, then, a 
modular system may progress faster technologically, especially during 
periods of uncertainty and fluidity.” (Langolis & Robertson, 2003, p. 
84). 

In addition to the large body of literature that revolved around the “power of 

modularity”, a few cautionary voices are beginning to be heard.  Staudenmayer, 

Tripsas, and Tucci (2005) describe some of the problems with modular systems.  They 

identify three main challenges that are associated with modular industries:  firms 

experienced frustration at their lack of control of the definition of their products due to 
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the externally-imposed product architecture, ubiquitous interdependencies among 

firms, and difficulty managing a large number of relationships with other firms with 

sometimes conflicting interests. 

In 2004 Management Science article, Ethiraj and Levinthal (2004) use a formal 

simulation model to explore boundary conditions in an attempt to define what 

constitutes appropriate levels of modularity.  They investigate the effects of too much 

and too little modularity on resulting innovation, conceptualized as local search within 

modules and recombination of modules in the overall system.  They find that when 

modular structures perfectly mirror the true underlying structure of the product, 

modularity is adaptive.  The combination of local search and recombination results in 

improvements in early designs and incremental performance improvements in later 

stages.  But, when the modular structures do not perfectly mirror the true structure, 

both under- and over- modularization have negative effects.  Under-modularization 

(integration) can slow the pace of adaptation and result in a premature lock-in on 

inferior designs.  Over-modularization can hinder any possibility of change.  These 

effects are asymmetrical, with greater penalties for over-modularity.  Thus, the authors 

conclude that it is safer to err on the side of integration when the degree of underlying 

decomposition of a system is unknown.  So, while acknowledging the benefits of 

modularity, Ethiraj and Levinthal “caution against unabashed enthusiasm for ever-

increasing degrees of modularity in design decisions” (p. 172).   

In this dissertation, I build on this line of work and further explore the complex 

relationship between modularity and innovation.  In addition to the effects of the 

degree of modularity on innovation in general, another important factor to consider is 

the effects of modularity on different types of innovations.  The dependent variables in 

Ethiraj and Levinthal’s analysis allow only the examination of modular innovations 

since only local search or module recombination, neither of which challenge overall 

architecture, are considered.  Are we to assume that once a modular structure emerges, 

no systemic improvements can or should be made?  What would be the fate of an 

integral innovation that does not conform to the overall system architecture?   

A product’s architecture and set of design rules govern interactions among 

firms in and across modular clusters.  Local search and recombination are possible to 
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the extent that they conform to design rules.  Likewise, firms within modular clusters 

interact according to those rules.  However, if a change was made in the system such 

that two modules that were previously not connected suddenly become interdependent, 

confusion is likely to follow.  Actors and firms in the two modular clusters might not 

know the appropriate process and nature of interaction, as work allocations, timing, 

and processes might vary from one modular cluster to another.   

As is the case for product architectures, actors and firms within a modular 

cluster are powerfully connected among themselves and relatively weakly connected 

to actors and firms in other modular clusters.  The emergent clusters serve as silos, 

where the amount of interaction among cluster members is high, but across silos is 

lower.  Another metaphor is that of a group of swimmers in a relay race swimming as 

fast as they can within their own lanes in an Olympic swimming pool, where the team 

of swimmers in each lane represents a modular cluster and each swimmer represents 

an actor or a firm.  So long as swimmers swim within their own lanes, the competition 

proceeds smoothly and no accidents happen.  But if the ropes are moved midway 

through the competition, swimmers might clash and bump into one another.  Can 

integral innovations diffuse in modular industries?  What factors influence their 

diffusion? 

Innovation Integrality 

An innovation is “an idea, practice, or object perceived as new by an individual or 

other unit of adoption” (E. M. Rogers, 2003, p. 36).  Innovations can be either in 

products or processes (Utterback & Abernathy, 1975).  Product and process 

innovations are sometimes called technical and administrative, respectively (Daft, 

1978; Damanpour, 1991).  It is important to note that product innovations often 

require and drive process innovations (Utterback & Abernathy, 1975), just as process 

innovations can drive product innovations (Clark & Fujimoto, 1991).  Within product 

innovations, one can further distinguish between innovations in products that are 

assembled from multiple modules (such as mobile phones or airplanes) and 

innovations in non-assembled products (such as glass panes or paint).  My focus is on 

assembled products.   
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Although the design literature has long distinguished between a product as a 

whole and its components (C. Alexander, 1964; Marples, 1961), this notion was only 

introduced into the innovation literature in 1990 in a seminal Administrative Science 

Quarterly article by Rebecca Henderson and Kim Clark.  Prior classifications of 

innovations in the innovation and management literature tended to focus primarily on 

an innovation’s effect size, the magnitude of the transformation from previous 

generations of a product.  Innovations with small effect sizes, meaning that they offer 

only a small change from a previous generation or a basic alternative to the product, 

were generally called incremental innovations (J. E. Ettlie, Bridges, & O'Keefe, 1984; 

RE Nelson & Winter, 1982).  Innovations with large effect sizes–that dramatically 

change a product or introduce a whole new concept altogether–were generally called 

radical (Dess & Beard, 1984; J. E. Ettlie, et al., 1984). 

Henderson and Clark (1990) depart from the common classification of 

innovations based solely on their effect sizes.  They argue that this distinction “has 

produced important insights, but it is fundamentally incomplete. There is growing 

evidence that there are numerous technical innovations that involve apparently modest 

changes to the existing technology but they have quite dramatic competitive 

consequences” (p. 10).  In addition to effect size, they distinguish between innovations 

that induce changes to modules versus changes made to the linkages between modules 

within a product.  I refer to this construct as “innovation integrality.”  Thus, within a 

complex product composed of multiple modules, innovation integrality describes the 

location of an innovation within or across modules.  This term is similar to Taylor and 

Levitt’s (2004) “innovation span”. 

Based on effect size and innovation integrality, they classify innovations into 

four types – incremental, modular, architectural, and radical.  In the first two types, 

the innovation is contained within an individual module.  An incremental innovation 

“refines and extends an established design.  Improvement occurs in individual 

components, but the underlying core design concepts, and the links between them, 

remain the same” (p. 11).  A modular innovation “changes a core design concept 

without changing the product’s architecture” (p. 12).  In the other two types, the 

innovation is located in the connections between modules.  An architectural 
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innovation is one that changes “the way in which the components of a product are 

linked together, while leaving the core design concepts (and thus the basic knowledge 

underlying the components) untouched” (p. 10).  A radical innovation is one that 

“establishes a new dominant design and, hence, a new set of core design concepts 

embodied in components that are linked together in a new architecture” (p. 11).   

Taylor and Levitt (2004) extend the Henderson-Clark framework from a single 

organization to the network level.  They coin the term systemic innovations for 

architectural innovations that cross organizational boundaries.   

Since my focus is on innovation integrality and not on the effect size at the 

network level, I adapt Henderson and Clark’s (1990) and Taylor and Levitt’s (2004) 

definitions to focus solely on this construct.  I coin the terms “modular” and “integral” 

innovations to capture the distinction between innovations that are contained within a 

single module (modular innovations) and innovations that cross modular boundaries 

(integral innovations).   

Modular Innovations 

Modular innovations are contained within individual modules.  In comparison to the 

technology that they are meant to replace, they do not require altered interfaces with 

adjacent technologies or an altered integration process.  As such, their introduction has 

a relatively limited effect on the overall product and no effects on overall system 

architecture.  The effect is limited to one modular cluster, with negligible impacts on 

adjacent clusters.  These innovations are matched to the industry’s modular clusters.   

For example, within the context of the construction industry, an innovation that 

creates a more energy-efficient window assembly or a new, more efficient chiller 

entirely within its modular cluster is a modular innovation.  

My definition of modular innovations overlaps to some degree with several 

terms used interchangeably in the organizational literature, including modular and 

incremental (Henderson & Clark, 1990), focal (Ferlie, et al., 2005), incremental 

(Taylor & Levitt, 2004), bounded (Harty, 2005), autonomous (Langolis & Robertson, 

2003; D. Teece, 1986), and paradigm-deepening (Ahuja, et al.).   
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Integral Innovations 

Integral innovations, on the other hand, affect multiple modules.  In comparison to the 

technology that they are meant to replace, they introduce a change in the interfaces 

among two or more modules or the process of integration of the overall system, or 

both.  As such, they affect more than one modular cluster — the relay swim teams in 

our metaphor above.  That is, they are mismatched to the industry’s modular clusters 

either horizontally (in terms of specialty) or vertically (in terms of lifecycle stage).  In 

other words, the implementation process of the innovation may involve players from 

separate modular clusters that traditionally were not required to interact.   

In contrast to the abovementioned modular example of an energy-efficient 

window, an innovation that requires that this window be electrically actuated and 

integrated into an intelligent building control system that monitors indoor and outdoor 

temperatures and humidity, and uses sophisticated software, firmware and relays to 

activate the chiller, as well as boilers, fans, window actuators, etc., cuts across 

multiple modular clusters in the prevailing supply-chain and is thus an integral 

innovation. 

My definition of integral innovations is similar to those of architectural and 

radical innovations (Henderson & Clark, 1990), complex innovations (Ferlie, et al., 

2005), systemic innovations (Taylor & Levitt, 2004), unbounded (Harty, 2005), 

paradigm-shifting (Ahuja, et al.), disruptive (Christensen, et al., 1999), and 

discontinuous (Robertson, 1971; Robertson & Gatignon, 1986).   

I have chosen to coin a new term because none of the above terms is a perfect 

fit.  Like systemic innovations (Taylor & Levitt, 2004), integral innovations cross 

organizational boundaries.  However, systemic innovations are only related to 

architectural innovations (Henderson & Clark, 1990) at the network level, not to 

radical ones.  I sought to create a term for innovations that involve changed linkages 

between modules without accounting for the effect size of the innovation within the 

core components (e.g., architectural versus radical).  Thus, the term “integral 

innovation” refers to architectural and radical innovations at the inter-organizational 

level.   



53 

 

As the definition of what constitutes a module shifts, so does the definition of 

which innovations are modular or integral.  Thus, the boundary between modular 

versus integral innovations is a moving target, albeit a slow-moving one in the context 

of the construction industry.  Further, the modularity and integrality of innovations are 

not dichotomous.  Rather, there is a gradient of modularity and integrality.  An 

innovation can be mostly modular with some integral elements, and vice versa.    

Modular innovations generally result in local improvements, while integral 

innovations can result in greater, global, system-wide benefits (K. T. Ulrich, 1995).  If 

we take building energy efficiency as an example, an integral innovation such as a 

building management system can have a much greater impact on overall energy 

efficiency than a modular innovation such as an efficient LED light bulb.  Modular 

innovations can impact overall energy efficiency up to a threshold, beyond which 

integral innovations are required.  Moreover, modular innovations tend to have a 

relatively small effect on the overall lifecycle energy use of the built system, while 

integral innovations are the ones that typically enable the most substantial long term 

savings in operating costs and attendant energy-efficiency of the resulting product. 

Technology Implementation 

“Technology does not work in isolation.  Not only can technology not 
be separated from the activities that surround it, a technology cannot 
be separated from other technologies.  Technologies act in conjunction 
with one another: They only add value as integrated systems” (Iansiti, 
1998, pp. 1-2). 

Adopting and implementing a new technology requires knowledge.  In contrast to a 

body of literature on innovation diffusion which viewed diffusion as communication 

process, primarily signaling of an innovation’s existence (E. M. Rogers, 2003) or a 

cost/benefit analysis, Attewell (1992) emphasized the importance of know-how and 

organizational learning as barriers to innovation diffusion.  Attewell showed that firms 

delay adoption of a complex innovation until they possess the technical know-how to 

implement and operate it successfully.   
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While Attewell’s focus was on intraorganizational processes, his argument can 

be extended to the network level.  Firms in modular clusters are likely to adopt 

innovations only when they have the know-how of how to implement those correctly.  

If they implement them before having sufficient knowledge, then the implementation 

is likely to fail.  They may then choose to abandon the innovation, or simply forego it 

in a future project.   

In the case of construction projects, engineers are unlikely to include 

innovative technologies in their designs until they have sufficient know-how and are 

able to consider all the relevant parameters in their calculations and design it correctly.  

Further, given the vertical fragmentation of construction, gaining sufficient know-how 

is not enough.  Even when they are able to include these innovations in their designs, 

they are likely to refrain from doing so until they believe that the contractors who will 

need to install the innovations have sufficient knowledge to do so.  Even if engineered 

correctly, installation failures are likely to trigger a war of finger-pointing with 

unknown results.  If blame falls on the engineer, then he or she will be held liable and 

will likely incur reputation damages.  Since the designers often do not know who the 

contractors will be at the time of design, if an innovation is so new and complex that 

the majority of contractors in the industry are unfamiliar with it, a designer is unlikely 

to specify it in the drawings.   

As many business environments have unstable and rapidly-changing 

technology bases and complex application contexts, technology integration becomes 

increasingly challenging with a plethora of standards, production techniques, user 

needs and preferences, and competitive requirements (Iansiti, 1998).  What makes 

technology integration so difficult is the combination of novelty and complexity that 

are typical of rapidly changing technological environments (Iansiti, 1998).   

Whether modular or integral, all new technologies that require implementation 

within a larger system are likely to generate difficulties in their integration to the 

existing system.  Overall, technology implementation has an estimated failure rate of 

47% (Aiman-Smith & Green, 2002; C. Galbraith, 1990).  Technological complexity is 

correlated with slower speed to competence and with lower satisfaction (Aiman-Smith 
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& Green, 2002).  Further it is difficult for organizations to develop training programs 

for complex technologies (Aiman-Smith & Green, 2002). 

Any building technology needs to be properly installed and integrated with 

related technologies in order to function properly.  Although the construction industry 

would usually not be classified as a “rapidly changing technological environment”, 

each building is distinctive to some degree and very complex (Nam & Tatum, 1988), 

resulting in unique technology integration challenges on each building project.  Thus, 

unless a technology is very mature and standardized, its integration within a building 

is generally challenging.    

Integrating Modular versus Integral Innovations 

Integrating an innovative product is more difficult than integrating a mature, well-

known one.  The more novel and innovative a technology, the more challenging it is to 

integrate it.  Moreover, the more integral a technology, the more likely it is that its 

implementation will be difficult.  Because modular innovations are generally easier to 

integrate than integral ones, their diffusion is likely to be faster.  While this has been 

suggested by several scholars (Henderson & Clark, 1990; Langolis & Robertson, 

2003; Taylor & Levitt, 2004), empirical support is limited, and a quantitative, large-N 

proof of this important concept has yet to be provided.   

Henderson and Clark (1990) largely introduce and validate the notion of 

classifying innovations based on whether the change lies within modules (incremental 

and modular innovations) or in the linkages between modules (architectural and 

radical innovations).  They illustrate the difficulty that organizations face in 

implementing architectural innovations in the semiconductor photolithographic 

alignment equipment industry.  However, they do not directly contrast the 

implementations of architectural innovations with other innovations.  Further, their 

level of analysis is a single organization, not a modular cluster.   

About a decade later in an examination of the stereo component and 

microcomputer industries, Langolis and Robertson (2003) make a similar argument: 

“Systemic innovation would be more difficult in a modular system, and even 

undesirable to the extent that it destroyed compatibility across components” (p. 84).  
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However, a direct comparison between the implementation and diffusion of modular 

versus integral innovations is again lacking.  Further, empirical support for this 

statement is limited to brief industry histories. 

A year later, Taylor and Levitt (2004) begin to address these limitations.  In a 

study of innovations in the US construction industry, they not only extended 

Henderson and Clark’s theory to the network level, but they also compared modular 

and integral innovations directly (termed incremental and systemic, respectively).  

They cite a US government report (Technology, Trade, and the U.S. Residential 

Construction Industry [special report] (OTA-TET-315), 1986) that showed that a wall 

truss modular innovation diffused four times as fast as a prefabricated wall containing 

lumber, plumbing, electrical, and mechanical components over the same period (1975-

1982).  The modular innovation achieved a 40% market penetration, whereas the 

integral one captured only 10% of the market.  However, this should be considered 

suggestive, not conclusive, as it provides limited proof at best.  They only compare the 

rate of diffusion of one modular and one integral innovation.  Further, they do not 

include any controls in their analysis, so they cannot eliminate the possibility that a 

third variable is responsible for the observed difference in diffusion rates.    

Integral Innovations in Decentralized Modular Clusters 

While the insights from the abovementioned studies are profound and are the basis of 

the current study, it is clear that more proof is needed to validate the relationship 

between innovation integrality and implementation. 

I hypothesize that integral innovations diffuse more slowly than modular 

innovations.  By definition, integral innovations change the system architecture to 

some degree.  The changed system architecture implies that both the interfaces 

between modules and the integration process might be altered.  These changes in 

interfaces and integration process negatively affect the ability of industry players to 

implement these innovations, resulting in slower diffusion.  In integrated hierarchical 

organizations and centralized modular clusters, central management and the lead firm 

can coordinate the change, respectively.  However, in decentralized modular clusters 

such as construction, the lost coordination that an integral innovation induces is not 
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replaced by a single body.  Instead, the disparate firms must self-synchronize.  This 

makes implementation more difficult and less likely.   

Hypothesis 1 (H1):   In decentralized modular clusters, integral 
innovations are less likely to be implemented than modular 
innovations. 

Figure 6 summarizes my proposed model for why integral innovations are difficult to 

implement and therefore slow to diffuse in decentralized modular clusters.  My model 

includes institutional as well as social psychological mechanisms.  

 

 
Figure 6: Integral Innovations in Fragmented Industries 

 

Institutional Mechanisms 

The primary obstacle to the implementation of integral innovations in decentralized 

modular clusters is that no central body is in place to coordinate the necessary 

architectural changes.  Since integral innovations violate the system architecture and 

the design rules to some degree, industry members can no longer rely on those rules to 

serve as a coordination mechanism.  This loss of embedded coordination makes it 

difficult for industry members to work together to implement the innovation.  In 

integrated hierarchical organizations or centralized modular clusters, central 
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management or the lead firm can coordinate the change, respectively.  Further, no 

central body is in place to coordinate the change in work routines that integral 

innovations tend to induce.  Further, integral innovations may suffer a lack of 

legitimacy in the eyes of industry members due to the violation of system architecture 

and design rules.  Thus, without a central body to force industry members to adopt the 

innovation, they are less likely to be willing to do so.  Finally, integral innovations 

require new architectural knowledge, which is harder to coordinate without a central 

body.  Even if industry members are willing to adopt the innovations, they may lack 

the requisite know-how.   

Loss of Embedded Coordination 

The embedded coordination that is a byproduct of standardization is lost.  Now, the 

disparate firms in the multiple modular clusters need to re-orient themselves and adapt 

to the changed architecture.  In cases in which a single firm maintains control of all 

stages in the supply chain, a change in architecture is easier to mandate.  Likewise, in 

centralized modular clusters in which a single firm coordinates the efforts of other 

firms in the clusters, the change could be mandated in some cases or at least organized 

and orchestrated in other cases.  Alternatively, regulation could replace a firm’s 

management or an orchestrating firm, and mandate that all firms involved adopt the 

reforms and fit the new architecture.  This, however, likely happens only some time 

after a change is already adopted by at least some firms and has proven itself to be a 

useful and productive one.  But, until regulation can come into effect, if the modular 

clusters are decentralized, a changed architecture is exceedingly difficult to mandate 

and coordinate.   

Changed Routines 

A changed architecture with altered interfaces and integration processes imply that 

certain routines will need to be changed.  Routines and work processes are generally 

somewhat conservative and resistant to change (Brown & Duguid, 1991).  Core 

routines are even more resistant to change, as inertia is greatest for activities near the 

core of a firm’s activities (Hannan & Freeman, 1977).  In firms that have very narrow 

specialties, as is often the case in modular industries, most activities are near their 
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core.  Thus, they are likely to experience a great deal of inertia.  In contrast, when 

firms act as “dynamic communities” and have multiple specialties that can co-evolve 

with market conditions, change is easier (Galunic & Eisenhardt, 2001).  Finally, in 

industries with strong craft institutions, such as construction, routines are even more 

change-resistant.  In decentralized modular clusters, the problem is further exacerbated 

by the fact that multiple firms have to change their processes in sync.   

Illegitimacy of Altering the Architecture 

The importance of legitimacy to organizational survival has long been acknowledged 

by organizational researchers at multiple levels of analysis and from multiple research 

traditions (e.g., Carroll & Hannan, 2000; Ellemers, Wilke, & Van Knippenberg, 1993; 

Meyer & Rowan, 1977; Powell & DiMaggio, 1991; Ruef & Scott, 1998; Scott, 2003; 

Suchman, 1995).  Most illuminative to my own work, institutional theorists define 

legitimacy as structural similarity to other forms and organizations within the 

institutional environment (Meyer & Rowan, 1977; Scott, 2003).  Through 

isomorphism, the process by which an organization homogenizes to its environment, 

organizations gain legitimacy of two kinds: socio-political and constitutive.  Socio-

political legitimacy comes from powerful actors and government endorsement.  

Constitutive legitimacy is the culturally-accepted, automatic way of behaving and 

structuring organizations.     

Institutional theory claims that legitimacy is based on legal sanctions, moral 

governance, and comprehensible, recognizable, culturally-supported forms (Scott, 

2003, p. 135).  Organizations “receive support and legitimacy to the extent that they 

conform to contemporary norms – as determined by professional and scientific 

authorities – concerning the “appropriate” way to organize.  These beliefs are so 

powerful that organizations that conform to them receive public support and 

confidence even in situations where no specific technical advantages are obtained” 

(Scott, 2003, p. 137).  These “appropriate ways to organize” are not necessarily 

functionally-appropriate, but rather appropriate to the extent that they resemble 

existing and accepted forms. 
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While legitimacy has generally been studied at the organizational level, I 

propose that the insights can be brought to the product or even module level.  Failure 

to comply with an industry’s dominant architecture and design rules is likely to result 

in low levels of legitimacy.  Low legitimacy, in turn, is likely to increase industry 

members’ reluctance to adopt the innovation. 

Need for New Architectural Knowledge 

A changed architecture necessitates new knowledge.  Henderson and Clark (1990) 

distinguish between two types of knowledge that are involved in successful product 

development: component knowledge and architectural knowledge.  Component 

knowledge is knowledge about individual modules, their core design concepts, and the 

way in which they are implemented individually.  Architectural knowledge is 

knowledge about the way that the components, or modules, are integrated and put 

together to make a coherent product.  Once a dominant design has emerged in an 

industry, architectural knowledge “tends to become embedded in the practices and 

procedures of the organization” (p. 15).  Institutional mechanisms include routines (J. 

Galbraith, 1973; RE Nelson & Winter, 1982), communication channels, information 

filters, and problem-solving strategies (Henderson & Clark, 1990).   

Similar mechanisms are likely at play at the network, or the modular cluster, 

level as well.  Just like individuals and departments are specialized within an 

organization, organizations within a modular cluster are specialized to produce a 

particular component and perform particular tasks.  These organizations and 

individuals within them also have short-cuts in the form of routines that make their 

tasks more manageable.  They establish and maintain communication channels with 

the types of organizations or individuals with whom they routinely need to 

communicate.  They filter out types of information that is generally not relevant to 

them.  And they have standardized approaches to solving problems.  Thus, when an 

innovation changes the overall architecture of a product, and these firms suddenly 

need to coordinate with a type of organization with which they never had to coordinate 

in the past, or seek out a different kind of information from what they are used to, or 

perform a task in a completely new way, they are likely to encounter difficulties.   
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Component and architectural knowledge are managed differently in 

organizations.  While component knowledge is managed explicitly, architectural 

knowledge is managed implicitly and becomes embedded in the institutional 

mechanisms mentioned above (Henderson & Clark, 1990).  This distinction suggests 

that architectural knowledge is harder to accumulate and change than component 

knowledge (Nissen, 2005; Nonaka, 1994).  Henderson and Clark argue that not only is 

it difficult for firms to recognize whether an innovation is modular or integral, but the 

organization then has difficulties acquiring the necessary architectural knowledge.  

Replacing old architectural knowledge with new knowledge involves reorienting the 

organization and essentially switching from a mode of exploitation of old knowledge 

to an active search mode of exploration of new knowledge (Louis & Sutton, 1991; 

March, 1991).  Put another way, firms need to shift from search behavior that is 

predominately focused on search depth to one focused on search scope (Katila & 

Ahuja, 2002). 

In decentralized modular clusters, where no single entity integrates all the 

modules into a coherent product, individual firms and professions all need to learn of 

the new processes and interfaces.  Unlike in integrated hierarchical organizations or 

centralized modular clusters, there is no single training program to clue all relevant 

parties into the new processes and procedures.  Yet, they are all expected to install the 

new modules properly and possibly to coordinate with one another.  Moreover, when 

each installation is done by a different set of players as is the case of industries with 

longitudinal fragmentation, accumulating new knowledge is exceedingly difficult.     

Further, when it comes to implementing innovations, the professionals’ 

expertise might actually serve as an additional obstacle.  While experts possess a 

greater amount of knowledge than novices, that knowledge tends to be task-specific.   

Bédard and Chi (1992) find that there is little transfer of high-level proficiency 

between domains.  For example, they found that even though both go and gomuku are 

games played on the same board with the same game pieces, those experts in one 

showed poor recall of displays from the other game.  Thus, if the integral innovation 

requires the experts to apply their knowledge in a different domain, they are unlikely 

to outperform novices.   
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Moreover, in some situations, novices might actually outperform experts.  

Specifically, when standard responses to a problem are inappropriate, experts are 

severely handicapped.  Further, experts may interpret problems at a deeper level, 

which in some cases interferes with problem solving when a more simplistic 

interpretation is more appropriate.  Finally, when experts’ greater knowledge base is 

no longer useful, they may wrongly rely on old knowledge that is obsolete and thus 

perform worse than novices which may approach the problems from a fresh 

perspective (Bédard & Chi, 1992, p. 138).  The better an individual, an organization, 

or a network of organizations know how to perform a certain task, the more difficult it 

is for them to deviate and do things differently.  In writing about research training, 

Kaplan (1964) termed this phenomenon trained incapacity: “the more we know about 

how to do something, the harder it is to learn how to do it differently” (p. 31).  This 

happens as a result of a competency trap, which occurs “when favorable performance 

with an inferior procedure leads an organization to accumulate more experience with 

it, thus keeping experience with a superior procedure inadequate to make it rewarding 

to use” (Levitt & March, 1988, p. 322).  

Social Psychological Mechanisms 

Thus far I have argued that integral innovations precipitate a loss of embedded 

coordination and a change in work routines, are deemed illegitimate, and require new 

architectural knowledge.  These four mechanisms decrease the likelihood that industry 

members will be willing and able to adopt these innovations.  The first two – the loss 

of embedded coordination and the changed work routines – are especially critical in 

that they shift the onus from standardization and rules to interpersonal relationships, 

communications, and coordination among those industry members that are to 

implement the innovations.  If before those industry members could simply play their 

modularized parts and follow rules and scripts, now they have to interact and establish 

new ways of technology integration.   

This is no simple task.  The fragmented structure of the modular clusters is 

likely to result in impaired group processes.  Specifically, individuals from different 

horizontal and vertical specialties likely represent different “thought worlds” 
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(Dougherty, 1992) and have different values, schemas, heuristics, identities, and goals.  

These interfere with team integration and pose barriers to the development of a 

collective team identity.  Moreover, the combination of horizontal and vertical 

specialization with longitudinal fragmentation renders group members unlikely to 

develop trust.  The inability to develop a collective team identity and trust have been 

shown to affect team performance negatively, making the teams less likely to 

appropriately integrate their respective parts and successfully implement the integral 

innovations.  Finally, longitudinal fragmentation significantly impairs the ability to 

accumulate tacit knowledge at the industry network level, further reducing the rate of 

diffusion.   

Difficulty Developing a Collective Team Identity 

Firms in horizontally and vertically fragmented modular clusters are highly 

specialized and represent diverse areas of expertise.  When individuals from multiple 

specialized firms come together to form a project team, their expertise diversity is 

likely to affect their group interactions and their performance.  But in which direction?  

Research on the effects of expertise diversity on team performance has yielded mixed 

results (Van Der Vegt & Bunderson, 2005).  While some studies found that functional 

or expertise diversity positively affects group performance (Ancona & Caldwell, 

1992), others have found the exact opposite (Jackson, 1992; Williams & O'Reilly, 

1998). 

Van der Vegt and Bunderson (2005) resolve this discrepancy in a study of 57 

multidisciplinary teams with a high degree of expertise diversity in a large oil and gas 

company in the Netherlands.  Expertise diversity was conceptualized as “differences 

in the knowledge and skill domains in which members of a group are specialized as a 

result of their work experience and education” (Van Der Vegt & Bunderson, 2005, p. 

533).  They found that collective team identification moderates the relationship 

between expertise diversity and performance.  Collective team identification is defined 

as the “emotional significance that members of a given group attach to their 

membership in that group” (Van Der Vegt & Bunderson, 2005, p. 533).  This concept 

is similar to team-level affective commitment (Kirkman & Rosen, 1999).  Members of 
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multidisciplinary teams with low collective identities tend to retain their specialty area 

identities, biases, and stereotypes, and therefore function poorly as a team.  Learning is 

impaired and overall performance is negatively impacted.  On the other hand, when 

individuals are committed to the team and collective identification is high, expertise 

diversity positively affected team learning and performance (Van Der Vegt & 

Bunderson, 2005).   

Clearly, in teams with a high level of expertise diversity, developing a sense of 

collective team identity is critical to the team’s success.  How likely then are 

individuals from multiple specialized firms in separate modular clusters to form a 

collective team identity?  Research shows that specialization is one of the major 

barriers to effective team integration (Barki & Pinsonneault, 2005). 

Specialization hinders integration because of differences in goals and frames of 

reference among organizations or organizational units.  First, in an effort to achieve 

their local goals, each organization tends to focus on its own core competencies and 

expertise.  For example, the contractors try to adhere to schedule and minimize costs, 

the engineers attempt to have the most efficient design, and the architect wishes to 

have the most aesthetically-pleasing building.  Thus, this local focus and goal 

orientation likely hinders integration.  Second, specialization implies that each 

organization has a different frame of reference, including shared cognitive structures, 

assumptions, heuristics, tacit knowledge, expertise, and expectations (Barki & 

Pinsonneault, 2005).   

Dougherty (1992) described these as different “thought worlds,” defined as 

communities of people who are engaged in a particular domain of activities and share 

an collective understanding about that activity.  Examples include architects, 

mechanical engineers, and flooring contractors.  Dougherty explains that because of 

specialization, “a certain thought world is likely to best understand certain issues, but 

also to ignore information that may be equally essential to the total task.  Their 

intrinsic harmony would also reduce the possibility for creative joint learning, since 

members of a department may think that they already know everything” (p. 182). 

Thus, when individuals from different thought worlds come together to form a 

temporary team, they are unlikely to form a collective team identity.  Moreover, in 
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industries characterized by longitudinal fragmentation (e.g., construction), collective 

team identification is even less likely to develop given that team members often have 

no shared history and do not expect to form a future.  The lack of collective identity, in 

the face of specialization, negatively affected team performance (Van Der Vegt & 

Bunderson, 2005). 

Difficulty Developing Trust 

Trust has long been acknowledged as being “essential for stable social relationships” 

(Blau, 1964, p. 64).  Social systems with high levels of trust can take advantage of 

increased cooperation, coordination, control, and overall effectiveness (Fukuyama, 

1995; Hollis, 1998; Messick, et al., 1983; Putnam, 1993).  The diverse social 

psychological literature on trust has yielded two robust findings that have important 

implications for project teams in fragmented modular clusters.  The first is that trust is 

a history-dependent process, and the second is that homophily tends to breed initial 

trust (Gavrieli & Scott, 2005). 

Social psychological theories of trust development tend to describe trust as a 

history-dependent process (Deutsch, 1958; Lindskold, 1978; Pilisuk & Skolnick, 

1968; Solomon, 1960).  Individuals’ judgments about others are anchored to some 

degree on a priori expectations about others’ behavior.  As experience accumulates 

and confirms or disconfirms these expectations, the expectations change.  

Representative of this line of reasoning is Boyle and Bonacich’s (1970) assertion that 

individuals’ expectations about others’ trustworthy behavior tend to change “in the 

direction of experience and to a degree proportional to the difference between this 

experience and the initial expectations applied to it” (p. 130).  That is, when an 

individual encounters a trust dilemma and has to decide whether to expose himself to 

the prospect of misplaced trust, he or she carefully weighs the decision based on prior 

expectations and experiences.   

The only important variable, according to this line of theories, is the length of 

time people have known each other and interacted.  Of course, the interactions 

themselves are very important; after all, they form the basis for trust decisions.  But, 

according to these theories, without ample time to “collect data” about others, 
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individuals do not have the information required to make trust decisions, a scenario 

likely to result in distrust.  Thus, if trust is solely dependent on history, if that history 

is not available as is the case for temporary project teams, trust is unlikely to develop.   

A second common finding in the social psychological literature with regard to 

trust is the role of similarity, or homophily, in promoting voluntary interactions, and 

thus producing trust (Ibarra, 1993; Levin, Cross, & Abrams, 2002).  This relationship 

between similarity and attraction is one of the best documented relationships in social 

psychology (Davis, 1981; Newcomb, 1961; Singh & Tan, 1992; Tajfel, Billig, Bundy, 

& Flament, 1971).  In a nutshell, “similarity breeds connection” (McPherson, Smith-

Lovin, & Cook, 2001).  People tend to like and prefer others who are similar to them 

(Byrne, 1971; Byrne, Clore, & Worchel, 1966; Ibarra, 1992; Mardsen, 1988). 

The relationship between similarity and attraction has been documented on a 

variety of similarity dimensions.  These dimensions include similarity of opinion and 

agreement (Newcomb, 1961; Singh & Tan, 1992), status (Podolny, 1994), gender 

(Brass, 1985; Ibarra, 1992), race and education (E. Rogers & Kincaid, 1985), and, 

essentially, anything that distinguishes people from one another or makes them feel 

similar.   

Similar individuals communicate with greater ease, which results in greater 

predictability of behavior and fosters relationships of trust and reciprocity (Ibarra, 

1993).  According to this principle of similarity, or homophily, ties between 

nonsimilar individuals also tend to dissolve at a higher rate, resulting in the formation 

of niches, or localized positions, within a social circle.   

Applying this principle to a diverse group of people attempting to coordinate a 

complex task, it means that people who perceive themselves to be different are less 

likely to form ties and less likely to trust one another, and that small cliques are likely 

to form within the bigger group.  Moreover, social identifications of ingroups and 

outgroups within the larger team are likely to make these cleavages deeper and more 

salient.  As soon as ingroups and outgroups are created, the creation of stereotypes 

begins, and hostilities, or at least suboptimal functioning, are likely to result (e.g., see 

Sherif, Harvey, White, Hood, & Sherif, 1961, for a classic example of intergroup 
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conflict).  This hardly sounds like a condition under which efficient cooperation and 

collaboration can take place.   

The combination of specialization and longitudinal fragmentation renders 

group members unlikely to develop trust.  Indeed, in the construction industry, 

projects teams are often characterized by adversarial relationships, mistrust, and an 

overall “blame culture” (Baiden, Price, & Dainty, 2006).  Distrust, in turn, makes the 

coordination necessary to implement integral innovations unlikely.   

Difficulty Accumulating Tacit Knowledge 

Acquiring knowledge requires a significant amount of time and resources, and 

therefore giving it up and replacing it with new knowledge involves significant costs, 

which individuals and firms are often reluctant to make (Carlile, 2002).  Tacit 

knowledge is even more difficult to replace.  Tacit knowledge is “knowledge that 

cannot be or has not been articulated through words, diagrams, formulae, computer 

programs, and like means” (Nissen, 2005, p. 262).  The combination of specialization 

and longitudinal fragmentation that renders group members unlikely to develop trust 

also has a detrimental effect on the group’s ability to replace old knowledge.   

First, dissimilarity among individuals and firms that results from specialization 

and belonging to different thought worlds is likely to inhibit effective knowledge 

sharing and, consequently, learning.  Several studies have shown the detrimental effect 

that dissimilarity has on knowledge sharing.  For example, Dove (1996) argues that in 

order for knowledge to be transferred successfully, a context of understanding needs to 

be created.  Darr and Kurtzberg (2000) argue that specific dimensions of similarity 

provide a heuristic for organizational members to choose to whom to contribute 

knowledge and from whom to adopt knowledge.  When knowledge is received from a 

capable and trustworthy source, it is more likely to be accepted and thus influence the 

behavior of the recipient (Szulanski, 2000; Zander & Kogut, 1995).  Knowledge 

transfer is more likely between individuals who have similar attitudes (Ounjian & 

Bryan, 1987).  Individuals who have had similar past experiences (Cohen & Levinthal, 

1990) and firms with similar past problems (Ounjian & Bryan, 1987) are also more 

likely to share knowledge with one another.  Similarity is a selection heuristic for 
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exchange partners in uncertain markets (Podolny, 1994).  People tend to believe 

information more when it comes from similar others (O'Reilly, 1983).  The strategic 

alliances literature (e.g., Simonin, 1999) concurs and suggests that when firms have 

common business strategies, knowledge is more likely to be shared across 

organizational boundaries.   

Second, longitudinal fragmentation significantly impairs the ability to 

accumulate tacit knowledge at the industry level.  Tacit knowledge is gained primarily 

through experience and is accumulated over time (Berman, Down, & Hill, 2002; 

Nissen, 2005).  Because of the shifting group composition from one project to the 

next, teams cannot learn collectively over time.  Instead, although they must learn 

individually, they need to implement the integral innovations in sync. 

Overcoming the Barriers: The Moderating Effect of Supply Chain Integration 

Thus far, I have argued that integral innovations induce a change in standardized 

interfaces and processes.  In decentralized modular clusters, there is no centralized 

body to coordinate the required change, dictate new routines, and facilitate learning.  

Further, the separation into modular clusters and the shifting group membership from 

one project to the next (in industries characterized by longitudinal fragmentation) 

make it difficult to develop trust and, consequently, to develop, share, and accumulate 

new knowledge. 

In fact, because of the real and perceived risks associated with integral 

innovations, competitors often “not only resist innovative threats, but actually resist all 

efforts to understand them, preferring to further entrench their positions in the older 

products” (Utterback, 1996, p. xxvii).  Integral innovations, however, offer greater 

overall benefits (K. T. Ulrich, 1995).  How can we increase their likelihood of 

implementation and thus the rate and magnitude of their diffusion?  What factors can 

moderate the negative effect of innovation integrality on implementation?   

If integral innovations are difficult to implement primarily because of the 

fragmented nature of decentralized modular clusters and the lack of a central 

controlling body, then integrating the supply chain should increase the rate of 

implementation.  Integration would allow for centralized control or at least easier 
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coordination among firms.  Further, integration would also mitigate the social 

psychological trust barriers which are caused primarily by fragmentation.   

Defining Supply Chain Integration 

Organizational integration is “the extent to which distinct and interdependent 

organizational components constitute a unified whole” (Barki & Pinsonneault, 2005, 

p. 165).  It is a measure of the harmony with which separate departments or 

organizations work together and how tightly coordinated they are.  Integration can be 

among firms in the vertical supply chain, horizontal industries, or longitudinal 

projects.     

Jaspers and van den Ende’s (2006) distinguish among four distinct but related 

dimensions of integration: ownership, coordination, task, and knowledge.  Jaspers and 

van den Ende focus primarily on vertical integration, so I slightly adapt their 

definitions to include horizontal and longitudinal integration as well.   

Ownership integration refers to legal ownership.  It is the extent to which a 

firm owns separate parts of production or separate specialties.  Vertical ownership 

integration is ownership of upstream component suppliers.  Horizontal ownership 

integration is ownership of different specialization areas, such as mechanical and 

electrical engineering.  Longitudinal ownership integration refers to the same legal 

entity working on projects over time.  Coordination integration refers to actual 

coordination.  It is the intensity of information exchange required to align efforts to 

complete the tasks at hand (e.g., production).  Task integration refers to the 

performance of certain tasks.  It is the extent to which a firm actually performs 

upstream tasks (vertical task integration) or tasks related to other specialties 

(horizontal task integration).  Knowledge integration refers to knowledge possession.  

It is the extent to which a firm possesses knowledge about upstream components 

(vertical) or other specialties (horizontal). 

Integration and Performance 

Research across industries has found that integration is positively related to 

organizational performance (Barki & Pinsonneault, 2005; Barney, 1991).  Most 

research generally focuses on coordination and knowledge integration.  For example, 
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collaboration among vertical stages is argued to contribute to a new product’s success 

(Dean & Susman, 1989).  It moderates the negative effects that project complexity and 

a high level of outsourcing have on performance (Swink, 1999).  Integration positively 

affects project commitment and resulting teamwork quality (Hoegl, Weinkauf, & 

Gemuenden, 2004). 

While research has generally focused on coordination and knowledge 

integration, a recent Organization Science article by Fang, Lee, and Schilling (2010) 

explored the effects of ownership integration on performance.  In a study of 

organizations divided into semi-isolated subgroups, Fang and colleagues show that 

ownership integration positively affects performance even if only modest levels of 

interaction exist between functional divisions.  In fact, this structure allowed the 

organization to strike a balance between exploration and exploitation: 

“Semi-isolated clusters enable the creation and preservation of 
heterogeneous ideas, while few external links help the best ideas to 
diffuse… Perhaps dividing an organization into subgroups with some 
barriers to diffusion between them can help the organization maintain 
the balance between exploration and exploitation” (Fang, et al., 2010, 
p. 628).  

In the construction industry, process and team integration have often been suggested 

as solutions to the many inefficiencies that plague the industry (Briscoe, Dainty, 

Millett, & Neale, 2004).  These sentiments are heard from academics and practitioners 

alike.  For example, in outlining the key success factors to building high performance 

green buildings and obtaining LEED certification, France (2007) highlights the 

importance of team integration, both horizontally (“engage all disciplines in consensus 

on achieving sustainable goals”) and vertically (“involve stakeholders–design, 

engineering, construction, operations, tenants, real estate, etc.)” (p. 4).   

Integration has been also more explicitly linked to innovation diffusion.  

Taylor and Levitt (2007) examine the implementations of three integral innovations in 

three-dimensional computer-aided design (3D CAD) in US and Finnish residential 

construction projects.  They propose that relational stability among firms on building 

projects (longitudinal integration) moderates the relationship between innovation 
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integrality and implementation.  The Finnish construction industry is characterized by 

a greater degree of longitudinal integration than its counterpart in the US.  Consistent 

with the hypothesis, the 3D CAD integral innovation diffused faster in the Finnish 

than in the US networks. 

The insights from Taylor and Levitt’s study are most pertinent to my current 

analysis.  They suggest that team integration not only has positive effects on 

performance in general, but also on the diffusion of integral innovations.  However, 

more empirical evidence is needed to validate their finding.  More innovations need to 

be examined and control variables must be taken into account.  Further, Taylor and 

Levitt discuss only longitudinal integration.  I propose that vertical and horizontal 

fragmentation also moderate the negative effects that innovation integrality has on 

implementation.  I argue that the greater the amount of integration, the easier it is to 

coordinate the changes that integral innovation induce and the greater the 

implementation probability of integral innovations.     

Hypothesis 2 (H2):  Supply chain integration moderates the negative 
effect that innovation integrality has on the probability of 
implementation; in other words, supply chain integration increases the 
likelihood of implementation for integral but not modular innovations.  
The higher the degree of integration, the stronger is the moderation 
effect. 

Industry Life Cycles 

It is noteworthy to mention the implications of my theory to a large body of research 

on the relationship between product life cycle (PLC) and innovation that has emerged 

in multiple disciplines, including management (Abernathy & Utterback, 1978), 

economics (Klepper, 1996), and strategy (Moore, 2005).  The basic theory is that early 

on in an industry’s lifecycle, the rate of product innovation is high.  When a dominant 

design emerges or a shakeout in the number of producers takes place, the rate of 

product innovation decreases and that of process innovation increases.  As the industry 

matures, innovations become incremental in nature and affect productivity and quality.  

In mature industries, “significant innovations tend to be fewer and are mainly of an 

improvement variety” (Williamson, 1975, p. 216).   
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Abernathy and Utterback explain that this shift is due primarily to the 

emergence of a dominant design as a defining moment in an industry’s evolution.  A 

dominant design involves both a set of core design concepts for individual 

components and a standardized architecture that defines the ways in which the entire 

system is integrated (Clark, 1985).  Before a particular design takes hold, in what 

Abernathy and Utterback call the “fluid phase,” competitors experiment with 

alternative designs.  Thus, the rate of product innovation is high.  The emergence of a 

dominant design marks the beginning of the “transitional phase”, in which competitors 

are no longer experimenting with product design and operational characteristics, but 

rather looking for better, more efficient ways to produce the product.  Further, if 

competitors are not aligned with the dominant design, their long-term survival is 

jeopardized (Utterback, 1996).  Thus, the rate of product innovation decreases, while 

the rate of process innovation increases.  When industries mature and reach a “specific 

phase”, competitors focus their attention on cost, volume, and capacity, and “product 

and process innovation appears in small, incremental steps” (Utterback, 1996, p. 

xviii).  Figure 4 earlier in the chapter provides a graphical representation.   

My theory is consistent with the predictions of the PLC: In mature industries, 

innovations will tend to be modular in nature.  However, I offer an alternative 

mechanism to explain the PLC. Rather than focusing on firms’ attention to product or 

process improvements, I argue that the industry structure that results from the 

emergence of a dominant design is in itself prohibitive to the diffusion of future 

integral innovations.   

Summary of Hypotheses 

While researchers have hailed the “power of modularity”, I hypothesize that 

modularity hinders the diffusion of integral innovations (H1).  Further, I have 

proposed a model that explains the institutional and social psychological mechanisms 

by which innovation integrality affects implementation.  Finally, I hypothesize that 

supply chain integration moderates the relationship between innovation integrality and 

implementation by increasing the likelihood of implementation of integral innovations 

(H2).   
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CHAPTER 4 – METHODOLOGY 

Overview 

I analyzed the factors that affect the implementation of 23 different energy-efficient 

technologies in 112 LEED-certified buildings in the US from 2000 to 2009.  More 

specifically, I examined the effects of innovation integrality and supply chain 

integration on the likelihood of implementation of these technologies.  I included a 

host of control variables about the technologies (e.g., cost), building projects (e.g., 

year, LEED score, owner type), and firms (e.g., size and core values).  I used binary 

logistic regression in general estimating equations to predict whether, in each project, 

an innovation was implemented or not. 

Data 

Background Interviews 

In preparation for conducting quantitative analyses, I conducted a series of interviews 

with construction industry professionals, totaling nearly 40 hours (see Table 2 below).  

I conducted two types of interviews: The first was open-ended discussions about 

innovation diffusion in the construction industry, and the second was technical 

discussions about the technologies in my study. 

The first interview type was open-ended about innovation in the construction 

industry.  I began those interviews by asking the interviewee how innovative he/she 

thought the construction industry is and why.  I continued with follow-on questions to 

clarify the interviewees’ responses and to probe further about their experiences with 

innovations on projects they had worked on.  After conducting my analyses, I met 

with the same industry professionals as well as a few new ones, and discussed my 

results.  These interviews were meant as a “reality check” for my analyses.  During 

these interviews, I asked for feedback on my findings and sought alternative 

explanations that perhaps I had not considered.   

The second interview type was specific information-gathering about the 

technologies in my study.  In addition to working with seven research assistants who 
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assisted me in evaluating each of the technologies and classifying them as modular or 

integral, I spent over fifteen hours with four construction professionals external to the 

research process to validate and improve the coding scheme.  At these technical 

interviews, I learned the details of how each of the technologies is integrated into 

buildings, from both a design as well as a construction perspective, and which 

specialties are involved.  I learned what the basic alternatives are to each technology, 

and how modular or integral each technology is, in comparison to those basic 

alternatives.  After the coding scheme was complete, I presented it to six industry 

professionals for their agreement and approval.   

 
 

Table 2: Preliminary Interviews 

 

ID Interviewee's Title Interviewee's Firm Type Number of 
Interviews

Total Time 
(Hours)

Interview 
Type

1 Senior Project Manager General Contractror 3 5 Open-Ended

2 Chief Scientist Technology Firm 1 1 Open-Ended

3 Project Manager General Contractror 1 1 Open-Ended

4 Vice President General Contractror 1 1.5 Open-Ended

5 CEO Integrated Construction Firm 3 5 Open-Ended

6 Estimator, Green Costs 
Expert

Construction Consulting Firm, 
USGBC 1 1 Open-Ended

7 Mechanical Engineer Mechanical Engineering Firm 1 1.5 Open-Ended

8 VP Operations Integrated Construction Firm 1 1.5 Open-Ended

9 Project Manager Integrated Construction Firm 2 4 Open-Ended

10 Estimator, Electrical 
Engineer General Contractror 2 5 Technical  

1 Senior Project Manager General Contractror 2 2 Technical

3 Project Manager General Contractror 4 8 Technical

6 Estimator, Green Costs 
Expert

Construction Consulting Firm, 
USGBC 1 1 Technical
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Sample Requirements and Challenges 

In order to overcome the empirical shortcomings of previous research and test my 

hypotheses, I sought to create a large, quantitative database of instances of 

implementations of modular vs. integral technologies in an industry laced with 

modular clusters.  Given the theoretical fit of the construction industry to my research 

questions, combined with the urgent practical need to hasten the diffusion of energy-

efficient technological innovations in buildings, I chose to focus on innovative 

building technologies related to energy-efficiency.  I needed to examine multiple 

technological innovations, so that the effects of innovation integrality on 

implementation (H1) could be isolated from third-variable effects.  I needed a reliable 

measure of team integration in order to examine its possible moderating effect on 

innovation implementation (H2).  Further, in order to gain confidence in my findings, 

I required that a host of control variables be available for inclusion in the analyses.  

Including control factors is extremely important in order to avoid falling trap to the 

“third variable problem” of inferring a relationship between two variables based on an 

observed correlation between them, while in reality the correlation is actually 

produced by another unobserved, or third, variable.   

Finding appropriate data for a study of this kind was challenging, as testing 

and understanding innovation implementation and diffusion quantitatively on a large 

scale in any industry is no simple task.  An ideal data set would include a large, 

representative set of individual cases of implementations to understand the factors that 

affect individual implementations, and longitudinal market penetration data to 

understand industry-wide diffusion patterns.  However, this kind of information is 

difficult to come by.  The difficulty of finding accurate market penetration data was 

exacerbated by the fact that I sought such information on a large number of different 

types of innovations at different stages of their development.   

Most studies of innovation in the construction industry rely on case studies, 

which are very rich in information but are not suitable for large-N quantitative 

analyses.  In other industries, the management literature has often examined patent 
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citations as a proxy for diffusion (e.g., Podolny & Stuart, 1995).  This, however, does 

not measure implementation.  Many patented inventions are never commercially 

developed; and many that are implemented by early adopters fail to “cross the chasm” 

into mainstream markets (Moore, 2002), and thus never diffuse.   

Data Source 

I found an excellent source of reliable data for my study that could address these 

challenges: Case studies that include information about technologies at various stages 

of maturity in one hundred and twelve LEED-certified buildings.  These cases are 

available on the web in a database maintained by the US Green Building Council 

(USGBC).  The website includes basic information on the thousands of registered and 

certified building projects, as well as detailed case studies for a subset of those, 

including information on which technologies were implemented, who the main 

engineering and design firms were, and some detailed information about the buildings 

themselves (USGBC, 2010).  While this data does not provide complete market 

penetration data, the richness of information for a relatively high number of buildings 

allows me to test the effects of innovation integrality and supply chain integration 

quantitatively over and above the effects of a host of controls. 

Leadership in Energy and Environmental Design (LEED) is the most common 

green building certification system in the US today, and one of the most common 

systems in the world2

Under the LEED system, buildings are rated along five main dimensions – 

sustainable sites, water efficiency, energy and atmosphere, materials and resources, 

and indoor environmental quality.  Two additional categories provide extra credit: 

.  It is a voluntary system available to builders, designers, and 

architects around the world who wish to identify their buildings as high performing on 

environmental and energy dimensions.  The system was created by the U.S. Green 

Building Council (USGBC) in August 1998 to be voluntary, consensus-based, and 

market-driven.   

                                                 
2 Other common green building rating systems include Green Star and the British Research 
Establishment’s Environmental Assessment Method (BREEAM). 
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innovation in design for environmental measures not covered under the five main 

categories and a regional bonus for measures that have special regional importance.   

LEED evaluates a building's environmental design and offers multiple levels of 

certification (Certified, Silver, Gold, or Platinum).  The level of certification depends 

on the number of LEED elements a building adopts.  Each LEED element corresponds 

to a particular credit and is awarded a specific number of points.  The credits and 

points structure of the LEED system provides a clear measure of building technology 

implementation.  Points are awarded only once documentation has been submitted to 

prove that the requirements of particular credits were met.  Thus, technology 

implementation can easily be deciphered by examining LEED scorecards and project 

descriptions.   

In the twelve years since its inception, LEED has diffused rapidly.  When the 

database was first assembled on August 5, 2010, 34,371 projects were registered with 

the USGBC, with 6,401 of those already certified (USGBC, 2010).  Less than a year 

later, on April 18, 2011, almost 5,000 more projects registered with LEED and almost 

2,500 more were certified (USGBC, 2011).  See Figure 7 below for a graphical 

depiction of LEED’s diffusion.  The only exception to the exponential yearly increase 

in both registrations and certifications is 2010, during which the number of 

registrations dropped dramatically, most likely due to the 2009 recession. 

 

 
Figure 7: The Diffusion of LEED 
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Table 3 below describes the global distribution of LEED-certified projects as of April 

18, 2011.  The US is host to the vast majority of LEED projects (94%).  The 

remaining 6% of projects (559 projects) are distributed across 54 countries.  The 

countries with the greatest number of certified projects are China (125 projects), 

Canada (102), India (77), United Arab Emirates (32), and Brazil (26).  All others have 

fewer than twenty projects per country.  In addition, several countries have established 

local green building council affiliates to the USGBC and are now certifying LEED 

projects on their own.   

 
Table 3: Global Distribution of LEED-Certified Projects 

 
 

Within the US, LEED has spread to every single state.  The leader is California, with 

16% of all LEED-certified projects (1,275 projects).  Texas, Illinois, Washington, 

Countries Number of 
Countries

Certified 
Projects/Country

US 1 8173
CN 1 125
CA 1 102
IN 1 77
AE 1 32
BR 1 26
GB, LK 2 13
ES, MX 2 12
FI 1 11
DE, JP 2 10
HK, IT, SG 3 9
KR 1 8
TH, TR 2 6
CL, MY, PL, TW 4 5
PH, SE 2 4
FR 1 3
CO, CZ, DK, HU, ID, IL, NL, 
PE, RU

9 2

AR, AT, AU, BE, BG, CG, CR, 
EE, EG, IE, JO, NO, NZ, PA, 
PT, PY, RO, SA, VN, ZA

20 1

Total 55 8732
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New York, Pennsylvania, Florida, and Massachusetts each have over 300 projects and 

account of another 33% US projects.  The distribution is presented in Figure 8 below. 

 

 

 
Figure 8: LEED Projects by State 

 

 

Since its inception, LEED has expanded to multiple rating systems tailored to 

particular building types at varying stages of the lifecycles, from design and 

construction through operations and maintenance.  The most common rating system – 

and the focus of this research – is LEED for New Construction and Major Renovations 

(LEED-NC).  It comprises 55% of all LEED-certified projects in the US.  The other 

rating systems are for commercial interiors (19% of projects), existing buildings 

(11%), core and shell (9%), retail (4%), schools (1%), and new developments (1%).  

There are also several new specialized rating systems geared toward healthcare and 

homes and a new pilot system for neighborhood development.   

Over the years, the US system has undergone several modifications from the 

first version in 1998, through a second version in 2000-2005 (2.0 in 2000, 2.1 in 2002, 

2.2 in 2005), and finally 3.0 in 2009.  The next major version of LEED is expected in 

2012.   
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Sample 

To limit external variance, this study focuses on US projects certified under LEED for 

New Construction and Major Renovations (LEED-NC) in versions 2.0, 2.1, and 2.2.  I 

focused on new construction for two main reasons.  First, this particular rating system 

includes credits that refer to both modular and integral innovations, whereas other 

rating systems such as core and shell largely do not.  Second, because this is the most 

common rating system, it had the most data available.  Further, because transitions 

between major LEED versions usually involve dramatic changes, I focused on the one 

version that had the most data available: Version Two (2.0, 2.1, 2.2). 

These criteria yielded a database of 112 building projects.  Of the 147 case 

studies on the USGBC website, 142 are in the US and 129 are LEED-NC 2.0, 2.1, and 

2.2.  Of these, seventeen do not have LEED scorecards attached, which are important 

tools to verify that they indeed installed the technologies they claim on their self-

provided descriptions.  Thus, my sample of 112 building projects consists of all the 

new construction projects in the US that had both project descriptions and LEED 

scorecards available on the USGBC website and were certified under LEED version 2.  

Appendix A lists the names, project websites, and some characteristics of the 112 

projects in the sample. 

The buildings in my sample represent a wide variety of building types and 

sizes, owners, geographies, and procurement methods.  All were registered with the 

USGBC between 2000 and 2007 and certified between 2000 and 2009.  A third of the 

projects in my sample are commercial office buildings, a quarter are educational 

buildings, and the remaining include multi-unit residential buildings, assembly or 

interpretive centers, laboratories, health care facilities, public order or safety buildings, 

and military facilities.  See Figure 9 below.  
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Figure 9: Project Types in the Sample 

   

Building ownership is approximately spilt into three types: government (36%), non-

profit organizations (33%), and profit organizations (25%).  Building sizes range from 

approximately 3,000 to 1.5 million square feet, with an average size of 120,000 square 

feet and a standard deviation of 190,000sf.  Project costs range from $350 thousand to 

$165 million, with an average of $26 million and a standard deviation of $33 million.  

Hard costs per square foot range from $59 to $345, with an average of $179 and a 

standard deviation of $75.  Soft costs per square foot range from $3 to $310, with an 

average of $53 and a standard deviation of $66.  The projects are well distributed 

geographically.  See Figure 10 below. 

 

 
Figure 10: Geographical Distribution in the Sample 
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Most of the projects were certified under LEED-NC 2.0 (56%) or LEED-NC 2.1 

(41%), with only four projects under LEED-NC 2.2 (3%).  Procurement information 

was available for only 59 of the 112 projects.  Of those, the two most common 

procurement methods were the traditional design-bid-build (23 projects) and the more 

integrated design-build (26 projects).  

LEED scores in the sample range from 21 to 61, with an average of 39 and a 

standard deviation of 9 points.  My sample is somewhat skewed toward “trophy 

buildings”.  Whereas in the overall population of certified projects only 5% are 

platinum, in this detailed sample 20% achieved platinum certification.  Figure 11 

below shows the distribution of certification levels among this detailed sample and the 

overall population.  This, however, does not cast a shadow on the results.  My aim is 

not to investigate LEED-certified buildings, and therefore I do not need a 

representative sample of such buildings.  Instead, I am investigating the factors that 

affect technology implementations.    

 

 
Figure 11: LEED Scores in the Sample and in the Overall Population 
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Measures 

Dependent Variable 

The main dependent variable was implementation.  With 112 projects and 23 

technologies, there were 2,576 possible occasions for technologies to be implemented.  

When a technology was implemented, the event was coded as “1” and when a 

technology was not implemented, the event was coded as “0”.     

The credits and points structure of the LEED system provides a clear measure 

of building technology implementation.  Points are awarded only once documentation 

has been submitted to prove that the requirements of particular credits were met.  

Thus, I cross-checked the list of technologies generated from project descriptions with 

the third-party verification provided by the LEED scorecards.  To make sure that no 

technology was missed or miscoded, each project description and LEED scorecard 

were read by three independent coders who were asked to list all the technologies that 

were implemented on each project.  Appendix B provides the list of technologies that 

were implemented on each of the 112 projects.  Overall, technologies were 

implemented in 28% of the time.   

Independent Variables 

I had two main independent variables in my study:  innovation integrality and team 

integration. 

Innovation Integrality 

In this study, I consider innovative technologies at varying levels from maturity – 

from very new to well established.  A technology is defined as any means to a human 

purpose (Arthur, 2009).  In this study, I examined only tangible product, such as 

fixture sensors and biomass.  Each is considered an individual module within the 

larger product that is the building. 

Each technology was coded as modular (=0) or integral (=1) as assessed by 

eight construction industry professionals.  For each technology, coding as modular or 

integral was done in relation to the most common basic technological alternative.  A 

technology was considered modular if it did not involve any alteration to interfaces 
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with adjacent modules or modifications in the design or installation process.  A 

technology was considered integral if the interfaces were changed, the design or 

installation processes were changed, or both.   

It is important to note that a technology can be modular in some respects and 

integral in others.  However, since coding technologies is a somewhat subjective 

process that depends on factors such as a person’s level of familiarity, the particular 

model of the technology, and the particular site descriptors, I chose to dichotomize 

innovation integrality for simplification and to achieve consensus in coding. 

Because one of the measures of team integration is ownership integration of 

the mechanical, electrical, and plumbing (MEP) trades, I focused only on technologies 

that related to these trades as assessed by two independent project managers at large 

US general contractors who are LEED accredited.   

The resulting list of technologies includes 23 technologies, twelve integral and 

eleven modular.  The list of technologies, along with coding details and explanations, 

is included in Appendix C. 

 

Supply Chain Integration 

Measuring supply chain integration was challenging.  First, given the large number of 

project members, it is unclear among which of them integration should be measured.  

All three types of integration (vertical, horizontal, and longitudinal) likely influence 

innovation implementation and are possibly interconnected.  Second, even once 

specific members are chosen, there is no consensus for what true integration among 

construction team members entails (Khanzode, 2010).   

In fact, in a study of construction project teams managed by award-winning 

managers on successfully completed projects, Baiden and colleagues (2006) found 

very little actual integration.  In spite of collocation, in eight out of the nine projects 

that were studied, project teams were unable to form a new, unified team identity.  

Instead, they “remained as individual sub-teams within their confined work spaces but 

collocated with others” (p. 18).  This suggests that co-location and frequent meetings 

might not enough to align interests and generate true integration. 
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To address these concerns and based on data availability, I use two indicators 

of integration in this study to construct a measure of supply chain integration.  The 

first is horizontal ownership integration of mechanical, electrical, and plumbing 

(MEP) firms.  I assume that horizontal ownership integration may increase the 

likelihood of longitudinal integration as well.  The second is procurement methods as 

a proxy for levels of vertical integration. 

Of the four types of integration proposed by Jasper and van den Ende (2006), 

namely ownership, coordination, task, and knowledge, my first indicator is horizontal 

ownership integration.  Although not necessarily indicative of knowledge and 

coordination integration, ownership integration might be positively related to 

increased information exchanges and more stable relations.  Further, the main reason 

contractors perform some of the tasks in-house rather than subcontract is to have better 

coordination and control (Eccles, 1981b).  Moreover, ownership integration is easily 

observable and can therefore be measured accurately and collected for quantitative 

analyses.  I focus on horizontal integration among mechanical, electrical, and 

plumbing engineering (MEP) firms.  I chose these trades because of the central role 

that they play in building technologies in general and in energy efficiency in 

particular.  In fact, MEP systems make up approximately 40-60% of total project costs 

(Khanzode, 2010).  Further, there are many modular and integral MEP-related 

technologies.   

I discerned horizontal ownership integration among MEP firms from the list of 

the key project participants in the detailed project descriptions.  I coded a project team 

as integrated (=1) when the mechanical, electrical, and plumbing engineers worked at 

the same firm.  I coded a project team is not integrated (=0) when the mechanical, 

electrical, and plumbing engineers came from three separate firms. 

Of the 112 projects in my sample, only 55 list the names of the mechanical, 

electrical, and plumbing (MEP) engineering firms that were involved and fell into the 

full MEP integration (1) or no integration (0).  I excluded projects that did not fit into 

either category of completely integrated or completely fragmented.  In other words, 

projects in which only two functions were integrated were excluded from the analyses 

rather than being included in one of the two categories. 
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There are almost no statistically significant differences between the 55 projects 

that are either fully integrated along their MEP functions or not integrated at all, and 

the remaining 57 projects in my sample that did not fit into either category or had 

missing data.  I conducted an Analysis of Variance (ANOVA) to compare the two 

samples on the number of LEED points achieved, owner type, building size, project 

type, registration year, procurement method, and total project costs.  The only 

statistically significant difference is in owner type: For-profit owner organizations 

were more likely to provide information on MEP firms.  Thirty six percent of projects 

that provided MEP information were for-profit organizations as compared to 14% of 

those that did not provide this information (F=7.467, p=.007).  There were no other 

statistically significant differences. 

The second indicator of supply chain integration I used is based on 

procurement methods as proxies for vertical integration.  I consider projects procured 

with the traditional design-bid-build (D-B-B) approach as not integrated (=0).  This 

procurement approach is characterized by vertical fragmentation with separate design 

and construction contracts.  I consider projects procured with the more vertically 

integrated design-build (D-B) approach as integrated (=1).  This procurement 

approach is characterized by a single contract between the owner and an entity 

responsible for both design and construction.  By definition, this process involves a 

greater degree of vertical integration among project members.  It is a newer, fast-track 

approach that is becoming increasingly common.     

Procurement information was available in the project descriptions of 49 of the 

112 projects in my sample.  Twenty six of those fifty are design-build projects and 

twenty three are design-bid-build.  The remaining sixty three projects do not provide 

any information on procurement approach (53 projects).  The remaining ten projects 

represent a variety of other procurement approaches, each with too few projects to be 

included in the statistical analyses.  Perhaps the most interesting of these is Integrated 

Project Delivery (IPD), which represents “the highest form of collaboration [today] 

because all three parties (Owner, Architect, Constructor) are aligned by a single 

contract” (AGC, 2011).  However, only four projects were procured via this method 

and will therefore be investigated in a future study using a larger sample. 
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Again, there are almost no statistically significant differences between the 49 

D-B and D-B-B projects and the others.  I conducted an Analysis of Variance 

(ANOVA) to compare the two samples on the number of LEED points achieved, 

owner type, building size, project type, registration year, and total project costs.  The 

only statistically significant difference is again owner type: Non-profit owner 

organizations were less likely to provide procurement information than other owner 

types.  Twenty two percent of projects that provided procurement information were 

non-profit organizations as compared to 44% of those that did not provide this 

information (F=4.818, p=.03).  There were no other statistically significant 

differences. 

Using these two indicators of horizontal and vertical integration, I construct a 

three-level measure of integration.  I compare projects without any integration (neither 

vertical nor horizontal), projects with only one type of integration (either vertical or 

horizontal), and projects with both types of integration (vertical and horizontal).  See 

Figure 12 below.  In my analyses, I combine the two medium categories as there is no 

clear theoretical justification to assume that one would be better than the other.  

Appendix D lists the integration codes for each project. 

 

 
Figure 12: Integration Levels 
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Control Variables 

I chose a set of controls based on those variables that prior literature and my 

background interviews suggested could influence technology implementation.  Given 

the nested structure of my data of opportunities to implement multiple technologies 

per building project, I have both technology-level controls and building level-controls.  

At the technology level, I control for technology costs.  At the project level, I control 

for registration year, owner type, LEED score, average MEP firm size, and MEP core 

values.   

Technology Cost 

Initial interview suggested that the main factor that is taken into account when 

deciding which technologies to install in a particular building project is cost.  Thus, I 

control for technology cost, measured as the added cost over the most common 

alternative technology in dollars per square foot of building space.  This 

standardization allows me to compare the incremental cost of an innovative 

technology across technologies and buildings. 

Since such cost data is not readily available, I sought to estimate the costs from 

the bottom up.  To do so, I enlisted the help of Mr. Peter Morris, a world-renowned 

expert in cost estimations of green buildings.  Morris is a Principal with the global 

consultancy firm Davis Langdon, where he heads the firm’s research initiative.  

Further, he is the Chair of the US Green Building Council’s Research Committee.  He 

is the author of several highly cited publications on the costs of green buildings 

(Matthiessen & Morris, 2004, 2007; Morris, 2007).   

Leveraging over twenty five years of experience in construction cost planning 

and management, Morris estimated the added costs that each technology in my sample 

would represent in a typical two-story 50,000 square foot office building.  The exact 

calculations for each technology are included in Appendix E.  These were 

corroborated with the calculations of another experienced cost estimator, Mr. Pete 

Samaras of DPR Construction, Inc.      

The added technology costs over the basic and most common alternatives in 

dollars per square foot range from zero (no cost premium) to $40/sf, with an average 
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of $7.07/sf and a standard deviation of $8.94.  Modular technologies cost an added 

$3.12/sf on average (SD=$3.54, min=$0, max=$11.25).  Integral technologies cost on 

average $10.10/sf (SD=10.69, min=$0.70, max=$40). 

Since the projects in my sample were registered with the USGBC between 

2000 and 2007, I adjusted the cost estimations for each technology based on inflation 

as well as changes in technology costs.  I used Engineering News Record’s 

Construction Cost Index (CCI) as a measure of inflation.  To account for changing real 

technology prices as innovations scale up over time, I interviewed Morris as well as 

well as an estimator from a large US general contracting firm and asked about pricing 

trends for each of the technologies.  My calculations of inflation and changing 

technology prices are included in Appendix E.  Part 1 describes how the added cost 

per square foot was calculated for 2011.  Part 2 includes the multipliers for the CCI 

and the drops in technology prices.  Part 3 includes the real technology prices from 

2000 to 2011.   

Year 

Because of the heightened effect that market fluctuations have on the construction 

industry, I include the year that each project was registered with LEED as a control.  I 

chose to focus on registration year rather than certification year because most 

technology decisions are made around the registration time rather than the certification 

time.  Date information was downloaded directly from the USGBC website.  Projects 

were registered between 2000 and 2007.  The distribution of projects over time is 

presented in Figure 13.   
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Figure 13: Sample Yearly Distribution 

 

Owner Type 

A project’s owner is generally assumed to have a large influence on building design 

decisions, including which technologies to implement.  Thus, I include the owner type 

(government, non-profit, or for-profit organization) as a control.  This information is 

provided via direct download from the USGBC website and does not require 

additional coding.    

Building ownership is approximately equally split into three types: government 

(36%), non-profit organizations (33%), and for-profit organizations (25%), with the 

remaining 6% classified as “other”.  Rather than code each owner type as a separate 

variable, I first explored the differences in implementation rates among owner types.  I 

found that there are almost no significant differences between owner types, as 

variation within each category was greater than variation between categories.  

Nonetheless, there was only one owner type that seemed to have slightly higher rates 

of technology implementations: Profit organizations implement slightly more 

innovations than government and non-profit owners (32% versus 28%, F=2.994, 

p=.084).  Although not statistically significant at the p<.05 level, this approaches 

significance.  Therefore, I include a dummy code for the owner type, with “1” 
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signifying that the owner is a profit organization and “0” signifying that the owner is 

not a profit organization. 

LEED Score 

LEED points are awarded when a building has met particular credit requirements, and 

many credits are linked to technological implementations.  Thus, the more LEED 

points a project has, the more technologies were likely implemented.  See the scatter 

plot in Figure 14 below for a visual representation of this relationship.  Due to this 

relationship, each project’s LEED score was used as a control. 

 

 

 
Figure 14:  LEED Scores and Technology Implementation 

 

 

Firm Size 

Since I am examining the effects of ownership integration among mechanical, 

electrical, and plumbing engineering firms, I include two control variables related to 
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I obtained information about firm sizes from each firm’s website.  Firm 

websites almost always included an indication of approximately how big the firm is, 

but there was generally no information about the exact number of employees.  Instead, 

firms often wrote “over X employees”.  Thus, I coded small firms (=1) as those with 

0-30 employees, medium firms (=2) as those with 31-100 employees, and large firms 

(=3) as those with 101 employees or more.   

Firm Core Value 

The second control variable related to the MEP firms is core value.  Firms tend to list 

on their websites their mission statements and core values.  Many firms list more than 

one core value, but one is generally most prominent.  Common values that are 

mentioned were teamwork, innovation, and sustainability.  Of these, the two most 

relevant for the type of technologies that are included in my sample are sustainability 

and innovation.  I predicted that firms that state sustainability or innovation as their 

main value are more likely to include innovations related to sustainability in their 

designs.  Although these decisions are ultimately an owner’s choice, engineers could 

influence those decisions and convince owners and project managers of the merits of 

particular technologies.  I created a dummy variable to account for whether any of the 

MEP firms on a given project indicated that either sustainability or innovation is their 

core value (=1) or not (=0). 

Analytic Approach 

I used logistic regression to test the probability that a technology will be implemented 

in a building project.  Each of the 23 technologies can be implemented in any of the 

112 building projects, so there are 2576 implementation opportunities.  The number of 

observations equals the total number of implementation opportunities.  Since in each 

implementation opportunity a technology was either implemented or not, I use binary 

logistic regression. 

Given the nested structure of my data of multiple technologies per project, I 

used Generalized Estimating Equations (GEE) regression method.  The GEE method 

is an extension to the array of General Linear Models (GLMs).  The main difference is 
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that GLMs generally use maximum likelihood methods for independent observations 

(Hardin & Hilbe, 2003), whereas the GEE method is based on quasi-likelihood 

without assuming anything about the distribution of observations. 

The GEE method controls for subject-level heterogeneity by accounting for the 

autocorrelation among the multiple observations per subject (Liang & Zeger, 1986) 

and is therefore an appropriate regression method for data with multiple or repeated 

measures for each subject.  The GEE method is commonly used in biomedical data 

such as longitudinal clinical and epidemiological studies (Cui, 2007; Hardin & Hilbe, 

2003; Pan, 2001).   

In my sample, the subject variables are the building projects and the within 

subject variables are the technologies.  I have assumed an independent working 

correlation matrix and used a robust estimator covariance matrix.  All variables are 

centered.   
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CHAPTER 5 – RESULTS 

Descriptives and Correlations 

Table 4 includes descriptive statistics and correlations for the variables.  On average, 

technologies were implemented in 28% of all possible opportunities.  The independent 

variables have a high degree of variance.  The correlation matrix reveals low 

correlations among independent variables.  Most correlations are below 0.3.  The only 

two exceptions are a correlation of 0.38 between innovation integrality and cost, and a 

0.44 correlation between team integration and the owner being a for-profit 

organization.  Nonetheless, these correlations are sufficiently low to be included and 

not cause concern.  Moreover, regressions in which these were omitted reveal the 

same result patterns. 

Some relationships are interesting and worth noting.  Innovation integrality is 

negatively correlated with implementation (r=-.25).  Thus, I expect to find support for 

the first hypothesis, which states that integral technologies are less likely to be 

implemented than modular ones.  Cost is also negatively correlated with 

implementation (r=-.22), as expected.  The more expensive a technology is, the less 

likely it is to be implemented.  Innovation integrality is correlated with cost (r=.38), as 

integral innovations tend to be more expensive than modular ones.  Profit 

organizations tend to select more integrated teams (r=.44), but they tend to obtain 

lower LEED scores (r=-.12).  As the years in my sample passed, projects tended to 

include more integrated teams (r=.24) and achieve higher LEED scores (r=.23).  

LEED scores are in themselves correlated with team integration (r=.12).  Higher 

LEED scores have a very weak association with technology implementation.  

Although the correlation is statistically significant at the p<.001 level, the practical 

significance is nonexistent since the pearson r score is 0.07.   Integrated teams tend to 

include smaller MEP firms (r=-.25) and indicate that innovation or sustainability is 

their core value (r=.24).  
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Table 4: Descriptives and Correlations 

 

 

Regression Analyses 

Tables 5 and 6 report the results for the GEE logistic regression analyses predicting 

the probability that a technology will be implemented.  Table 5 reports the effects of 

innovation integrality on implementation over and above a set of controls (H1) using 

my entire data set (112 projects, 2576 implementation opportunities).  Table 6 reports 

the same, but with team integration scores (H2) for the projects for which this 

information is available (23 projects, 528 implementation opportunities).  To test each 

model’s fit, I rely on Pan’s (2001) quasi-likelihood under the independence (QIC) 

model criterion.  It is an alternative to Akaike’s information criterion that is widely 

used for model selection in general linear models and is inapplicable for GEE (Pan, 

2001).  Lower QIC score indicates a better model fit.   

Hypothesis 1 

My first hypothesis predicts that innovation integrality will be negatively correlated 

with implementation.  In other words, technologies that are integral are less likely to 

be implemented than modular ones.  I test this hypothesis with my entire sample (112 

projects, 2576 implementation opportunities).  As Table 5 reports, this hypothesis is 

confirmed.   

Descriptive Statistics and Correlations

Mean S.D. N 1 2 3 4 5 6 7 8

1 Implementation 0.28 0.45 2,599

2 Innovation span 0.52 0.50 2,599 -0.25***

3 Integration 2.04 0.68 551 0.06 -.002

4 Cost 5.86 6.66 2,599 -0.22*** 0.38*** 0.01

5 LEED score 39.12 8.96 2,599 0.07*** 0 0.12** 0.01

6 Profit organization 0.25 0.43 2,599 0.03 0 0.44*** .003 -0.12***

7 Year 2002 1.80 2,599 0.03 0 0.24*** 0.04* 0.23*** 0.10***

8 Firm size 1.66 0.74 2,116 -0.01 0 -0.25*** -.003 0.07** 0.02 -0.05*

9 Firm core values 0.87 0.34 2,116 0.01 0 0.24*** .003 0.07** 0.09*** 0.07*** 0.02

* p<.1, ** p<.01, *** p<.001; two-tailed tests.

Variable
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Table 5: Regression Results – Hypothesis 1 

 
 

 

Model 1 in Table 5 includes my main control variable – technology cost.  I ran it in a 

separate model because of an industry-wide consensus that costs play a central role in 

decision making about which technologies to implement.  Indeed, I find that costs are 

significantly correlated with implementation probability.  The negative coefficient 

indicates that the more expensive a technology is, the less likely it is that the 

technology will be implemented.   

In Model 2, I included additional controls – LEED score, whether the owner is 

a profit organization or not, and the year the project was registered with the USGBC.  

Among all control variables, cost is indeed the most important one.  LEED score is 

Variable Model 1 Model 2 Model 3
Intercept -1.04**** -1.05**** -1.07****

(.11) (.05) (.05)

Innovation span -.86****
(.09)

Controls
Cost -.11**** -.11**** -.08****

(.01) (.01) (.01)
LEED score .02**** .02****

(.004) (.005)
Profit organization .18* .19*

(.11) (.12)
Year .02 -.02

(.02) (.02)

Quasi Likelihood under Independence 
Model Criterion (QIC) 2920.68 2907.73 2832.99

GEE Logistic Analysis of the Likelihood of Technology Implementation (N = 112 
projects, 2576 implementation opportunities)

* p<.1, ** p<.05, *** p<.01, **** p<.001; two-tailed tests.  Robust standard errors are in 
parentheses.
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also a significant predictor of implementation, but the coefficient is extremely small 

(beta=.02), indicating that while the relationship is statistically significant, the 

practical significance is low.  In other words, a higher LEED score increases the 

likelihood of implementation only slightly.  An owner being a for-profit organization 

is positively associated with increased implementation, but the statistical significance 

is only borderline (p<.1).  Registration year is not a significant predictor of the 

likelihood that a technology will be implemented.   

Model 3 includes innovation integrality.  The negative and highly significant 

coefficient for innovation integrality (b=-.86, p<.001) provides a strong support for the 

first hypothesis.  Integral technologies have a lower probability of being implemented, 

even after accounting for technology costs, LEED score, owner type, and year.  

Further, a comparison of the coefficients of all the predictors in the model reveals that 

innovation integrality has the greatest effect on the probability of implementation.  

Finally, the QIC scores indicate that the third model has the best fit. 

Hypothesis 2 

Hypothesis 2 predicts that the greater the amount of team integration, the more it will 

moderate the relationship between innovation integrality and implementation.  In other 

words, as integration increases from low to medium and from medium to high, so will 

the rate of implementation of integral, not modular, technologies.  I use only cases that 

have no missing data and therefore test this hypothesis with a reduced sample of 23 

projects totaling 528 implementation opportunities.   

Figure 15 below provides a simple visualization of the results in a graph of the 

average implementation rates of modular and integral innovations by supply chains 

with low, medium, and high integration.  Consistent with the hypothesis, the rate of 

implementation of modular technologies does not vary by the extent of team 

integration.  High and low integrated teams implement on average the same number of 

modular innovations (47% of all implementation opportunities), and medium 

integrated teams implement slightly fewer modular innovations (44%).  In contrast, as 

predicted the rate of implementation of integral innovations increases as team 
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integration increases: Low integrated teams implement only 10% of all possible 

integral innovations, medium integrated teams 18%, and high integrated teams 26%. 

 

 

 
Figure 15: Integration Levels and Innovation Implementation 

 

 

The regression analyses presented in Table 6 are consistent with the simple 

visualization and confirm Hypothesis 2.  The first two models in Table 6 replicate 

Table 5 and demonstrate the same results.  Model 1 includes all the control variables.  

Technology cost and project owner type are highly significant.  The coefficient for 

cost is negative (b=-.11, p<.001), indicating that the more expensive a technology is, 

the less likely it is to be implemented.  The coefficient for the owner being a profit 

organization is positive (b=.55, p<.01), indicating that in projects with for-profit 

owners, technologies are more likely to be implemented than in projects with other 

owner types.  Interestingly, the coefficient for firm core value is almost significant 

(b=-.36, p<.1), indicating that firms that state that innovation or sustainability is a core 

value of theirs are less likely to implement the technologies in the sample.  Year and 

firm size are not significant, along with LEED score (which was statistically 

significant in the full sample, although even than practically insignificant). 
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Table 6: Regression Results – Hypothesis 2, Full Model 

 
   

Variable Model 1 Model 2 Model 3 Model 4
Intercept -1.006**** -1.04**** -1.104**** -1.3****

(.10) (.10) (.17) (.20)

Innovation span -1.02**** -1.02**** -1.82****
(.17) (.17) (.32)

Team integration (High) .31 .52*
(.28) (.31)

Team integration (Medium) .03 .21
(.27) (.29)

Innovation span X Team integration 
(High) 1.34***

(.39)

Innovation span X Team integration 
(Medium) .84**

(.40)

Controls
Cost -.11**** -.08**** -.08**** -.08****

(.02) (.02) (.02) (.02)
LEED score .005 .005 .001 .001

(.01) (.01) (.01) (.01)
Profit organization .55*** .58*** .51** .50**

(.20) (.20) (.23) (.22)
Year -.04 -.05 -.05 -.05

(.06) (.06) (.05) (.05)
Firm size .17 .18 .17 .17

(.11) (.11) (.11) (.11)
Firm core values -.36* -.38* -.44** -.47**

(.22) (.23) (.22) (.22)

Quasi Likelihood under Independence 
Model Criterion (QIC) 620.47 599.29 599.92 596.71

* p<.1, ** p<.05, *** p<.01, **** p<.001; two-tailed tests.  Robust standard errors are in parentheses.

GEE Logistic Analysis of the Likelihood of Technology Implementation (N = 23 projects, 528 
implementation opportunities)
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Model 2 introduces innovation integrality.  The results are identical to those obtained 

using the full sample: Innovation integrality is negatively and significantly predictive 

of implementation (b=-1.02, p<.001), over and above the control variables.  The QIC 

improves when innovation integrality is entered into the model. 

Model 3 introduces the main effect for team integration.  Since this variable is 

a factor, two variables were entered into the model.  The first is high team integration 

as compared to low, and the second is medium team integration as compared to low.  

Both failed to achieve statistical significance.  In other words, team integration does 

not significantly affect the probability of technology implementation.  Further, the 

QIC score is essentially the same in models 2 and 3, indicating that adding the main 

effect of team integration did not improve the model.   

Model 4 includes the interaction terms between innovation integrality and high 

and medium team integration.  Both are positive and significant.  The non-significant 

main effects for team integration but the positive and significant interaction terms 

confirm my second hypothesis.  Team integration does not have a general effect on 

technology implementations.  However, integration does increase the likelihood of 

implementation of integral innovations (but not modular).  The coefficient for high 

team integration (b=1.34, p<.01) is both higher and more significant than the 

coefficient for medium team integration (b=.84, p<.05), indicating that as teams 

become more integrated, the likelihood of technology implementation increases.  In 

other words, the combination of vertical and horizontal integration yields greater 

implementation of integral technologies than just one type of integration (either 

vertical or horizontal).  Both are better than no integration at all. 

The coefficients from the final model (Model 4 in Table 6) were used to 

calculate the effect sizes of the various variables and are listed in Table 7.  A few 

effects are especially noteworthy.  The odds of implementation of integral innovations 

are 84% lower than for modular innovations.  This effect is dramatic, especially in 

comparison to the smaller effect of technology costs, which decrease by a mere 8% for 

every dollar increase in cost above a standard technological alternative per square foot 

of building space.  Cost becomes a more critical factor when the increase is greater 
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than $11 per square foot, which is only the case for five of the twenty three 

technologies in this study.  Even more dramatic, integral innovations have 186% 

higher odds of implementation if the supply chain is characterized by medium as 

compared to low integration, and 542% higher odds of implementation if the supply 

chain is characterized by high and compared to low integration. 

 

       

Table 7:  Effect Sizes 

 

 

Sensitivity Analysis 

I tested the robustness of my findings using alternative measures for team integration.  

Instead of testing the effects of low, medium, and high integration, I entered horizontal 

and vertical integration as separate variables, as well as their interaction.  The 

sensitivity analysis is presented in Appendix F and demonstrates the robustness of my 

findings.   

Variable Coefficient Effect Size
Innovation span -1.82**** -84%
Integration (High) .52* 68%
Integration (Medium) .21 23%
Innovation span X Integration (High) 1.34*** 542%
Innovation span X Integration (Medium) .84** 186%

Controls
Cost -.08**** -8%
LEED score .001 0%
Profit organization .50** 65%
Year -.05 -5%
Firm size .17 19%

Firm core values -.47** -37%

Effect Size Calculations

Calculations:  effect size = (EXP(coefficient)-1*100%



103 

 

Additional Analyses 

LEED has recently been under attack for not significantly reducing energy use.  While 

some studies found that LEED-certified buildings use less energy per floor area than 

conventional buildings (Fowler & Rauch, 2008), more recent analyses reveal that 

many LEED-certified buildings actually use more energy than their conventional 

counterparts (Newsham, Mancini, & Birt, 2009; Scofield, 2009).  In a re-analysis of 

US Green Building Council data on 100 LEED-certified buildings, Scofield (2009) 

found that the average energy consumption by LEED-certified buildings is higher than 

that of their conventional counterparts, or at best equivalent, depending on whether 

low- and high- energy buildings were included in the sample.  Moreover, there appears 

to be no significant reduction in greenhouse gas emissions (Scofield, 2009).  

Newsham and colleagues (2009) found that the LEED certification level and the 

number of energy credits achieved by the building during its design stage have little 

correlation with its eventual energy performance.  Several explanations have been 

offered for this disturbing finding.  The primary reason that is most often cited is that 

LEED does not measure actual energy reduction, but instead is based on energy 

modeling.  In other words, documentation that predicts how much energy the building 

will save is submitted, and a building is awarded energy-reduction points.   

I suspected that the problem lies with the way that LEED scorecards are 

structured.  The majority of credits can be obtained without implementing any integral 

innovations such as building management system, which is necessary for true systemic 

improvement and dramatic energy use reduction.  Thus, I tested the correlation 

between the ratio between the percentage of integral and modular technologies that 

were implemented on a project and the project’s LEED score.  Although the overall 

rate of technology implementation slightly increases as LEED scores increase (Figure 

14), LEED scores have no effect on the ratio between integral and modular 

technologies on a project (Figure 16).  This suggests that projects obtain high LEED 

scores without significantly increasing the percentage of integral technologies that 

they include.   
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Figure 16: LEED Scores and Innovation Integrality 

 

 

Further, I tabulated the frequencies of credits to explore which ones are almost always 

obtained, and which are rare.  I found that the credits that are almost always achieved 

(on over 90% of projects), tend to be the simpler ones that refer to modular 

technologies or non-technologies.  On the other hand, very few projects achieve the 

more difficult credits that refer to integral technologies.  See Table 8 below for the 

complete list.  
 

Table 8: LEED Credit Frequencies 
Credit 

ID Credit Name Count Percent of Total 

ID2 LEED Accredited Professional 112 100% 

ID1.1 Innovation in Design 111 99% 

IE4.3 Low-Emitting Materials, Carpet Systems 109 97% 

MR5.1 Regional Materials, 10% Extracted, Processed & Manufactured  107 96% 

MR4.1 Recycled Content, 10% (post-consumer + 1/2 pre-consumer) 104 93% 

WE1.1 Water Efficient Landscaping, Reduce by 50% 1 104 93% 

ID1.2 Innovation in Design 101 90% 

SS1 Site Selection 100 89% 

MR2.1 Construction Waste Management, Divert 50% from Disposal 99 88% 

IE4.2 Low-Emitting Materials, Paints & Coatings 98 88% 

SS4.2 
Alternative Transportation, Bicycle Storage & Changing 
Rooms 93 83% 

IE4.1 Low-Emitting Materials, Adhesives & Sealants 91 81% 
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Credit 
ID Credit Name Count Percent of Total 

WE3.1 Water Use Reduction, 20% Reduction 90 80% 

IE7.1 Thermal Comfort, Design 89 79% 

SS4.4 Alternative Transportation, Parking Capacity 87 78% 

MR4.2 Recycled Content, 20% (post-consumer + 1/2 pre-consumer) 85 76% 

ID1.3 Innovation in Design 84 75% 

SS7.1 Heat Island Effect, Non-Roof 82 73% 

WE1.2 Water Efficient Landscaping, No Potable Use or No Irrigation 81 72% 

IE5 Indoor Chemical & Pollutant Source Control 81 72% 

SS7.2 Heat Island Effect, Roof 80 71% 

IE8.2 Daylight & Views, Views for 90% of Spaces 80 71% 

SS4.1 Alternative Transportation, Public Transportation 78 70% 

SS5.2 Site Development, Maximize Open Space 77 69% 

IE3.1 Construction IAQ Management Plan, During Construction 76 68% 

MR2.2 Construction Waste Management, Divert 75% from Disposal 76 68% 

MR5.2 Regional Materials, 20% Extracted, Processed & Manufactured  76 68% 

WE3.2 Water Use Reduction, 30% Reduction 74 66% 

IE7.2 Thermal Comfort, Verification 71 63% 

IE1 Outdoor Air Delivery Monitoring 71 63% 

ID1.4 Innovation in Design 70 63% 

EA4 Enhanced Refrigerant Management 70 63% 

IE3.2 Construction IAQ Management Plan, Before Occupancy 69 62% 

EA3 Enhanced Commissioning 65 58% 

SS6.1 Stormwater Design, Quantity Control 60 54% 

EA6 Green Power 59 53% 

SS8 Light Pollution Reduction 58 52% 

IE4.4 Low-Emitting Materials, Composite Wood & Agrifiber Products 57 51% 

IE8.1 Daylight & Views, Daylight 75% of Spaces 57 51% 

SS6.2 Stormwater Design, Quality Control 55 49% 

IE6.1 Controllability of Systems, Lighting 53 47% 

SS4.3 
Alternative Transportation, Low-Emitting & Fuel Efficient 
Vehicles 50 45% 

SS5.1 Site Development, Protect or Restore Habitat 44 39% 

IE2 Increased Ventilation 41 37% 

SS2 Development Density & Community Connectivity 41 37% 

EA5 Measurement & Verification 39 35% 

MR7 Certified Wood 38 34% 

EA2.1 On-Site Renewable Energy (2.5%) 37 33% 

IE6.2 Controllability of Systems, Thermal Comfort 36 32% 
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Credit 
ID Credit Name Count Percent of Total 

SS3 Brownfield Redevelopment 33 29% 

WE2 Innovative Wastewater Technologies 32 29% 

EA2.2 On-Site Renewable Energy (7.5%) 23 21% 

EA2.3 On-Site Renewable Energy (12.5%) 22 20% 

MR3.1 Materials Reuse, 5% 17 15% 

MR1.1 
Building Reuse, Maintain 75% of Existing Walls, Floors & 
Roof 16 14% 

MR6 Rapidly Renewable Materials 15 13% 

MR1.2 
Building Reuse, Maintain 95% of Existing Walls, Floors & 
Roof 9 8% 

MR3.2 Materials Reuse, 10% 6 5% 

MR1.3 
Building Reuse, Maintain 50% of Interior Non-Structural 
Elements 6 5% 

 

 

Results Summary 

I found support for both hypotheses.  Integral innovations are less likely to be 

implemented (84% lower odds).  This is true over and above the effects of cost, year, 

LEED score, owner type, firm size, and firm core values (H1).  Team integration 

moderates this negative relationship.  The more integrated the team, the more likely 

are integral innovations to be implemented without any effect on modular innovations 

(H2).  Medium integration increases the odds of implementation by 186% when 

compared to low integration, and high integration increases the odds by 542% when 

compared to low integration. 
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CHAPTER 6 – DISCUSSION 

In this dissertation, I examined the effects of technologies’ alignment with existing 

industry standards, integration processes, and craft traditions on adoption and 

implementation.  I demonstrated that technologies that are misaligned with current 

industry standards, craft traditions, supply chain boundaries, and work processes are 

significantly less likely to be implemented. Further, I demonstrated that combined 

horizontal and vertical supply chain integration increases the implementation rates of 

these misaligned integral technologies.  In this chapter, I discuss three general 

implications of these findings.  The first has to do with the limits of modular 

architectures.  The second is the nuanced role supply chain integration.  In the third, I 

discuss the strategic implications for firms attempting to innovate in modular 

industries. 

The Limits of Modularity 

The findings in this dissertation shed light on the limits of modular systems.  Modular 

systems are advantageous in reducing complexity (Simon, 1962) and even in 

increasing the rates of invention and adoption of modular innovations (Langolis & 

Robertson, 2003). But modularity has a detrimental effect on integral innovations:  

innovations that do not conform to existing system architectures, interfaces, and 

integration protocols have a low probability of adoption.  Industry members are likely 

to view innovations that deviate from current standards as illegitimate and risky, and 

are therefore less likely to adopt them.  Further, even in cases in which industry 

members decide to adopt the innovations, they must gain new knowledge of how to 

integrate them into the whole system.  By definition, old standards can no longer serve 

as a coordinating mechanism, and new routines need to be developed.   

These challenges make the adoption and implementation of integral 

innovations very difficult.  However, in vertically-integrated firms that control all 

aspects of design, production, and integration, central management can mandate and 

coordinate the transition, as well as the vast new learning that must take place.  

Similarly, in centralized modular clusters, the lead firm can serve a similar role.  For 
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example, Wal-Mart, the world’s largest retailer and a powerful lead firm within its 

global network of suppliers, mandated that its top 100 suppliers begin using radio 

frequency identification (RFID) on January 1, 2005 (Wu, Nystrom, Lin, & Yu, 2006).   

In contrast, firms in decentralized modular clusters rely on standardization of 

products, processes and worker training as a substitute coordinating mechanism for a 

central leader playing the role of system integrator.  Coordination among network 

members is facilitated by adherence to explicit and implicit rules and architectures.  

When an integral innovation is introduced that requires changes to these rules and 

architectures, the only existing coordinating mechanism is lost, with nothing to readily 

replace it. This yields very low adoption rates. 

Given the importance of innovation to organization and industry development 

and survival, and the greater system-wide benefits that integral innovations can often 

provide in comparison to their modular counterparts, it is clear that modularity needs 

to be considered very carefully.  Ethiraj and Levinthal (2004) model the effects of 

over-modularity on innovation and demonstrate that it hinders any possibility of 

change.  I argue that any kind of modularity—not only over-modularity—is a 

hindrance to integral innovations.   

Toward a Richer View of Integration 

Research across industries has found a positive correlation between integration and 

organizational performance (e.g., Barki & Pinsonneault, 2005; Barney, 1991; Hoegl, 

et al., 2004).  This dissertation provides additional support for this assertion and 

demonstrates the important role that integration has when it comes to integral 

innovations.  I compared three levels of integration: Low (neither vertical nor 

horizontal integration), medium (either vertical or horizontal), and high (both vertical 

and horizontal).  I found that as the level of integration increased, so did the likelihood 

of implementation of integral innovations.  Integral innovations have 186% higher 

odds of implementation if the supply chain is characterized by medium as compared to 

low integration, and 542% higher odds of implementation if the supply chain is 

characterized by high and compared to low integration.     
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The positive effect of supply chain integration on the adoption rate of integral 

innovations can be explained by several mechanisms.  When the supply chain is 

integrated, coordinating the changed standards and procedures brought about by the 

innovation is easier.  Further, integrated teams have broader expertise which helps 

them to better understand the system-wide effects that integral innovations bring 

about.  Moreover, integrated teams are also more likely to adopt a broader lens and a 

system-wide perspective, and therefore to welcome and even promote global 

improvements.  The horizontal and vertical integration of the supply chain also helps 

align the diverse interests of the disparate players.  Finally, integration helps bridge the 

abyss between silos of professions and fosters trust development and knowledge 

sharing.   

While this research clearly demonstrates some of the advantages of integration, 

it also suggests that the effects of integration on innovation implementation are more 

nuanced.  The main effect for integration was not significant in the regressions.  In 

other words, when the distinction between modular vs. integral innovations was not 

taken into account, supply chain integration had no effect on the likelihood of 

innovation implementation.  It was only the interaction term between integration and 

innovation integrality that was significant.  Thus, I found no evidence for any 

advantage to integration when it comes to modular innovations.  Modular innovations 

fit within existing system architectures and protocols and can rely on those to 

coordinate their integration into the whole system.  No new architectural knowledge 

needs to be gained in order to implement them, they are likely viewed as more 

legitimate, and they do not require a deviation from standard integration processes.  

Thus, supply chain integration offers no benefits.  In fact, the low- and high-integrated 

projects in my sample implemented exactly the same number of modular innovations 

(47% of all possible opportunities).   

Moreover, not only is supply chain integration unhelpful when it comes to 

modular innovations, it can be even detrimental.  Literature has indeed found a 

positive correlation between localized innovations (modular) and industry modularity.  

Thus, integrating could lower the rate of modular innovations.  Further, integrated 

firms with greater responsibility and higher capital costs bear a greater amount of risk.  
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In high velocity industries, or in industries plagued by extreme fluctuations in demand 

as I have described in Chapter Two, integration id costly to manage and can be 

dangerous.  Moreover, while integration can be helpful in integral innovation 

adoption, if the firms remain integrated across certain specialty areas, they may be ill-

suited to deal with the next wave of integral innovations that involve different 

combinations of specialty areas.  For example, Afuah (2001) found that vertically 

integrated firms outperformed non-integrated ones when a new technology was 

introduced.  However, if those same firms remained integrated when a newer 

technology was introduced, they performed worse than firms that were not integrated.  

Integration can clearly be a double-edged sword, and should be applied strategically. 

Strategic Integration of Supply Chains 

As I have discussed, supply chain integration can be a power tool to drive innovation 

adoption, but it is not always beneficial and can actually be suboptimal in some cases.  

However, if used strategically, supply chain integration can be help firms introduce 

integral innovations to mainstream markets and “cross the chasm” (Moore, 2002).  

Even in mature and extremely fragmented industries, such as construction, the supply 

chain can be deliberately reintegrated to define new and broader scope modules in 

order to diffuse integral innovations, thereby essentially transforming them into 

modular innovations (Sheffer & Levitt, 2010b).   

When a new integral product is developed in an industry characterized by 

decentralized modular clusters, initially primarily the manufacturer understands how 

the product can be integrated, and even the manufacturer way be unaware of 

unintended and disruptive impacts on related firms in the supply chain.  Other industry 

members lack the knowledge, and possibly the incentives, to promote the innovation.  

In this case, extreme integration in the form of providing a complete solution to the 

market can be an appropriate strategy.  Alternatively, the manufacturer could develop 

stable alliances, which essentially mimic integration.   

As the product begins to penetrate the market and more individuals develop 

expertise, the manufacturer could begin to focus on production, and third-party agents 

can take over the integration process.  In fact, supply-side agents, such as technology 



111 

 

solution providers and consultants, have been shown to play an important role in 

innovation adoption (Attewell, 1992; J. Ettlie & Reza, 1992; Von Hippel, 1988; 

Weigelt & Sarkar, 2009).  The main role that supply-side agents play is to serve as 

mediators between a technology and adopting firms.  They help potential adopters 

overcome knowledge barriers and assist in implementation and training.  The 

manufacturer can also take on a similar consulting role and train industry members in 

how to integrate the technology.   

With repeated experience, the integrating firm and its suppliers will discover 

problems with current modules and their interfaces and will standardize new sub-

modules and interface protocols between the sub-modules that comprise this new, 

higher level module.  This will allow the sub-modules to be outsourced and purchased 

through competitive bidding within a new configuration of the modular clusters in the 

supply-chain once the firms within the swim lane have learned how to produce and 

integrate the newly standardized modules involved in this innovation.  This selective 

debugging and refinement of problematic interfaces between modules eventually 

allows re-fragmentation of the supply-chain and successive modular innovation of its 

new set of component modules, as described by Petroski (1994) and Ethiraj and 

Levinthal (2004). 

Eventually as the technology gains enough market share and new standards 

develop to include it, the industry can once again fragment, the now-standard modules 

can again be procured through competitive bidding, and third parties are no longer 

necessary.  Figure 17 graphically depicts this model.   
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Figure 17: Strategic Integration Model 

    

 

For example, the construction industry is currently in the early stages of reorganizing 

itself to define a new broad-scoped modular cluster for “intelligent building control 

systems.”  Initially a single manufacturing firm such as Johnson Controls has 

integrated more than 200 firms to provide a vertically and horizontally integrated 

solution for centrally managed energy systems in buildings to its clients, all the way 

from requirement specifications, product sale, installation and integration to related 

building modules, calibration, and maintenance.  Eventually, as each of the new 

technologies in this new “super-module” becomes industry standards, and the existing 

electrical and mechanical trade contractors and their workers can readily estimate, 

supply and install them as new kinds of modular technologies, specialization will once 

again be more economical across successive economic cycles and the supply chain 

will likely re-fragment.   

Another example is SolarCity.  According to the company’s website, 

“SolarCity is the nation’s leading full-service solar provider for homeowners, business 

and government organizations – the first company to provide solar power system 

design, financing, installation and monitoring services from a single source” 

(SolarCity, 2011).  SolarCity’s business model not only serves to overcome 

knowledge barriers, but more importantly offers a financing mechanism to reduce 

clients’ risks and overcome the problem of broken agency.  SolarCity bears all the 
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capital costs and charges a monthly solar lease.  Clients’ saving in energy use 

surpasses the lease amount, thereby making this an attractive arrangement for both 

parties. 

An interview with a Senior Project Manager at a large US general contracting 

firm revealed that manufacturers quite often install their products on site when they 

introduce new integral innovations, or at the very least are present on site during the 

installation to guide the contractors.  In fact, recent research in construction indicates 

that between one third and two-thirds of building products purchased by large 

contractors (who build over 500 homes per year) are installed on site by the product 

manufacturers (Baker, 2006).  Once the technology becomes more familiar, specialty 

contractors emerge.  Finally, once the technology becomes industry standard, the 

standard trades (e.g., plumbing, electrical, mechanical) take over and install it in 

buildings.  Examples of technologies that have come full cycle include daylight 

sensors and cooling towers.  Technologies such as radiant heating and a smart building 

façades are still installed by specialty contractors.  Newer technologies, such as the 

innovative and extremely integral RadiaGlass system by IntelliGlass, are offered as a 

complete solution and installed on site by the manufacturer (IntelliGlass, 2011).  

Although the examples have mostly focused on construction products, this model is 

applicable beyond the construction industry to any decentralized modular cluster.   
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CHAPTER 7 – CONCLUSION 

This dissertation is motivated by a practical problem: In spite of the plethora of energy 

efficient innovations that are technically-feasible and economically-attractive, most 

have failed to penetrate the market in large numbers.  I reviewed both the literature on 

innovation in the construction industry as well as the general management literature on 

innovation and modularity for possible explanations.   

A thorough review of literature on innovation in the construction industry has 

revealed a long laundry list of possible explanations.  While these serve as useful 

points of departure, there is currently no comprehensive framework that integrates the 

various factors.  Further, studies tend to remain theoretical and not include any data, 

focus on qualitative case studies, or conduct statistical analyses with small numbers of 

observations.  Large-N quantitative studies are rare.   

A review of the management literature on innovation and modularity has 

provided a useful categorization of innovations based on whether individual modules 

and/or the linkages among them are altered along with preliminary case studies that 

suggested that when linkages among modules are altered, firms struggle to adapt.  

Again, I could not identify a single large-N study to validate the insights 

quantitatively.  Moreover, a large body of literature that hails modularity as a catalyst 

for innovation, among other virtues, has not addressed the difficulties that integral 

innovations encounter in such systems.  Finally, the role of supply chain integration as 

a strategic solution has not been explored.   

I address these gaps in my dissertation.    I build on prior work and clarify the 

concept of innovation integrality and delineate modular versus integral innovations.  I 

construct a database of verifiable implementations of 23 different modular and integral 

technologies in 112 buildings, yielding 2576 implementation opportunities.  I control 

for technology costs and a host of other factors, and demonstrate the large and 

significant effect that innovation integrality has on the likelihood of implementation.  I 

discover the moderating effect of supply chain integration.  I explain the mechanisms 

that underlie these effects.  Finally, I develop a comprehensive model specific to the 
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construction industry that explains how some unique attributes of construction 

products results in particular industry arrangements, which, in turn, hinder the 

diffusion of innovations. 

Contributions to Theory 

This dissertation makes several contributions.  In the following sections, I highlight 

my main claimed contributions to theory and practice.   

Management Literature 

This dissertation makes three main contributions to the innovation and modularity 

bodies within the larger management literature.  First, I contribute to the architectural 

innovation literature by developing an integrated theory to explain the effects of 

innovation integrality on innovation implementation and diffusion, as well as 

providing empirical evidence that confirms the validity of this theory.  Second, I 

introduce the concept of innovation integrality into the modularity literature and 

caution against the overzealous use of modularity.  Third, I suggest and validate the 

positive moderating effect of supply chain integration as a strategic tool in facilitating 

the adoption of supply chain-spanning, “integral” innovations.  In addition, this 

dissertation enhances theories of product life cycle and provides an additional 

mechanism to explain the observed evolutionary patterns. 

Innovation Integrality 

I refine Henderson and Clark’s (1990) definition of incremental, modular, 

architectural, and radical innovations and Taylor and Levitt’s (2004) definition of 

incremental and systemic innovations to focus more precisely on an innovation’s 

alignment with existing system architecture, industry organization, and procedures.  

Despite a general acceptance of the assumption that integral innovations are more 

difficult to implement and thus are implemented less frequently, little empirical 

evidence exists to support this claim.  I fill this gap by examining 23 different 

innovations and empirically demonstrate that innovations that are misaligned with the 

product system architecture and industry’s supply chain and are less frequently 
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adopted.  The set of controls used in the regressions increases the validity of the 

findings.   

The Limits of Modularity 

I introduced a nuanced view of innovations into the literature on modularity.  Rather 

than discussing the amount of innovations produced, I demonstrate that the likelihood 

of adoption for innovations of different integrality levels is affected by industry 

modularity.  Further, in proving that integral innovations are stifled in decentralized 

modular clusters, I shed light on an important limit of modular systems.  Firms in 

decentralized modular clusters have a limited ability to adopt and implement integral 

innovations. 

Strategic Supply Chain Integration 

Prior literature has not connected innovation, modularity, and supply chain integration.  

This dissertation demonstrates the important interconnections between these concepts.  

I demonstrate the significant positive moderating effect of supply chain integration.  

This finding contributes to an enhanced appreciation of the role of teams in innovation 

implementation.  However, I demonstrate that this role is nuanced and is not always 

advantageous.  Finally, this finding suggests that integration can be used strategically 

to drive innovation adoption.  I begin to provide insights regarding a cyclical process 

of fragmentation and re-integration that occurs in industries over time.  This strategic 

process of bundling up and integrating supply chain modules into alliances or 

integrated firms can be used early on in an integral product’s lifecycle in order to gain 

market share.  Later on, the modules can be unbundled in order to increase 

competition and efficiency, and thereby to reduce costs, as the technologies become 

standardized through trial and error learning. 

Product Life Cycle 

Although a consistent picture has emerged in the various streams of research on 

product life cycles (PLC) in terms of evolutionary patterns, the mechanism that 

underlies these patterns remains a subject of debate.  Abernathy and Utterback (1978) 

explain that the pattern results from the changing goals of industry players before and 
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after the emergence of a dominant design.  Klepper (1996) highlights the role of 

incentives in shaping the PLC.  Moore (2005) focuses on consumer preferences.  This 

dissertation offers an alternative, supply-chain based explanation.  Rather than 

focusing on firms’ attention to product or process improvements, on economic 

incentives, or on consumer preferences, I demonstrate that the industry structure that 

results from the emergence of a dominant design is in itself prohibitive to the diffusion 

of integral innovations.   

Construction Literature 

This dissertation makes four main contributions to the literature on innovation in 

construction.  The first is a more comprehensive model of the structural barriers to 

innovation diffusion.  The second is empirical support for the critical influence of 

innovation integrality on the likelihood of innovation adoption and implementation 

over and above other factors.  The third is empirical support for the moderating effects 

of integration on the relationship between innovation integrality and innovation 

implementation, along with the insight that integration is not a simple “one size fits 

all” solution.  The fourth is to demonstrate that large-N statistical analyses are possible 

even for such a complex system as a building project.   

A Model of Structural Barriers to Innovation Diffusion 

An important contribution of this dissertation to the construction literature is the 

development of a more systematic and comprehensive model of the barriers to 

innovation diffusion.  I review and integrate prior literature into a single explanatory 

model.  My model describes how the unique characteristics of construction products 

(Nam & Tatum, 1988) have given rise to a fragmented industry of decentralized 

modular clusters with a daunting system of liabilities.  Next, I explain how the 

“industry gears” are turning without a central controlling body – namely, through craft 

administration (Stinchcombe, 1959) and extensive codes and regulations.  I further 

explain how the craft administration and regulations also serve to maintain the status 

quo.  Finally, I explain how the various types of fragmentation (vertical, horizontal, 

and longitudinal), inherent risks, and system of liabilities pose barriers to innovation 

adoption, implementation, and diffusion.   
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The Critical Influence of Innovation Integrality 

I expand on the work of Taylor and Levitt (2004; 2007) who introduce the notion of 

innovation integrality into the literature on innovation in construction.  I empirically 

validate the critical influence of innovation integrality on the probability of 

implementation over and above other factors.  One of the main factors that I control 

for is cost, which is widely believed to be the most critical component in adoption 

decisions.  I demonstrate that, in fact, innovation integrality has a much greater effect 

than cost—although these two variables are somewhat correlated—on the likelihood 

that a certain technology will be implemented.  Further, the innovation diffusion 

model that I develop clarifies the mechanisms for the observed relationship between 

innovation integrality and implementation.   

Integration Is Not “One Size Fits All” 

I find support for the widely-held view that team integration is beneficial to project 

outcomes.  In fact, integration is generally hailed in construction as a solution for all 

that ails the industry.  However, “there are no quantitative data available to convince 

the owners to [integrate design and production] and relinquish the possible benefits of 

a competitive system.  Whether the possible advantages of promoting cooperation 

between the designer and the contractor, especially in the case of a negotiated contract 

approach, outweigh the advantages of competitive bidding remains an open question” 

(Nam & Tatum, 1988, p. 143).  I address this gap and find empirical support for the 

hypothesized positive effects of integration with respect to the adoption of integral 

energy saving technologies. 

However, contrary to prevailing wisdom among many in the industry, I 

demonstrate that integration is a simple solution and is beneficial only under specific 

conditions.  For example, an integrated procurement method such as Design-Build, by 

itself, has relatively little influence on the likelihood of implementation of integral 

innovations.  However, when Design-Build is combined with horizontal integration, 

integral innovations are much more likely to be implemented.  However, if we only 

consider modular innovations, supply chain integration has no advantage over its 

fragmented counterpart and may reduce the cost savings and incentives for modular 
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innovation that can accrue from competitive bidding.  Since integration also poses 

risks of increased liability and greater susceptibility to fluctuations in demand, 

integration should be used cautiously and strategically. 

Large-N Analyses Are Possible 

A final contribution that I make to the construction literature is a methodological one.  

The majority of research on construction innovation uses either small numbers of 

observations or computer modeling approaches.  Very few, if any, use large-N 

statistical analyses.  In fact, Nam and Tatum (1988) capture a common sentiment and 

claim that the “dynamics and friction among these [construction industry] actors that 

slow the rate of adoption of new construction technology are too complex to measure 

in quantitative terms” (p. 141).  Although more than two decades have passed since 

Nam and Tatum made this argument, no large-N quantitative study has investigated 

the role of industry fragmentation and the effects of supply chain integration on 

innovation adoption.  This study not only provides a first step in this direction, but 

also demonstrates that such a methodology is indeed possible in a complex system 

such as a building project. 

Contributions to Practice 

In addition to the theoretical contributions that I have described, this research makes 

two important practical contributions.  The first has to do with energy efficiency, and 

the second with integral innovations in any industry characterized by modular 

clustering.   

Energy Efficiency 

In this dissertation, I investigate 23 separate building technologies and identify 

important factors that affect their likelihood of adoption.  The results have important 

practical implications for increasing energy efficiency in the building sector.  First, I 

suggest that modular innovations are relatively easier to implement than integral 

innovations and are, therefore, low hanging fruit.  Thus, owners, firms, and 

governments that wish to quickly improve energy efficiency should address those first.  

Second, I argue that in order to achieve a high degree of energy efficiency, integral 



121 

 

technological improvements must be incorporated.  I contribute in cautioning against 

the difficulty of implementing these, and suggest supply chain integration as one 

strategic solution.  However, low levels of integration have only minimal effects when 

it comes to integral technologies.  More extreme measures, such as both horizontal and 

vertical integration used in the innovative business models of firms like Johnson 

Controls or SolarCity, are necessary to drive the adoption of integral innovations.  

This information can benefit building owners, investors, and project managers in 

choosing procurement methods, design and construction teams, and work processes 

that encourage collaboration and integration.  Further, the lessons from this 

dissertation can also benefit technology providers trying to penetrate markets with new 

technologies, in suggesting that they analyze the innovation integrality of their product 

and the amount and type of shared knowledge within their markets, and choose the 

level and type of integration that would be most appropriate—through vertical 

integration, joint ventures, alliances, partnerships, training programs, etc.   

In addition to strategic measures to drive energy efficiency, there are some 

regulatory measures that can be helpful.  This research suggests that the LEED system 

allows point chasing without forcing even the highly rated projects to implement some 

truly integral technologies that have the potential for significant energy savings.  This 

may explain in part why some LEED buildings do not perform up to their expected 

standards.  The LEED rating system has become a powerful motivator for more 

sustainable development of buildings and has rapidly diffused throughout the US and 

several other countries.  The USGBC continuously amends it in efforts to improve it.  

This research suggests that it might be helpful to require projects to include certain 

integral technologies such as a centralized building energy management system, at 

least for the highest rated projects. 

Accelerating the adoption of energy-efficient technologies in buildings is 

widely agreed to be the single most effective and lowest cost way to reduce 

greenhouse gas emissions in both developed and developing countries.  Thus, the 

strategic and regulatory insights that this dissertation makes have the potential to make 

a significant practical contribution. 
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Crossing the Chasm 

This dissertation reports that integral innovations are less frequently adopted than 

modular ones.  This results from the misalignment between the innovation and the 

existing system architecture and supply chain organization, and is probably not unique 

to building innovations.   The findings likely extend to innovations in other industries 

characterized by decentralized modular clusters.  Thus, firms attempting to penetrate 

mature markets with integral innovations in any industry need to do so cautiously and 

strategically.  This dissertation suggests several avenues to do so.     

Limitations and Suggestions for Future Research 

I conclude by outlining some limitations of this dissertation and four directions for 

future research.  The first suggestion is to establish a more complete database with less 

missing data.  The second is to increase the scope and investigate a wider range of 

integration arrangements.  The third is to increase generalizability by exploring other 

settings, such as additional industries and countries.  The fourth is to further develop 

and validate the dynamic model that I began to set forth in this dissertation for 

strategic integration and fragmentation of supply chains at different stages of a 

product’s lifecycle.   

More Data 

One of the weaknesses of this dissertation is the amount of missing data about supply 

chain integration.  Of the 112 building projects in the sample, only 56 have complete 

vertical integration information, 64 have complete horizontal integration information, 

and 24 projects have complete information on both horizontal and vertical integration.  

Thus, the first suggestion for future research is to deepen the analyses by obtaining a 

more complete data set.  This information can be obtained by contacting the project 

managers or owners. 

Increase Scope 

In this study, only vertical integration as indicated by procurement approach (design-

bid-build vs. design-build) and horizontal integration of mechanical, electrical, and 

plumbing engineering firms were examined.  The second suggestion is to increase the 
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scope of the research by exploring additional vertical, horizontal, and longitudinal 

integration arrangements.   

For example, at the vertical level, an even more integrated procurement 

method – Integrated Project Delivery (IPD) – can be examined.  In this dataset, there 

were only four IPD projects, so I could not analyze it statistically.   

At the horizontal level, integration among installers rather than designers is 

worth exploring given the challenges that integral innovations introduce to both the 

design and installation phases.  Thus, the effect of integrated mechanical, electrical, 

and plumbing contractors on the likelihood of implementation is likely to have a 

positive effect.   

Another type of integration worth exploring is longitudinal, which I did not 

directly test in this study.  To do so, I suggest obtaining data on prior relationships 

among firms and conducting a longitudinal social network study of the effects of prior 

experience on innovation implementation.  I predict that longitudinal fragmentation 

has detrimental effects on network-level learning, and therefore this type of integration 

is likely to yield strong results.   

Further, future research can offer a more nuanced understanding by 

investigating the relative influence of each type of integration, rather than simply 

comparing low, medium, and high levels.    

Increase Generalizability 

Another challenge to the findings is their generalizability.  Although I explored 

various types of technologies, my focus was essentially on a single industry.  

Although the construction industry is unique, there is reason to believe that integral 

innovations would stagnate similarly in other modular industries, such as mobile 

telephones, aerospace or automobiles, as well.  I predict that the findings are 

generalizable and applicable to other industries with decentralized modular clusters.   

Moreover, other industries are characterized by strong professions separated 

into silos characterized by vastly different thought worlds.  In health care, for 

example, there are “social boundaries and cognitive or epistemological boundaries 

between and within the professions retarded the spread of innovations” (Ferlie, et al., 
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2005, p. 128).  This is similar to separation of trades into closed-off silos and would 

likely have similar effects on modular vs. integral innovations.  This, however, needs 

to be validated in future research.  Thus, I suggest replicating this study in other 

industries.   

From a Static to a Dynamic Model 

The data that this dissertation relies on is static.  Project descriptions listed which 

technologies were implemented; and I correlated those to various project and 

innovation characteristics.  However, based on the findings, I began to develop a 

dynamic model of how technology providers can drive innovation and penetrate 

mature markets by strategically integrating and once again fragmenting their supply 

chains based on their product’s maturity.  I described two illustrative examples of this 

model.  As a next step to this research, I have already begun to collect data on 

company strategies that both validate the model and also demonstrate the conditions 

under which the proposed strategy is effective.  

 



 

 

125 

APPENDICES 

Appendix A: Project Information 

ID Project Name LEED 
Version 

Certification 
Level 

LEED 
Score 

Registration 
Date 

Certification 
Date 

Building 
Size 

(GrossSqFt) 

Total 
Property 

Area 

Total Project 
Costs 

1 Third Creek Elementary School 2.0 Gold 39 3/31/00 11/6/02            
92,000  

           
3,178,838  

 $       
8,749,600  

2 Clearview Elementary School 2.0 Gold 42 1/26/01 3/24/04            
43,453  

             
213,374  

 $       
6,887,822  

3 QBG New Admin Building & Landscapes 2.0 Platinum 52 2/11/02 6/10/08            
15,500  

           
1,698,283  

 $      
12,000,000  

4 Roberts Hall 2.0 Silver 34 10/12/00 12/16/04            
24,000  

                       
1    

5 French Wing Additon to Conservation Cent 2.0 Gold 44 8/18/00 3/10/03            
10,000  

           
4,267,481  

 $       
1,200,000  

6 Colorado Court 2.0 Gold 44 8/7/01 1/6/05            
18,210                       -     $       

4,674,000  

7 The Herman Miller MarketPlace - an intel 2.0 Gold 39 10/20/00 1/24/03            
95,000  

             
391,911  

 $       
8,455,000  

8 Fisher Pavilion 2.0 Certified 29 8/20/01 4/28/04            
24,000  

               
87,091  

 $       
9,500,000  

9 Clackamas High School 2.0 Silver 33 10/16/01 12/2/03          
265,355  

           
1,811,502  

 $      
31,046,535  

10 City of Seattle Justice Center 2.0 Silver 33 8/11/00 8/12/04                        -     $      
91,350,000  

11 Traugott Terrace 2.0 Certified 28 3/13/02 12/20/04            
38,483  

                 
9,580  

 $       
4,066,000  

12 Management Building, Technology Square 2.0 Silver 35 1/31/01 8/27/03          
248,059  

             
131,073    

13 IBM/Tivoli Systems Building 1 2.0 Certified 26 8/20/01 12/2/02          
210,000  

           
2,177,286    

14 The Patrick H. Dollard Discovery Health 2.0 Certified 27 3/21/01 10/25/04            
27,000                       -     $       

6,000,000  
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ID Project Name LEED 
Version 

Certification 
Level 

LEED 
Score 

Registration 
Date 

Certification 
Date 

Building 
Size 

(GrossSqFt) 

Total 
Property 

Area 

Total Project 
Costs 

15 Audubon Center at Debs Park 2.0 Platinum 53 5/29/02 12/11/03             
5,020                       -     $       

5,500,000  

16 NRDC Southern California Office, Robert 2.0 Platinum 56 6/22/00 11/12/04            
15,000                       -     $       

5,100,000  

17 ECHO at the Leahy Center For Lake 
Champl 2.0 Certified 29 10/29/02 10/14/03            

29,670  
             

117,573  
 $      

10,000,000  

18 The Plaza at PPL Center 2.0 Gold 40 11/8/01 3/10/04          
280,000  

               
49,642  

 $      
45,000,000  

19 Sokol Blosser Winery: Barrel Aging Cella 2.0 Silver 34 12/31/01 12/11/02             
5,805  

               
43,546  

 $          
725,200  

20 Herman Miller C1 Main Site 2.0 Gold 41 9/10/01 11/18/02            
19,076  

             
182,892    

21 The Solaire/20 River Terrace 2.0 Gold 41 2/26/01 4/13/04          
383,000                       -     $    

114,500,000  

22 Genzyme Center 2.0 Platinum 52 8/30/01 8/23/05          
350,000                       -      

23 Inland Empire Utilities Agency Administr 2.0 Platinum 52 6/17/02 3/31/04            
66,000  

             
522,549  

 $       
7,500,000  

24 Rinker Hall 2.0 Gold 39 6/4/01 5/7/04            
47,270  

               
60,964  

 $       
6,500,000  

25 Green Operations Building 2.0 Gold 44 9/27/01 7/25/03             
6,785  

               
87,091  

 $       
1,200,000  

26 Lake View Terrace Branch Library 2.0 Platinum 50 10/11/00 11/18/05            
10,700  

                       
1  

 $       
4,400,000  

27 John M. Langston High School Continuatio 2.0 Silver 35 7/19/01 9/3/03            
50,000  

             
107,122  

 $       
7,445,000  

28 Felician Sisters Convent and School Reno 2.0 Gold 39 3/21/02 8/30/06          
161,428  

           
3,178,838  

 $      
22,000,000  

29 Social Security Administration Child Car 2.0 Certified 28 12/6/01 11/19/02            
31,944  

             
217,729  

 $       
5,100,000  
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ID Project Name LEED 
Version 

Certification 
Level 

LEED 
Score 

Registration 
Date 

Certification 
Date 

Building 
Size 

(GrossSqFt) 

Total 
Property 

Area 

Total Project 
Costs 

30 EPA Science and Technology Center 2.0 Gold 39 5/17/01 8/4/03                        -     $      
20,000,000  

31 Caribou Weather Forecast Office (WFO) (N 2.0 Silver 34 3/29/01 4/2/04             
8,375  

             
609,640  

 $       
2,594,000  

32 Nathaniel R. Jones Federal Building and 2.0 Certified 27 5/3/01 11/25/02            
52,000  

               
87,091  

 $      
17,856,774  

33 Seattle Terminal Radar Approach Control 2.0 Gold 39 9/7/01 5/19/04            
53,000  

             
827,369    

34 EPA National Computer Center 2.0 Silver 35 3/14/01 1/25/05          
100,000  

             
609,640  

 $      
21,236,511  

35 East Campus Modernization 2.0 Certified 27 6/13/02 4/8/04                        -     $      
71,341,999  

36 Pittsburgh Glass Center 2.0 Gold 40 9/7/01 8/23/06            
17,834                       -      

37 William Jefferson Clinton Presidential C 2.0 Silver 34 6/19/02 11/5/04                
958,006  

 $    
165,000,000  

38 Tompkins County SPCA Dorothy and Roy 
Par 2.0 Silver 36 9/6/02 6/30/05            

11,200  
             

522,549  
 $       

2,270,000  

39 The Barn at Fallingwater 2.0 Silver 33 10/22/01 8/11/06            
13,000  

             
435,457    

40 Seminar II Building 2.0 Gold 40 9/7/01 2/24/06          
165,423  

                       
4  

 $      
32,000,000  

41 Cambria Office Building 2.0 Gold 45 8/11/00 12/3/01            
36,165                       -     $       

3,200,000  

42 Alcyone 2.0 Certified 27 9/5/02 9/29/05          
149,697  

                       
1  

 $      
14,000,000  

43 Heimbold Visual Arts Center 2.0 Certified 29 6/19/02 5/4/05            
60,264                       -     $      

25,000,000  

44 Bazzani Associates Headquarters 2.0 Silver 34 3/18/02 6/30/04             
9,480  

               
12,193  

 $       
1,107,848  

45 IslandWood: A School in the Woods 2.0 Gold 40 3/14/01 9/24/02            
16,300                       -     $      

33,000,000  
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ID Project Name LEED 
Version 

Certification 
Level 

LEED 
Score 

Registration 
Date 

Certification 
Date 

Building 
Size 

(GrossSqFt) 

Total 
Property 

Area 

Total Project 
Costs 

46 US/Canada Shared Port of Entry 2.0 Certified 27 10/22/01 5/20/05            
88,760  

           
1,262,826  

 $      
31,200,000  

47 Navy's Energy & Sustainable Demonstration 2.0 Gold 40 5/7/01 3/3/05            
17,000                       -     $       

3,000,000  

48 Lillis Business Complex 2.0 Silver 33 7/25/02 1/31/05          
137,346  

                       
3  

 $      
41,000,000  

49 Jack Evans Police Headquarters 2.0 Silver 35 8/8/01 12/7/05          
358,758  

                       
3  

 $      
59,000,000  

50 Richard J. Lacks, Sr. Cancer Center 2.0 Certified 29 4/9/02 1/6/06          
170,000  

                       
1  

 $      
42,000,000  

51 PNC Firstside Center 2.0 Silver 33 3/31/00 10/1/00          
647,000  

             
202,923  

 $    
108,000,000  

52 Detroit School of Arts 2.0 Certified 29 12/17/01 9/20/05          
286,219  

                       
3  

 $    
122,000,000  

53 Renovation of the Motherhouse 2.0 Certified 27 6/26/00 8/2/06          
300,000                       -     $      

55,000,000  

54 WDNR North East Regional Headquarters 2.0 Gold 46 9/21/01 1/18/06            
34,560  

                     
14  

 $       
4,900,000  

55 S.T. Dana Building Renovations 2.0 Gold 40 3/8/02 5/6/05          
107,803  

                       
1  

 $      
17,700,000  

56 Fayetteville Public Library 2.0 Silver 34 7/5/01 9/18/06            
88,754  

             
118,260  

 $      
20,509,650  

57 Personnel Support Facility 2.0 Silver 33 10/17/02 10/25/05            
37,750  

             
174,183  

 $       
7,220,000  

58 30 Hudson Street 2.0 Certified 27 1/17/01 4/19/05       
1,556,915  

                       
4    

59 Wentworth Commons (Prev. High Prairie) A 2.0 Certified 29 9/27/02 9/6/07            
68,535  

               
33,977  

 $      
10,737,810  

60 Science and Technology  Facility 2.0 Platinum 54 2/21/02 3/13/07            
64,000                       -     $      

29,800,000  

61 Edgewood Group Home 2.0 Certified 21 11/11/02 5/20/07             
3,680  

             
896,900  

 $          
347,289  
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ID Project Name LEED 
Version 

Certification 
Level 

LEED 
Score 

Registration 
Date 

Certification 
Date 

Building 
Size 

(GrossSqFt) 

Total 
Property Area 

Total Project 
Costs 

62 Arlen Specter HQ and Emergency Op 
Center 2.0 Silver 33 5/17/02 11/6/06          

300,000  
             

522,549  
 $    

115,000,000  

63 University of Denver College of Law 2.0 Gold 39 9/14/01 6/12/05          
210,000                         4    

64 Boston Children's Museum 2.1 Gold 39 10/20/05 3/3/08            
23,000  

               
65,340  

 $      
29,065,461  

65 Macallen Building 2.1 Gold 41 4/22/05 3/28/08          
239,000  

               
49,000    

66 Joint Institute for Computational Science 2.1 Silver 35 11/22/02 5/27/05            
60,044                         2   $      

10,000,000  

67 Research Support Center 2.1 Certified 29 12/10/02 11/10/05            
53,000  

   
15,241,002,000  

 $      
16,100,000  

68 Multiprogram Research Facility 2.1 Gold 39 3/17/05 3/29/07          
218,279  

             
171,191  

 $      
41,777,417  

69 GISH APARTMENTS 2.1 Gold 40 3/7/05 7/14/08            
40,935  

               
18,000  

 $      
14,515,645  

70 Air Force Weather Agency Headquarters 2.1 Gold 41 12/15/04 9/19/08          
188,930  

             
749,814  

 $      
30,644,000  

71 0142 CNT Renovation 2.1 Platinum 52 6/12/01 11/22/05            
13,800                       -     $       

1,200,000  

72 JEWISH RECONSTRUCTIONIST 
CONGR 2.1 Platinum 53 1/4/06 9/23/08            

31,600  
               

31,952  
 $      

10,000,000  

73 Shangri La Botanical Gardens &Nature Ctr 2.1 Platinum 57 8/26/04 2/11/08            
12,939  

         
10,072,379    

74 Chartwell School 2.1 Platinum 57 6/3/03 11/27/07            
21,230  

           
1,261,084  

 $       
9,200,000  

75 Michigan Alternative and Renewable 
Energy 2.1 Gold 46 12/10/03 6/30/05            

26,990  
               

94,494  
 $       

5,900,000  

76 Ampere Annex 2.1 Silver 36 3/21/03 4/2/04             
3,000  

               
23,950    

77 Baca/Dlo'ay azhi Community School 2.1 Certified 26 6/2/03 1/15/04            
78,875  

           
1,039,001  

 $      
10,400,000  
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ID Project Name LEED 
Version 

Certification 
Level 

LEED 
Score 

Registration 
Date 

Certification 
Date 

Building 
Size 

(GrossSqFt) 

Total 
Property 

Area 

Total Project 
Costs 

78 Eastern Village Cohousing Condominium 2.1 Silver 34 4/26/03 9/26/05            
92,582  

               
30,482  

 $      
11,995,000  

79 Carl T. Curtis Midwest Regional Headquar 2.1 Gold 40 4/16/03 5/5/05            
68,000  

                       
5  

 $       
8,500,000  

80 Wind NRG Partners, LLC. New Facility 2.1 Gold 44 9/17/03 3/1/05            
46,148  

                       
9  

 $       
5,440,000  

81 Scowcroft Building 2.1 Silver 33 3/26/03 11/4/05          
104,569  

               
99,284  

 $      
11,442,705  

82 Austin Resource Center for the Homeless 2.1 Silver 34 9/21/06 2/22/08            
26,820                       -      

83 Bachelor Enlisted Quarters Bldg 1044 2.1 Certified 29 9/2/03 3/10/06            
99,786  

             
174,183  

 $      
21,000,000  

84 Pavillons Lassonde 2.1 Gold 46 11/25/02 10/10/05          
333,000  

             
130,637  

 $      
91,470,000  

85 Friends Committee on National Legislatio 2.1 Silver 33 9/16/04 8/20/07            
10,035  

                 
6,160  

 $       
3,300,000  

86 Hawaii Gateway Energy Center at NELHA 2.1 Platinum 52 2/21/07 12/12/05             
5,600                       -     $       

3,400,000  

87 The Helena 2.1 Gold 41 7/15/03 6/9/06          
602,021  

                       
1  

 $    
100,000,000  

88 Balzer Theater at Herren's 2.1 Silver 37 8/1/05 12/21/05            
17,875  

                 
6,691  

 $       
5,400,000  

89 One Potomac Yard 2.1 Gold 43 6/25/04 6/19/06          
323,995  

               
64,012  

 $       
3,956,100  

90 Two Potomac Yard 2.1 Gold 42 1/31/05 6/19/06          
309,270  

               
54,432  

 $       
3,956,159  

91 Alberici Office Headquarters 2.1 Platinum 60 4/24/03 7/8/05          
110,000  

             
593,688  

 $      
20,100,000  

92 Fossil Ridge High School 2.1 Silver 36 4/29/03 7/12/05          
289,100  

                     
94  

 $      
38,500,000  

93 221 MOLALLA 2.1 Gold 40 10/28/05 8/7/07            
34,389  

               
42,000  

 $       
4,800,000  

94 Xanterra's Annie Creek Rest/Gift Shop 2.1 Silver 34 2/12/04 12/13/06            
10,440  

               
87,000    
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ID Project Name LEED 
Version 

Certification 
Level 

LEED 
Score 

Registration 
Date 

Certification 
Date 

Building 
Size 

(GrossSqFt) 

Total 
Property 

Area 

Total Project 
Costs 

95 Artists for Humanity EpiCenter 2.1 Platinum 53 6/23/03 10/13/05            
23,500  

                  
0.26  

 $       
4,300,000  

96 Provincetown Art Association and Museum 2.1 Silver 36 7/7/03 7/21/06            
17,000  

               
19,160  

 $       
5,000,000  

97 Sidwell Friends Middle School 2.1 Platinum 57 7/15/04 3/21/07            
70,435  

               
87,091  

 $      
28,000,000  

98 Wayne Lyman Morse US Federal Court 
House 2.1 Gold 39 5/3/01 11/10/06          

267,000  
                       

1  
 $      

75,000,000  

99 Heifer International Center 2.1 Platinum 52 10/8/02 8/29/07            
94,392  

             
419,008  

 $      
17,900,000  

100 Portland Center Stage - Armory Renovatio 2.1 Platinum 53 4/27/04 9/25/06            
55,000  

               
19,987  

 $      
36,000,000  

101 EPA Region 8 Headquarters 2.1 Gold 40 1/28/05 9/18/07          
294,000  

               
54,868  

 $      
90,000,000  

102 NYC OFFICE OF EMERGENCY MGMT. 2.1 Silver 34 1/24/06 3/1/07            
63,000                       -     $      

50,000,000  

103 LETTINGA HOUSING PHASE 2 2.1 Certified 30 12/9/05 7/6/07            
48,620  

                     
43  

 $      
28,000,000  

104 Dominican Sisters House of Formation 2.1 Gold 39 1/8/04 3/31/06             
6,200  

               
15,241  

 $       
2,541,718  

105 Home On The Range 2.1 Platinum 57 10/29/04 7/26/07            
10,160  

                       
1  

 $       
1,435,243  

106 Police and Security Operations 2.1 Silver 34 12/5/05 7/24/08            
25,294  

             
200,000  

 $       
6,847,600  

107 Staley High School 2.1 Silver 35 9/27/05 8/21/08          
314,566  

           
2,565,174  

 $      
79,896,124  

108 THE ALDO LEOPOLD LEGACY 
CENTER 2.1 Platinum 61 5/26/05 10/4/07            

13,320  
             

416,258  
 $       

3,943,418  

109 Yale Sculpture Building 2.1 Platinum 52 10/28/05 12/10/07            
50,000  

             
100,000  

 $      
35,000,000  

110 Nueva School 2.2 Gold 45 2/6/07 6/18/08            
24,000  

           
1,460,016    

111 Sigler Office and Warehouse 2.2 Silver 33 1/3/07 6/21/08            
66,908  

             
104,405  

 $       
6,279,000  

112 Great River Energy 2.2 Platinum 56 8/24/06 9/19/08          
179,959  

             
692,566  

 $      
57,000,000  
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ID Project Name Website 
1 Third Creek Elementary School http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=119 
2 Clearview Elementary School http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=100 
3 QBG New Admin Building & Landscapes http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=1018 
4 Roberts Hall http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=148 
5 French Wing Additon to Conservation Cent http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=17 
6 Colorado Court http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=188 
7 The Herman Miller MarketPlace - an intel http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=189 
8 Fisher Pavilion http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=192 
9 Clackamas High School http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=196 
10 City of Seattle Justice Center http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=225 
11 Traugott Terrace http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=226 
12 Management Building, Technology Square http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=227 
13 IBM/Tivoli Systems Building 1 http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=228 
14 The Patrick H. Dollard Discovery Health http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=233 
15 Audubon Center at Debs Park http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=234 
16 NRDC Southern California Office, Robert http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=236 

17 ECHO at the Leahy Center For Lake 
Champl http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=238 

18 The Plaza at PPL Center http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=259 
19 Sokol Blosser Winery: Barrel Aging Cella http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=262 
20 Herman Miller C1 Main Site http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=270 
21 The Solaire/20 River Terrace http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=273 
22 Genzyme Center http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=274 
23 Inland Empire Utilities Agency Administr http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=278 
24 Rinker Hall http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=286 
25 Green Operations Building http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=288 
26 Lake View Terrace Branch Library http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=289 
27 John M. Langston High School Continuatio http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=294 
28 Felician Sisters Convent and School Reno http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=298 
29 Social Security Administration Child Car http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=305 
30 EPA Science and Technology Center http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=323 
31 Caribou Weather Forecast Office (WFO) (N http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=334 
32 Nathaniel R. Jones Federal Building and http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=339 
33 Seattle Terminal Radar Approach Control http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=342 
34 EPA National Computer Center http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=344 
35 East Campus Modernization http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=345 
36 Pittsburgh Glass Center http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=425 
37 William Jefferson Clinton Presidential C http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=431 

38 Tompkins County SPCA Dorothy and Roy 
Par http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=452 

39 The Barn at Fallingwater http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=453 
40 Seminar II Building http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=464 
41 Cambria Office Building http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=47 
42 Alcyone http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=472 
43 Heimbold Visual Arts Center http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=480 
44 Bazzani Associates Headquarters http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=491 
45 IslandWood: A School in the Woods http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=497 
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ID Project Name Website 
46 US/Canada Shared Port of Entry http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=500 
47 Navy's Energy & Sustainable Demonstration http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=51 
48 Lillis Business Complex http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=597 
49 Jack Evans Police Headquarters http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=603 
50 Richard J. Lacks, Sr. Cancer Center http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=607 
51 PNC Firstside Center http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=62 
52 Detroit School of Arts http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=636 
53 Renovation of the Motherhouse http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=661 
54 WDNR North East Regional Headquarters http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=684 
55 S.T. Dana Building Renovations http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=689 
56 Fayetteville Public Library http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=713 
57 Personnel Support Facility http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=715 
58 30 Hudson Street http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=716 
59 Wentworth Commons (Prev. High Prairie) A http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=754 
60 Science and Technology  Facility http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=805 
61 Edgewood Group Home http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=857 

62 Arlen Specter HQ and Emergency Op 
Center http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=886 

63 University of Denver College of Law http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=889 
64 Boston Children's Museum http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=1030 
65 Macallen Building http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=1050 
66 Joint Institute for Computational Science http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=1113 
67 Research Support Center http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=1115 
68 Multiprogram Research Facility http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=1125 
69 GISH APARTMENTS http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=1140 
70 Air Force Weather Agency Headquarters http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=1141 
71 0142 CNT Renovation http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=1156 

72 JEWISH RECONSTRUCTIONIST 
CONGR http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=1304 

73 Shangri La Botanical Gardens &Nature Ctr http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=1382 
74 Chartwell School http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=1385 

75 Michigan Alternative and Renewable 
Energy http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=269 

76 Ampere Annex http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=386 
77 Baca/Dlo'ay azhi Community School http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=387 
78 Eastern Village Cohousing Condominium http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=404 
79 Carl T. Curtis Midwest Regional Headquar http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=418 
80 Wind NRG Partners, LLC. New Facility http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=420 
81 Scowcroft Building http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=423 
82 Austin Resource Center for the Homeless http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=470 
83 Bachelor Enlisted Quarters Bldg 1044 http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=498 
84 Pavillons Lassonde http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=568 
85 Friends Committee on National Legislatio http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=590 
86 Hawaii Gateway Energy Center at NELHA http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=592 
87 The Helena http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=614 
88 Balzer Theater at Herren's http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=615 
89 One Potomac Yard http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=654 
90 Two Potomac Yard http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=654 
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ID Project Name Website 
91 Alberici Office Headquarters http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=662 
92 Fossil Ridge High School http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=672 
93 221 MOLALLA http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=696 
94 Xanterra's Annie Creek Rest/Gift Shop http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=728 
95 Artists for Humanity EpiCenter http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=736 
96 Provincetown Art Association and Museum http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=751 
97 Sidwell Friends Middle School http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=775 

98 Wayne Lyman Morse US Federal Court 
House http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=776 

99 Heifer International Center http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=781 
100 Portland Center Stage - Armory Renovatio http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=833 
101 EPA Region 8 Headquarters http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=864 
102 NYC OFFICE OF EMERGENCY MGMT. http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=865 
103 LETTINGA HOUSING PHASE 2 http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=891 
104 Dominican Sisters House of Formation http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=895 
105 Home On The Range http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=902 
106 Police and Security Operations http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=916 
107 Staley High School http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=931 

108 THE ALDO LEOPOLD LEGACY 
CENTER http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=946 

109 Yale Sculpture Building http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=992 
110 Nueva School http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=1022 
111 Sigler Office and Warehouse http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=1126 
112 Great River Energy http://leedcasestudies.usgbc.org/overview.cfm?ProjectID=1303 
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Appendix B: Technology Implementations 
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Third Creek 
Elementary School 0 0 1 0 0 1 0 0 0 0 0 0 0 0 1 1 1 0 0 0 0 0 1 4 2 6 
Clearview 
Elementary School 0 0 1 0 0 1 0 1 1 0 0 0 1 0 1 0 1 0 0 0 0 0 1 5 3 8 
QBG New Admin 
Building & 
Landscapes 1 0 0 0 0 0 1 0 1 1 0 0 0 0 0 1 1 0 0 0 0 1 0 3 4 7 
Roberts Hall 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 1 1 2 
French Wing 
Additon to 
Conservation Cent 0 1 0 0 0 0 1 0 0 1 1 0 1 0 0 1 1 0 0 0 0 0 1 5 3 8 
Colorado Court 1 0 0 0 0 0 0 0 0 0 1 1 0 0 1 1 0 0 0 0 0 0 0 4 1 5 
The Herman Miller 
MarketPlace - an 
intel 1 0 1 0 0 0 0 1 0 0 1 1 1 0 1 0 1 0 0 0 1 0 0 7 2 9 
Fisher Pavilion 0 0 1 1 0 1 0 1 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 5 1 6 
Clackamas High 
School 1 0 1 0 0 1 0 0 0 0 0 1 0 1 1 1 0 0 0 0 0 0 0 4 3 7 
City of Seattle 
Justice Center 1 0 0 0 0 0 1 0 0 0 0 1 0 1 0 1 0 0 1 0 0 1 0 3 4 7 
Traugott Terrace 0 0 0 0 0 0 1 0 0 0 1 1 0 0 1 1 1 0 0 0 1 0 1 7 1 8 
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Management 
Building, 
Technology Square 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 2 0 2 
IBM/Tivoli Systems 
Building 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
The Patrick H. 
Dollard Discovery 
Health 0 0 0 0 0 0 0 0 1 0 0 1 1 0 1 0 1 1 0 0 0 0 0 4 2 6 
Audubon Center at 
Debs Park 0 0 0 0 0 0 0 0 0 0 1 1 0 0 1 0 1 0 0 0 0 0 0 4 0 4 
NRDC Southern 
California Office, 
Robert 0 0 0 0 0 1 1 0 0 1 0 1 0 0 1 1 1 1 0 0 0 0 0 6 2 8 
ECHO at the Leahy 
Center For Lake 
Champl 1 0 0 0 0 0 0 0 0 0 0 1 1 0 1 0 0 0 0 0 0 0 1 3 2 5 
The Plaza at PPL 
Center 1 0 0 0 0 1 1 1 0 0 0 0 0 0 1 1 0 0 0 0 0 1 1 5 3 8 
Sokol Blosser 
Winery: Barrel 
Aging Cella 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 1 2 
Herman Miller C1 
Main Site 0 1 1 0 0 1 1 1 0 0 0 1 0 1 1 0 0 0 1 0 1 0 0 6 4 10 
The Solaire/20 
River Terrace 1 0 0 0 0 0 1 0 0 1 0 1 1 0 1 1 1 0 0 0 1 1 1 7 4 11 
Genzyme Center 1 0 1 0 0 1 1 0 0 0 0 0 1 0 1 0 1 0 1 0 0 1 0 5 4 9 
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Inland Empire 
Utilities Agency 
Administr 1 1 0 0 0 1 0 0 0 1 0 1 0 0 1 0 0 0 0 0 1 0 0 4 3 7 
Rinker Hall 0 0 0 0 0 0 1 0 0 1 0 0 0 0 1 1 0 0 0 0 0 0 1 3 2 5 
Green Operations 
Building 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 1 0 1 0 0 0 1 0 1 3 4 
Lake View Terrace 
Branch Library 1 0 1 0 0 0 1 1 0 0 0 1 0 0 1 1 1 0 0 0 0 0 0 6 2 8 
John M. Langston 
High School 
Continuatio 1 0 0 0 0 0 0 1 0 0 1 1 0 0 1 0 1 0 0 0 1 0 1 6 2 8 
Felician Sisters 
Convent and 
School Reno 0 0 1 1 0 0 0 1 0 0 0 1 0 0 1 0 1 0 0 0 0 0 1 5 2 7 
Social Security 
Administration 
Child Car 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 
EPA Science and 
Technology Center 1 0 1 0 0 0 0 0 0 0 0 1 1 0 1 1 0 0 0 0 1 0 1 5 3 8 
Caribou Weather 
Forecast Office 
(WFO) (N 0 0 0 0 0 0 0 0 1 0 0 1 0 0 1 0 1 0 0 0 0 0 0 3 1 4 
Nathaniel R. Jones 
Federal Building 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 2 
Seattle Terminal 
Radar Approach 
Control 1 0 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 1 0 0 0 2 2 4 
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EPA National 
Computer Center 0 0 0 0 0 1 0 0 0 0 0 1 0 0 1 0 0 0 0 0 1 0 0 4 0 4 
East Campus 
Modernization 0 0 0 0 0 1 1 0 0 0 1 0 0 0 1 1 0 1 0 0 1 0 0 6 1 7 
Pittsburgh Glass 
Center 0 0 1 0 0 1 1 0 0 0 0 1 0 0 1 1 1 1 0 0 0 0 1 6 3 9 
William Jefferson 
Clinton 
Presidential Ctr 0 0 1 0 0 1 0 0 0 0 0 0 0 0 1 1 0 1 1 0 1 0 0 4 3 7 
Tompkins County 
SPCA Dorothy 0 0 0 0 0 0 0 0 1 0 1 1 0 1 1 0 1 0 0 0 1 0 1 5 3 8 
The Barn at 
Fallingwater 0 0 1 0 0 0 0 0 1 1 1 1 0 0 1 1 1 0 0 0 0 0 1 5 4 9 
Seminar II Building 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 1 0 0 0 0 1 0 3 1 4 
Cambria Office 
Building 0 0 0 0 0 1 1 0 1 0 0 1 1 0 1 0 1 0 0 0 0 0 1 6 2 8 
Alcyone 1 0 0 0 0 0 0 0 0 0 1 1 0 0 1 0 1 0 0 0 0 0 0 4 1 5 
Heimbold Visual 
Arts Center 0 0 1 0 0 1 0 0 1 0 0 0 0 0 1 1 1 0 0 0 1 1 0 5 3 8 
Bazzani Associates 
Headquarters 0 0 0 0 0 0 0 0 0 0 1 1 0 0 1 0 0 0 0 0 0 1 1 3 2 5 

 



 

 

139 

Project Name 
al

t.-
fu

el
in

g 
st

at
io

ns
 

bi
om

as
s /

 b
io

ga
s  

BM
S 

/D
DC

 

ce
ili

ng
 fa

ns
 

ch
ill

ed
 b

ea
m

s 

CO
2 

m
on

ito
rs

 

da
yl

ig
ht

 se
ns

or
s 

fix
tu

re
 se

ns
or

s 

GS
HP

 

gr
ey

w
at

er
 re

us
e 

hi
gh

 e
ff.

 a
pp

lia
nc

es
 

hi
gh

 e
ff.

 li
gh

tin
g 

in
di

v.
l t

he
rm

os
ta

ts
 

lig
ht

 sh
el

ve
s 

lo
w

-fl
ow

, h
ig

h 
ef

f. 
fix

tu
re

s 

oc
cu

pa
nc

y 
se

ns
or

s 

op
er

ab
le

 w
in

do
w

s 

ra
di

an
t h

ea
tin

g 
/ c

oo
lin

g 

sm
ar

t b
ui

ld
in

g 
fa

ça
de

 

U
FA

D 

VA
V 

ve
ge

ta
te

d 
ro

of
  

w
as

te
 h

ea
t r

ec
ov

er
y 

To
ta

l M
od

ul
ar

 

To
ta

l I
nt

eg
ra

l 

To
ta

l 

IslandWood: A 
School in the 
Woods 1 1 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 2 2 4 
US/Canada Shared 
Port of Entry 1 0 0 0 0 1 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 3 1 4 
Navy's Energy & 
Sustainable 
Demonstration 1 0 1 0 0 0 1 0 0 1 0 1 1 0 1 1 1 0 0 0 0 0 0 6 3 9 
Lillis Business 
Complex 0 0 0 1 0 1 1 0 0 0 1 1 0 0 0 1 0 0 0 0 0 1 0 6 1 7 
Jack Evans Police 
Headquarters 0 0 0 0 0 1 1 0 0 1 1 0 0 0 1 1 0 1 0 0 0 0 1 5 3 8 
Richard J. Lacks, Sr. 
Cancer Center 0 0 0 0 0 0 1 0 0 0 0 0 1 0 1 0 1 0 0 0 0 1 0 4 1 5 
PNC Firstside 
Center 1 0 0 0 0 1 0 0 0 0 0 0 1 0 1 0 0 0 0 1 1 0 1 4 3 7 
Detroit School of 
Arts 0 0 1 0 0 1 0 0 0 0 1 1 0 0 1 0 0 0 0 0 1 1 1 5 3 8 
Renovation of the 
Motherhouse 0 0 0 0 0 0 0 0 1 1 0 0 0 0 1 1 1 0 0 0 0 0 1 3 3 6 
WDNR North East 
Regional 
Headquarters 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1 1 0 0 0 0 1 0 0 4 0 4 
S.T. Dana Building 
Renovations 0 0 1 0 0 0 1 0 0 0 1 0 1 0 1 0 1 0 0 0 0 0 0 5 1 6 
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Fayetteville Public 
Library 0 0 1 0 0 0 1 0 0 0 1 1 0 1 0 0 0 0 0 0 1 1 0 4 3 7 
Personnel Support 
Facility 0 0 0 0 0 1 1 0 0 0 0 1 0 0 1 1 1 0 0 0 1 0 0 7 0 7 
Third Creek 
Elementary School 0 0 1 0 0 1 0 0 0 0 0 0 0 0 1 1 1 0 0 0 0 0 1 4 2 6 
30 Hudson Street 0 0 0 0 0 0 1 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 3 0 3 
Wentworth 
Commons (Prev. 
High Prairie) A 0 0 0 0 0 1 0 0 0 0 1 0 0 0 0 0 1 0 0 0 1 0 0 4 0 4 
Science and 
Technology  
Facility 0 1 0 0 0 0 1 1 0 0 0 0 0 0 1 1 0 0 0 0 1 0 1 5 2 7 
Edgewood Group 
Home 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 1 0 0 0 0 0 2 1 3 
Arlen Specter HQ 
and Emergency Op 
Center 1 0 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 1 1 1 3 3 6 
University of 
Denver College of 
Law 0 0 0 0 0 1 1 1 0 0 0 0 0 0 1 1 1 0 0 0 1 0 0 7 0 7 
Boston Children's 
Museum 0 0 0 0 0 0 0 0 0 1 1 0 0 0 1 0 1 0 1 0 1 1 0 4 3 7 
Macallen Building 1 0 0 0 0 1 0 0 1 1 0 0 1 0 1 1 0 0 0 0 0 1 1 4 5 9 
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Joint Institute for 
Computational 
Science 0 0 1 0 0 1 0 1 0 0 1 1 0 0 1 1 0 0 0 0 1 0 1 7 2 9 
Research Support 
Center 0 0 1 0 0 1 0 1 0 0 1 1 0 0 1 0 0 0 0 0 1 0 1 6 2 8 
Multiprogram 
Research Facility 0 0 1 0 0 1 0 1 0 1 0 0 1 0 1 1 0 1 0 0 1 0 1 6 4 10 
GISH APARTMENTS 0 0 0 0 0 0 0 1 1 0 1 0 0 0 1 0 1 0 0 0 0 0 0 4 1 5 
Air Force Weather 
Agency Headquarters 0 0 1 0 0 1 0 1 0 0 0 0 0 1 1 0 0 0 0 0 1 0 0 4 2 6 
0142 CNT 
Renovation 0 0 0 0 0 1 1 0 0 0 1 0 1 0 1 1 1 0 0 0 1 0 0 8 0 8 
JEWISH 
RECONSTRUCTIONIST 
CONGR 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 0 1 0 1 0 0 4 1 5 
Shangri La Botanical 
Gardens &Nature Ctr 0 0 0 0 0 0 1 0 1 0 0 0 0 0 1 0 1 0 0 0 0 0 0 3 1 4 
Chartwell School 0 0 0 0 0 1 1 0 0 1 0 1 0 0 1 1 1 1 0 0 0 0 0 6 2 8 
Michigan Alternative 
and Renewable 
Energy 1 0 0 0 0 1 1 0 0 0 0 0 0 0 1 1 1 0 0 1 0 0 0 5 2 7 
Ampere Annex 0 0 0 0 0 0 1 0 0 0 1 0 0 0 1 0 1 0 0 0 0 0 0 4 0 4 
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Baca/Dlo'ay azhi 
Community School 1 0 1 0 0 1 0 0 0 0 0 0 1 0 1 0 1 0 1 0 0 0 0 4 3 7 
Eastern Village 
Cohousing 
Condominium 1 0 0 0 0 0 0 0 0 1 1 0 0 0 1 0 1 0 0 0 0 1 0 3 3 6 
Carl Curtis MW 
Regional HQ 1 0 0 0 0 0 1 0 0 1 0 1 0 1 1 1 1 0 1 1 0 0 0 5 5 10 
Wind NRG 
Partners, LLC. New 
Facility 1 0 0 0 0 0 0 0 1 0 1 0 1 0 1 1 1 1 1 0 0 0 0 5 4 9 
Scowcroft Building 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 1 0 0 2 1 3 
Austin Resource 
Center for the 
Homeless 1 0 0 0 0 0 1 1 0 1 0 0 0 0 1 1 1 0 0 0 0 0 0 5 2 7 
Bachelor Enlisted 
Quarters Bldg 1044 0 0 1 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 2 1 3 
Pavillons Lassonde 1 0 0 0 0 0 1 1 0 1 0 1 0 0 1 1 0 0 1 0 0 1 0 5 4 9 
Friends Committee 
on National 
Legislatio 0 0 0 0 0 1 0 1 1 0 0 0 0 0 1 1 1 0 0 0 0 1 0 5 2 7 
Hawaii Gateway 
Energy Center at 
NELHA 1 0 0 0 0 0 1 1 0 1 0 0 0 0 1 1 0 0 0 0 0 1 0 4 3 7 
The Helena 1 0 0 0 0 0 0 1 0 1 1 0 1 0 0 1 1 0 0 0 1 1 0 6 3 9 
Balzer Theater at 
Herren's 0 0 0 0 0 1 0 1 0 1 0 1 0 0 1 1 1 0 0 0 0 0 0 6 1 7 
One Potomac Yard 1 0 0 0 0 1 1 1 0 0 0 0 0 0 1 1 1 0 0 0 0 0 0 6 1 7 
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Two Potomac Yard 1 0 0 0 0 1 1 1 0 0 0 0 0 0 1 1 1 0 0 0 0 0 0 6 1 7 
Alberici Office 
Headquarters 0 0 0 0 0 1 0 0 0 1 0 0 1 0 1 1 1 0 0 1 1 0 0 6 2 8 
Fossil Ridge High 
School 0 0 0 0 0 0 1 0 0 1 0 0 1 0 1 1 1 0 0 0 0 0 1 5 2 7 
221 MOLALLA 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 1 0 0 0 0 2 2 4 
Xanterra's Annie 
Creek Rest/Gift 
Shop 0 0 1 0 0 0 0 1 0 0 1 0 0 0 1 1 1 0 0 0 1 0 0 6 1 7 
Artists for 
Humanity 
EpiCenter 0 0 0 0 0 0 1 0 0 1 0 1 0 0 1 1 1 0 0 0 1 0 1 6 2 8 
Provincetown Art 
Association and 
Museum 0 0 0 0 0 0 1 1 0 1 0 0 0 0 1 0 1 0 0 0 0 0 1 4 2 6 
Sidwell Friends 
Middle School 0 0 0 1 0 0 1 1 0 1 0 0 0 1 0 1 1 0 0 0 0 1 1 5 4 9 
Wayne Lyman 
Morse US Federal 
Court House 0 0 1 0 0 0 1 1 0 0 0 1 1 0 1 1 0 1 0 1 0 0 0 6 3 9 
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Heifer 
International 
Center 0 0 0 0 0 0 1 0 0 1 0 0 1 1 1 1 0 0 0 0 0 0 0 4 2 6 
Portland Center 
Stage - Armory 
Renovatio 0 0 0 0 1 1 1 0 0 1 0 0 0 0 1 1 1 0 1 1 0 0 0 5 4 9 
EPA Region 8 
Headquarters 0 0 0 0 0 1 1 0 0 0 0 1 0 1 1 1 0 0 0 1 1 1 1 6 4 10 
NYC OFFICE OF 
EMERGENCY 
MGMT. 1 0 0 0 0 1 0 0 0 0 0 1 0 0 1 1 0 0 0 0 0 0 1 4 2 6 
LETTINGA 
HOUSING PHASE 2 0 0 0 0 0 1 1 0 1 1 0 0 0 0 1 1 0 0 0 0 0 0 1 4 3 7 
Dominican Sisters 
House of 
Formation 0 0 0 0 0 0 0 0 0 0 1 0 1 0 1 0 1 0 0 0 0 0 0 4 0 4 
Home On The 
Range 0 0 0 0 0 0 1 0 0 0 0 1 0 1 1 1 0 1 0 0 1 0 0 5 2 7 
Police and Security 
Operations 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 1 0 0 0 0 0 0 1 3 1 4 
Staley High School 0 0 1 0 0 1 1 0 1 1 0 1 1 0 1 0 0 0 0 0 1 0 0 6 3 9 
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THE ALDO 
LEOPOLD LEGACY 
CENTER 0 0 1 0 0 0 0 0 1 1 1 0 0 0 1 0 1 1 0 0 1 0 0 4 4 8 
Yale Sculpture 
Building 0 0 0 0 0 0 1 0 0 1 0 1 0 0 1 1 1 0 0 0 0 1 0 5 2 7 
Nueva School 0 0 0 1 0 0 0 0 0 0 0 1 0 0 1 1 1 1 0 0 0 1 0 5 2 7 
Sigler Office and 
Warehouse 1 0 1 0 0 0 1 1 0 0 0 1 0 0 1 1 0 0 0 0 1 0 0 6 2 8 
Great River 
Energy 0 0 0 0 0 0 1 1 1 1 0 0 1 0 1 0 0 1 0 0 0 0 1 4 4 8 
Total 34 5 32 5 1 48 50 32 19 33 30 47 29 11 96 61 61 16 12 9 39 26 38 498 236 734 
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Appendix C: Technology Coding 

Modular Technologies 
              

Modular 
Technologies Tech Clarification 

Basic 
alternative 
technology 

Changed interfaces (e.g., 
actual interfaces, 

standards, 
specifications)? 

Changed design / 
construction process 
(timing, trades, etc.)? 

If integral, 
due to 

changed 
interfaces 

or changed 
process? 

Which trades 
are involved in 
the design and 
construction?  

How so? 

ceiling fans A device mounted on the ceiling to circulate 
air within a space. 

Mechanical 
ventilation 
(HVAC) 
instead of 
ceiling fans 
and natural 
ventilation. 

NO NO Modular 

Specified by 
Mechanical and 

Architect.  
Installed by 
Electrical. 

CO2 
monitoring 
equipment  

A sensor that measures the concentration of 
CO2 within a space.  If the level goes above a 
predetermined value, an alarm might go off or 
may trigger additional ventilation. 

No 
monitoring 

NO.  Same as smoke 
detector 

NO.  Same as smoke 
detector Modular Mechanical 

daylight 
sensors / 
dimming 
controls 

Luminescence sensors that adjust the artificial 
lighting to match the design requirements. 

Manual 
lighting 
controls only 

NO (assuming that 
photocells integral to the 
light fixture) 

NO (assuming that 
photocells integral to the 
light fixture) 

Modular Electrical 

fixture sensors 
Plumbing fixture sensors to supply water only 
when needed.  Usually an IR sensor for 
proximity of user. 

Manual 
control of 
fixtures 

NO NO Modular 

Plumbing, 
sometimes 

electrical (when 
not battery 
operated, 

electrical wiring 
needed). 

high efficiency 
appliances 
(Energy Star) 

Kitchen and laundry appliances that are 
energy rated for maximum energy efficiency. 

Regular, non-
Energy Star 
appliances 

NO NO Modular Plumbing 
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Modular 
Technologies Tech Clarification Basic alternative 

technology 

Changed interfaces (e.g., 
actual interfaces, 

standards, 
specifications)? 

Changed design / 
construction process 
(timing, trades, etc.)? 

If integral, 
due to 

changed 
interfaces 

or 
changed 
process? 

Which trades 
are involved in 
the design and 
construction?  

How so? 

high efficiency 
lighting 

Technology solutions for equal or greater 
luminescence using less energy (e.g. 
fluorescent, LED) 

Regular lighting 
(e.g., incandescent 
bulbs, inefficient 
ballasts/fluorescents) 

NO NO Modular Electrical 

individual 
thermostat 
controls 

Devices that allow occupants to regulate 
the temperature of a system in their area. 

Non-occupant 
controlled 
thermostats 

NO NO Modular Electrical 

low-flow, high 
efficiency 
fixtures 

Plumbing fixture technology to use less 
water per occupant usage (e.g. fewer 
gallons per flush for a toilet); waterless 
urinals not included. 

Fixtures that meet 
flow-rate codes 
(EPACT-1992), but 
do not go beyond 
them  

NO NO Modular Plumbing 

occupancy 
sensors 

Lighting controls that use motion sensors 
to detect if light is needed in a room, rather 
than user controlled light switches. 

Manual lighting 
controls only NO NO Modular Electrical 

operable 
windows 

Many technologies available to enable 
occupants to open windows at their 
discretion for ventilation. 

Fixed windows NO NO Modular   

variable air 
volume 
systems 

VAV = A technology which allows 
different areas in the building to have 
different air flows and pressures.  
Examples:  variable speed fans, pressure 
dampers within ducts. 

Constant volume 
box NO NO Modular 

Mechanical, 
Electrical (to a 
lesser degree) 

 



 

 

148 

Integral Technologies 
              

Integral 
Technologies Tech Clarification 

Basic 
alternative 
technology 

Changed interfaces (e.g., 
actual interfaces, 

standards, 
specifications)? 

Changed design / 
construction process 
(timing, trades, etc.)? 

If integral, 
due to 

changed 
interfaces 

or changed 
process? 

Which trades 
are involved in 
the design and 
construction?  

How so? 

alternative-fuel 
refueling 
stations 

Charging and fueling points for vehicles not 
powered by traditional gasoline ICEs.  These 
include plug-in hybrids, electric vehicles, 
natural gas, ethanol, and other forms of 
alternative fuel vehicles. 

Not including 
charging 
stations in 
building 

YES.  No standards yet 
(e.g., voltage, plug type, 
fuel type) 

NO.  Overall increase in 
electrical load, but 
installation not complicated 
or unique.  Electrical work 
only.   

Interfaces Electrical 

biomass / 
biogas  

Power/heat generation through the 
combustion of organic plant material. 

Obtaining 
power from 
the grid and 
disposing of 
waste. 

YES.  Completely different 
system; essentially design a 
small powerplant on site. 

YES.  Completely different 
process; essentially build a 
small powerplant on site. 

Both 
Mechanical, 
Electrical, 
Plumbing. 

building 
monitoring 
system / direct 
digital control 

Digital control of the building operations 
(lighting, heating, cooling, ventilation, etc.) 

Pneumatic 
control system 

YES.  New interfaces (e.g., 
generally pneumatic 
controls focus on HVAC 
only, but DDC controls 
lights as well) 

YES.  Many new 
interconnections between 
systems; a specialized 
subcontractor programs the 
system's logic after the 
installation. 

Both 
Mechanical, 
Electrical, 
Plumbing. 

chilled beams 

A type of convection HVAC system designed 
to cool or heat.  Pipes of water pass through 
heat exchange beams suspended from the 
ceiling and cool or heat the air around it.  Can 
be passive, active, or integrated/multi-service. 

Overhead air 
distribution 
system with 
supply and 
return 

YES.  Different   YES.  Different Both 
mechnical, 
electrical, 
plumbing 

geoexchange / 
ground source 
heat pumps 
(GSHP) 

A central heating and/or cooling system that 
pumps heat to/from the ground.  The earth is 
used as a heat source in the winter and a heat 
sink in the summer.   

Not having 
GSHP YES.  Very different. YES.  Very different 

installation. Both 

Civil, 
mechanical, 
plumbing, 
electrical 
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Integral 
Technologies Tech Clarification 

Basic 
alternative 
technology 

Changed interfaces (e.g., 
actual interfaces, 

standards, 
specifications)? 

Changed design / 
construction process 
(timing, trades, etc.)? 

If integral, 
due to 

changed 
interfaces 

or changed 
process? 

Which trades 
are involved in 
the design and 
construction?  

How so? 

greywater 
reuse 

A system of recycling wastewater from 
fixtures such as showers, sinks, washing 
machines, cooling towers, etc.  The recycled 
water are used for irrigation, toilets, and 
exterior washing.   

Potable water 
NO.  No new interfaces 
(but if no municipal source, 
need to collect water also) 

YES (double piping leads 
to an increased need for 
coordination to avoid 
conflict and to ensure 
accuracy) 

Both Plumbing 

light shelves 

A horizontal device positioned to reflect 
daylight onto the ceiling and to shield direct 
sunlight from the area immediately adjacent 
to the window. 

No light 
shelves 

YES.  No clear standards; 
based on architect 
expertise. 

YES.  Not clear who even 
installs, architectural trades. Both 

Architectural 
trades, 

Mechanical, 
Electrica. 

radiant heating 
/ cooling 

Heating/cooling that is driven by radiation 
rather than convection, typically under floor 
hot water system integrated with slab 
foundation. 

Typical floor 
construction 

YES.  Design affected to a 
great degree, many things 
to take into account. 

YES.  Very different from 
normal floor installation; 
e.g., different sequence: 
piping and only then pour 
floor. 

Both 

Mechanical, 
Electrical, 
Plumbing, 

Structural (slab 
performance). 

smart building 
façade / 
shading 
controls 

Technology that enables building to vary 
sunlight exposure based on season or time of 
day. (e.g. advanced glazing, adjustable 
shading devices) 

Manual / no 
shading 

YES.  New electrical 
system, new controls, etc. 

YES.  Very complicated 
(much more than electric 
shade). 

Both   

under floor air 
distribution 
(UFAD) 

Technology to raise floor to allow fresh air 
supply to variably route around building 
spaces, exhaust at ceiling level.  Extremely 
similar concept to displacement ventilation. 

Air 
distribution 
through 
supply and 
return ducts in 
the ceiling 

YES.  Intense design 
involved in raising entire 
floor, many systems 
affected. 

YES.  Instead of supply and 
return from the top, supply 
now coming from floor; 
design and installation of 
many other systems 
affected, e.g., floor 
coverings? Where to run 
a/v and internet wires? etc. 

Both 
Mechanical, 
architectural 

finishes 
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Integral 
Technologies Tech Clarification 

Basic 
alternative 
technology 

Changed interfaces (e.g., 
actual interfaces, 

standards, 
specifications)? 

Changed design / 
construction process 
(timing, trades, etc.)? 

If integral, 
due to 

changed 
interfaces 

or changed 
process? 

Which trades 
are involved in 
the design and 
construction?  

How so? 

vegetated roof  
A roof that is partially or completely covered 
with vegetation.  It may include layers such as 
a root barrier and irrigation systems.   

High 
efficiency 
cool roof / tar 
and gravel 
roof 

YES.  Very different. YES.  Very different 
installation. Both 

mechanical, 
electrical, 
plumbing, 

structural, civil, 
landscaping. 

waste heat 
recovery 

Ventilation technology to extract heat from 
exhaust air and supply that heat to the 
external air supply through a heat exchanger. 

Once-through 
system (air 
passes 
through 
building one 
time, nothing 
taken from it) 

YES.  Very different.  
Extra piping, tank, controls, 
heat exchanger. 

YES.  Complex design and 
installation. Both Mechanical, 

Plumbing 
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Appendix D: Supply Chain Integration Coding 

ID Project Name Vertical Integration 
(Procurement) 

Horizontal 
Integration (MEP) 

Composite 
Integration 

Score 

1 Third Creek Elementary School Design Bid Build 
Integration Not 

Complete   

2 Clearview Elementary School Design Bid Build MEP Integrated Medium 
3 QBG New Admin Building & Landscapes N/A Separate Firms   
4 Roberts Hall N/A N/A   
5 French Wing Additon to Conservation Cent N/A Separate Firms   

6 Colorado Court Performance Based 
Contracts MEP Integrated   

7 The Herman Miller MarketPlace - an intel Design Build Separate Firms Medium 
8 Fisher Pavilion Design Bid Build Separate Firms Low 

9 Clackamas High School Performance Based 
Contracts Separate Firms   

10 City of Seattle Justice Center N/A Separate Firms   
11 Traugott Terrace Design Bid Build Separate Firms Low 
12 Management Building, Technology Square N/A N/A   
13 IBM/Tivoli Systems Building 1 N/A N/A   
14 The Patrick H. Dollard Discovery Health Design Bid Build MEP Integrated Medium 

15 Audubon Center at Debs Park Other 
Integration Not 

Complete   

16 NRDC Southern California Office, Robert N/A MEP Integrated   
17 ECHO at the Leahy Center For Lake Champl N/A Separate Firms   
18 The Plaza at PPL Center Design Build MEP Integrated High 
19 Sokol Blosser Winery: Barrel Aging Cella N/A MEP Integrated   
20 Herman Miller C1 Main Site Design Build MEP Integrated High 
21 The Solaire/20 River Terrace N/A MEP Integrated   
22 Genzyme Center N/A N/A   
23 Inland Empire Utilities Agency Administr Design Build Separate Firms Medium 
24 Rinker Hall N/A MEP Integrated   
25 Green Operations Building N/A Separate Firms   
26 Lake View Terrace Branch Library Design Bid Build N/A   
27 John M. Langston High School Continuatio Design Bid Build N/A   
28 Felician Sisters Convent and School Reno N/A N/A   
29 Social Security Administration Child Car Design Build N/A   
30 EPA Science and Technology Center Design Build N/A   
31 Caribou Weather Forecast Office (WFO) (N N/A N/A   
32 Nathaniel R. Jones Federal Building and N/A N/A   

33 Seattle Terminal Radar Approach Control N/A 
Integration Not 

Complete   

34 EPA National Computer Center Design Build N/A   
35 East Campus Modernization Design Build Separate Firms Medium 
36 Pittsburgh Glass Center N/A Separate Firms   
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ID Project Name Vertical Integration 
(Procurement) 

Horizontal Integration 
(MEP) 

Composite 
Integration 

Score 
37 William Jefferson Clinton Presidential C N/A N/A   

38 Tompkins County SPCA Dorothy and Roy 
Par N/A N/A   

39 The Barn at Fallingwater N/A N/A   
40 Seminar II Building N/A Separate Firms   
41 Cambria Office Building Design Build N/A   
42 Alcyone Integrated Process Delivery N/A   
43 Heimbold Visual Arts Center Integrated Process Delivery MEP Integrated   
44 Bazzani Associates Headquarters Design Build N/A   
45 IslandWood: A School in the Woods Integrated Process Delivery Separate Firms   
46 US/Canada Shared Port of Entry Design Build N/A   
47 Navy's Energy & Sustainable Demonstration Integrated Process Delivery N/A   
48 Lillis Business Complex N/A MEP Integrated   
49 Jack Evans Police Headquarters N/A Separate Firms   
50 Richard J. Lacks, Sr. Cancer Center N/A N/A   
51 PNC Firstside Center N/A N/A   
52 Detroit School of Arts Other MEP Integrated   
53 Renovation of the Motherhouse N/A MEP Integrated   
54 WDNR North East Regional Headquarters Design Bid Build Separate Firms Low 
55 S.T. Dana Building Renovations Design Build N/A   
56 Fayetteville Public Library Design Bid Build N/A   
57 Personnel Support Facility Design Build N/A   
58 30 Hudson Street N/A N/A   
59 Wentworth Commons (Prev. High Prairie) A N/A N/A   
60 Science and Technology  Facility N/A N/A   
61 Edgewood Group Home Design Bid Build N/A   
62 Arlen Specter HQ and Emergency Op Center Design Bid Build N/A   
63 University of Denver College of Law N/A N/A   
64 Boston Children's Museum N/A MEP Integrated   
65 Macallen Building N/A N/A   

66 Joint Institute for Computational Science Design Bid Build 
Integration Not 

Complete   

67 Research Support Center N/A N/A   
68 Multiprogram Research Facility Design Build Separate Firms Medium 
69 GISH APARTMENTS Design Build Separate Firms Medium 
70 Air Force Weather Agency Headquarters Design Bid Build N/A   
71 0142 CNT Renovation Design Bid Build N/A   
72 JEWISH RECONSTRUCTIONIST CONGR Design Build N/A   
73 Shangri La Botanical Gardens &Nature Ctr Design Build MEP Integrated High 
74 Chartwell School N/A N/A   

75 Michigan Alternative and Renewable Energy Design Build 
Integration Not 

Complete   
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ID Project Name 
Vertical 

Integration 
(Procurement) 

Horizontal 
Integration (MEP) 

Composite 
Integration 

Score 
76 Ampere Annex N/A MEP Integrated   
77 Baca/Dlo'ay azhi Community School Design Build N/A   
78 Eastern Village Cohousing Condominium Design Bid Build N/A   
79 Carl T. Curtis Midwest Regional Headquar Design Build MEP Integrated High 
80 Wind NRG Partners, LLC. New Facility Design Bid Build MEP Integrated Medium 
81 Scowcroft Building N/A Separate Firms   
82 Austin Resource Center for the Homeless N/A MEP Integrated   
83 Bachelor Enlisted Quarters Bldg 1044 Design Build Separate Firms Medium 
84 Pavillons Lassonde Design Bid Build N/A   
85 Friends Committee on National Legislatio N/A N/A   
86 Hawaii Gateway Energy Center at NELHA N/A MEP Integrated   
87 The Helena N/A MEP Integrated   
88 Balzer Theater at Herren's N/A MEP Integrated   
89 One Potomac Yard Design Bid Build MEP Integrated Medium 
90 Two Potomac Yard Design Bid Build MEP Integrated Medium 
91 Alberici Office Headquarters N/A Separate Firms   
92 Fossil Ridge High School Design Bid Build Separate Firms Low 
93 221 MOLALLA Design Build Separate Firms Medium 
94 Xanterra's Annie Creek Rest/Gift Shop Other MEP Integrated   
95 Artists for Humanity EpiCenter N/A N/A   
96 Provincetown Art Association and Museum N/A N/A   
97 Sidwell Friends Middle School N/A N/A   

98 Wayne Lyman Morse US Federal Court 
House 

Construction 
Manager at Risk 
(CM) 

Integration Not 
Complete   

99 Heifer International Center N/A N/A   
100 Portland Center Stage - Armory Renovatio N/A MEP Integrated   
101 EPA Region 8 Headquarters Design Build MEP Integrated High 
102 NYC OFFICE OF EMERGENCY MGMT. N/A Separate Firms   
103 LETTINGA HOUSING PHASE 2 Design Build N/A   
104 Dominican Sisters House of Formation N/A Separate Firms   
105 Home On The Range Design Bid Build Separate Firms Low 
106 Police and Security Operations Design Build N/A   
107 Staley High School Design Bid Build MEP Integrated Medium 

108 THE ALDO LEOPOLD LEGACY 
CENTER N/A 

Integration Not 
Complete   

109 Yale Sculpture Building N/A MEP Integrated   

110 Nueva School Design Bid Build 
Integration Not 

Complete   

111 Sigler Office and Warehouse Design Build MEP Integrated High 
112 Great River Energy N/A N/A   
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Appendix E: Cost Calculations 

 

 
 

  

Cost Detail Information

Base Building 50000 GSF
2 Story

Office Use

Core/Shell Metrics Ratio to GSF
Gross Area 50,000      SF 1.000         
Enclosed Area 50,000      SF 1.000         
Covered Area -           SF -            
Footprint Area 25000 SF 0.500         
Volume 675,000    SF 13.500       
Basement Volume -           SF -            
Gross Wall Area 40000 SF 0.800         
Retaining Wall Area 0 SF -            
Finished Wall Area 40000 SF 0.800         
Windows or Glazing Area 12000 SF 0.240         
Glazing Percentage 30%
Roof Area 25,000      SF 0.500         
Roof Glazing Area 0 SF -            

Interior and Service Metrics
Interior Partition Length 3500 LF 0.070         
Finished Area 50,000      SF 1.000         
Elevators 2 EA 0.400         
Plumbing Fixtures 26 EA 0.520         
Electrical Load 600000 W 12.000       

Site Area

Energy Model Options
Air Handling Unit Size 50000 CFM 1.000         
Percentage of load by Evaporative Cooling 0 PCT -            
Cooling Capacity (tons) 150 Ton 0.003         
Heating Boiler Capacity 2200 kBTu 0.044         
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1 Alternative-fuel refueling stations

Parking Ratio: 1 car per: 300 GSF
Total Parking required 167 EA
Alternative Fuel requirement 3%
Alternative Fuel Stations 6

First Station 1 EA 8,000         8,000          
Additional Stations 5 EA 6,000         30,000         

38,000$       Total
0.76$          $/sf

2 Biomass / biogas 

Replace all heating load with biomass

Baseline heating load 2,200        kBTu

New biomass boiler, complete 2,200        kBTu 250.00       550,000       
550,000$     Total

11.00$         $/sf

3 Building monitoring system / direct digital control

Add DDC Control (baseline, minimal controls)

Control System 50,000      GSF

50,000      GSF 5.00          250,000       
250,000$     Total

5.00$          $/sf

4 Ceiling fans

Add Ceiling fans at density of 1 per 120 GSF

Number of fans 420          EA 350.00       147,000       
147,000$     Total

2.94$          $/sf

5 CO2 monitoring equipment 

Add CO2 Monitoring
Conference Rooms 10 EA

CO2 Monitoring 10            EA 4,000.00    40,000         
40,000$       Total

0.80$          $/sf
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6 Daylight sensors / dimming controls

Add daylight sensors and dimming control

Daylighting control 50,000      SF 5.00          250,000       
250,000$     Total

5.00$          $/sf

7 Under floor air distribution (UFAD)

Add raised flooring, 12" with carpet tile in liue of carpet
Reduce HVAC ducting - other system elements unchanged
Ceiling costs unchanged
Other core/shell, TI costs unchanged

Raised floor, 80% of gross area 40,000      SF 15.00         600,000       
Misc steps & level transitions 1              LS 10,000.00  10,000         

Reduced ductwork, 50% (25,000)     LB 10.00         (250,000)      
360,000$     Total

7.20$          $/sf

8 Fixture sensors

Add auto valves to fixtures
Faucets 13            EA 500.00       6,500          
Urinal/WC 11            EA 350.00       3,850          

10,350$       Total
0.21$          $/sf

9 High efficiency appliances (Energy Star)

High efficiency domestic appliances (refrigerator, microwave, etc.) N/A

High efficiency office equipment (computers, etc.)
Allow 10% premium cost 50,000      SF 3.00          150,000       

150,000$     Total
3.00$          $/sf

10 High efficiency lighting - Alternative (chosen)

Use T5 high efficiency in liue of T8 50,000      SF 2.00          100,000       
100,000$     Total

2.00$          $/sf
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11 High efficiency lighting - Alternative 2 (not chosen)

Use LED fixtures with task lighting 50,000      SF 30.00         1,500,000    
1,500,000$  Total

30.00$         $/sf

12 Light shelves

Add light shelves to windows, no adjustment to 
cladding design otherwise

Glazing area 12,000      SF
Glazing length, avg 6' height 2,000        LF

Add light shelves 2,000        LF 275.00       550,000       
550,000$     Total

11.00$         $/sf

13 Low-flow, high efficiency fixtures

No cost premium for standard low flow

-              
-              Total

$/sf

14 Occupancy sensors

Time based controls via central relay cabinet
Total

0.50$          $/sf

15 Operable windows

Add operability to glazing systems 12,000      SF 25.00         300,000       
300,000$     Total

6.00$          $/sf
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16 Radiant heating / cooling - Radiant Ceiling

Add hydronic radiant panels, 1SF/8SF, 4 pipe system
Eliminate VAV boxes, 1/400 SF, 20% with reheat
Maintain air side, chiller and cooling tower as base VAV
Maintain control zones at 1/400 SF

Add hydronic radiant panels 6,250        SF 90.00         562,500       
Add four pipe hydronic 50,000      SF 15.00         750,000       
Deduct VAV boxes (125)         EA 900.00       (112,500)      
Deduct reheat loop & coils (50,000)     SF 9.00          (450,000)      

50,000      SF 15.00 750,000$     Total
15.00$         $/sf

17 Radiant heating / cooling - Radiant Floor

Add in slab radiant pipng, 2 pipe system
Keep VAV boxes, 1/400 SF, 20% with reheat
Maintain air side, chiller and cooling tower as base VAV
Maintain control zones at 1/400 SF

Add topping slab with radiant piping 50,000      SF 15.00         750,000       
Deduct VAV boxes -           EA 900.00       -              
Deduct reheat loop & coils -           SF 9.00          -              

50,000      SF 15.00 750,000$     Total
15.00$         $/sf

18 Smart building façade / shading controls: Internal (chosen)

Add automated window shades, average gang 40'

Add automated shades 12,000      SF 25.00         300,000       
50,000      SF 6.00 300,000$     Total

6.00$          $/sf

19 Smart building façade / shading controls: External - Fabric (not chosen)

Add automated window shades, average gang 12'

Add automated shades 12,000      SF 45.00         540,000       
Shade housings, architectural 2,000        LF 300.00       600,000       

50,000      SF 22.80 1,140,000$  Total
22.80$         $/sf
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20 Variable frequency / variable air volume systems

Base option - No added costs

-              
-              Total

$/sf
Add run-around coils in discharge side, 
and make up air, including pumps and 
piping - size at 10% of total CFM

Heat recovery sun around coil 5,000        CFM 7.00          35,000         
50,000      SF 0.70 35,000$       Total

0.70$          $/sf

22 Waste heat recovery - Enthalpy Wheel

Add enthalpy wheel between discharge 
make-up air duct, size at 10% of total CFM

Enthalpy wheel 5,000        CFM -              
50,000      SF 0.00 -              Total

$/sf

23 Geoexchange / ground source heat pumps (GSHP)

Add ground source heat wells @ avg 3T per well,
including heat pumps, piping, etc. Eliminate cooling
tower, retain chiller at 30% of base size

Ground source wells 50            EA 15,000.00  750,000       
Heat exchanger 150          TN 500.00       75,000         
Deduct cooling tower (150)         EA 350.00       (52,500)       
Reduce chiller size (110)         TN 500.00       (55,000)       

50,000      SF 14.35 717,500$     Total
14.35$         $/sf

24 Vegetated roof 

Replace roof with vegetated roof over 70%

Vegetated roof 25,000      SF 35.00         875,000       
50,000      SF 17.50 875,000$     Total

17.50$         $/sf
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25 Chilled beams

Add chilled beams, 1LF/8SF, 4 pipe system
Eliminate VAV boxes, 1/400 SF, 20% with reheat
Maintain air side, chiller and cooling tower as base VAV
Maintain control zones at 1/400 SF

Add chilled beams 6,250        SF 300.00       1,875,000    
Add four pipe hydronic 50,000      SF 15.00         750,000       
Deduct VAV boxes (125)         EA 900.00       (112,500)      
Deduct reheat loop & coils (50,000)     SF 9.00          (450,000)      
Deduct regiaters and grills (50,000)     SF 1.25          (62,500)       

50,000      SF 40.00 2,000,000$  Total
40.00$         $/sf

26 Greywater reuse

Add greywater collection piping 13            EA 1,000.00    13,000         
Add storage cistern & pumps 5,000        Gal 15.00         75,000         
Add greywater distribution piping 13            EA 1,200.00    15,600         

50,000      SF 2.07 103,600$     Total
2.07$          $/sf

27 Individual thermostat controls

Increase number of zones from 1/400 SF
to 1/100 SF

Add VAV boxes and controls 375 EA 1,500.00    562,500       
50,000      SF 11.25 562,500$     Total

11.25$         $/sf
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Cost Trend Key     

        
Year CCI CCI Multipliers Price Drop Multipliers 
1999 6059     
2000 6221 69.04% 133% 
2001 6334 70.29% 130% 
2002 6538 72.56% 127% 
2003 6695 74.30% 124% 
2004 7115 78.96% 121% 
2005 7446 82.63% 118% 
2006 7751 86.02% 115% 
2007 7967 88.41% 112% 
2008 8310 92.22% 109% 
2009 8570 95.11% 106% 
2010 8799 97.65% 103% 

2011 (March) 9011 100.00% 100% 
        
        

KEY       

CCI Multipliers Annual adjustments based on CCI. 

Price Drop Multipliers Technology real prices dropped by 3% each 
year (after accounting for CCI increase) 
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Technologies 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 (March)

Trend:  As market penetration increased, technology real prices dropped at a rate of approximatley 3% per year (after accounting for CCI).
building monitoring system / direct digital control 6.92$   6.72$   6.52$   6.33$   6.15$   5.97$   5.80$   5.63$   5.46$   5.30$   5.15$   5.00$               
CO2 monitoring equipment 1.11$   1.08$   1.04$   1.01$   0.98$   0.96$   0.93$   0.90$   0.87$   0.85$   0.82$   0.80$               
daylight sensors / dimming controls 6.92$   6.72$   6.52$   6.33$   6.15$   5.97$   5.80$   5.63$   5.46$   5.30$   5.15$   5.00$               
fixture sensors 0.29$   0.28$   0.27$   0.27$   0.26$   0.25$   0.24$   0.24$   0.23$   0.22$   0.22$   0.21$               
high efficiency appliances (Energy Star) 4.15$   4.03$   3.91$   3.80$   3.69$   3.58$   3.48$   3.38$   3.28$   3.18$   3.09$   3.00$               
high efficiency lighting 2.77$   2.69$   2.61$   2.53$   2.46$   2.39$   2.32$   2.25$   2.19$   2.12$   2.06$   2.00$               
low-flow, high efficiency fixtures -$    -$    -$    -$    -$    -$    -$    -$    -$    -$    -$    -$                
occupancy sensors 0.69$   0.67$   0.65$   0.63$   0.61$   0.60$   0.58$   0.56$   0.55$   0.53$   0.52$   0.50$               
variable air volume systems -$    -$    -$    -$    -$    -$    -$    -$    -$    -$    -$    -$                
individual thermostat controls 15.57$ 15.12$ 14.68$ 14.25$ 13.84$ 13.43$ 13.04$ 12.66$ 12.29$ 11.94$ 11.59$ 11.25$             

Trend:  Linear.  Account only for CCI.  Technology has either not yet been standardized or is already very mature.
alternative-fuel refueling stations 0.52$   0.53$   0.54$   0.56$   0.57$   0.61$   0.64$   0.67$   0.69$   0.72$   0.74$   0.76$               
biomass / biogas 7.46$   7.67$   7.81$   8.07$   8.27$   8.82$   9.25$   9.65$   9.92$   10.37$ 10.71$ 11.00$             
ceiling fans 1.99$   2.05$   2.09$   2.16$   2.21$   2.36$   2.47$   2.58$   2.65$   2.77$   2.86$   2.94$               
light shelves 7.46$   7.67$   7.81$   8.07$   8.27$   8.82$   9.25$   9.65$   9.92$   10.37$ 10.71$ 11.00$             
operable windows 4.07$   4.18$   4.26$   4.40$   4.51$   4.81$   5.05$   5.26$   5.41$   5.66$   5.84$   6.00$               
radiant heating / cooling 10.18$ 10.46$ 10.65$ 11.01$ 11.28$ 12.03$ 12.62$ 13.16$ 13.53$ 14.14$ 14.60$ 15.00$             
smart building façade / shading controls 4.07$   4.18$   4.26$   4.40$   4.51$   4.81$   5.05$   5.26$   5.41$   5.66$   5.84$   6.00$               
under floor air distribution (UFAD) 4.89$   5.02$   5.11$   5.28$   5.41$   5.77$   6.06$   6.32$   6.50$   6.79$   7.01$   7.20$               
waste heat recovery 0.47$   0.49$   0.50$   0.51$   0.53$   0.56$   0.59$   0.61$   0.63$   0.66$   0.68$   0.70$               
geoexchange / ground source heat pumps (GSHP) 9.74$   10.00$ 10.19$ 10.53$ 10.79$ 11.51$ 12.07$ 12.59$ 12.95$ 13.53$ 13.97$ 14.35$             
vegetated roof 11.87$ 12.20$ 12.43$ 12.84$ 13.16$ 14.04$ 14.72$ 15.35$ 15.79$ 16.50$ 17.03$ 17.50$             
chilled beams 27.14$ 27.89$ 28.40$ 29.35$ 30.07$ 32.08$ 33.65$ 35.08$ 36.09$ 37.71$ 38.93$ 40.00$             
greywater reuse 1.40$   1.44$   1.47$   1.52$   1.56$   1.66$   1.74$   1.82$   1.87$   1.95$   2.01$   2.07$               
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Appendix F: Sensitivity Analysis 

 

 

Variable Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 Model 7 Model 8 Model 9 Model 10

Intercept -.99**** -1.02**** -.96**** -.97**** -1.02**** -1.03**** -.95**** -.98**** -.98**** -.98****
(.10) (.11) (.10) (.10) (.11) (.11) (.10) (.10) (.10) (.10)

Innovation span -.99**** -.99**** -.99**** -.99**** -1.01**** -.99**** -1.01**** -1.01**** -1.02****
(.17) (.17) (.17) (.17) (.15) (.17) (.14) (.14) (.14)

Team Integration
Horizontal .37** .44** .39** .48*** .46** .47**

(.19) (.19) (.19) (.19) (.19) (.20)
Vertical -.04 .05 .06 .16 .15 .16

(.17) (.19) (.17) (.17) (.18) (.18)

Interaction Terms
Innovation X Horizontal .52* .63** .62** .64**

(.32) (.28) (.28) (.28)
Innovation X Vertical .67** .77*** .75*** .76***

(.33) (.29) (.29) (.29)
Horizontal X Vertical .14 .09

(.32) (.33)
Innovation X Horizontal 

 
-.28
(.57)

Controls
Cost -.12**** -.08**** -.08**** -.08**** -.08**** -.08**** -.08**** -.08**** -.08**** -.08****

(.02) (.02) (.02) (.02) (.02) (.02) (.02) (.02) (.02) (.02)
LEED score .005 .006 .002 .002 .006 .006 .001 .001 .001 .001

(.01) (.01) (.01) (.01) (.01) (.01) (.01) (.01) (.01) (.01)
Profit organization .52*** .55*** .42** .42** .56*** .55*** .41** .41** .42** .42**

(.20) (.21) (.20) (.20) (.21) (.21) (.20) (.20) (.21) (.21)
Year -.05 -.05 -.06 -.06 -.05 -.05 -.06 -.06 -.05 -.05

(.06) (.06) (.05) (.05) (.06) (.06) (.05) (.05) (.05) (.05)
Firm Size .15 .16 .14 .14 .16 .15 .15 .14 .13 .13

(.12) (.12) (.10) (.10) (.13) (.13) (.11) (.10) (.11) (.11)
Firm core values -.36* -.38* -.58** -.60** -.38 -.38* -.59** -.61** -.59** -.59**

(.22) (.23) (.26) (.26) (.23) (.23) (.25) (.25) (.26) (.26)

Quasi Likelihood under 
  

622.85 602.78 600.73 600.27 604.18 602.40 601.79 598.12 599.04 599.81

GEE Logistic Analysis of the Likelihood of Technology Implementation (N = 23 projects, 529 implementation 
opportunities)

* p<.1, ** p<.05, *** p<.01, **** p<.001; two-tailed tests.  Robust standard errors are in parentheses.
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