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EXECUTIVE SUMMARY

The primary objective of this research is to benchmark construction costs for three
homebuilding technologies used to build exterior structural walls: conventional site-built
(or stick-built) wood frame construction, factory-produced panelized wood-frame
construction, and stress skin insulated core (SSIC) panel construction. Benchmarking
refers to the direct comparison of a product's performance against that of established
competitors with regard to certain metrics of interest. Construction cost is defined as
the summation of all resources required to construct the house or its primary
components. Construction cost is an important performance metric for a homebuilding
technology. It plays a vital role in determining price, profitability and eventual
acceptance of the technology. At an elemental level, it can suggest both product and
process improvement opportunities. Benchmarking construction costs for innovative
homebuilding technologies offers unique challenges as compared to conventional cost
estimating. Itis labor intensive and difficult to develop comparable estimates. These
challenges have been an impediment to solid, quantitative cost reporting.

The first step in this research was the development of a construction cost benchmarking
methodology which could deal effectively with these challenges. The methodology was
based on a bottom-up or industrial engineering approach and involved estimating labor-
hours and materials for each element of work, and pricing and accumulating all costs
into a total cost estimate. The methodology included a set of guidelines to promote
efficiency and enhance comparability of results.

Research findings indicated that conventional wood framed construction costs were
similar for both stick-built and factory panelized construction. SSIC construction costs
were 17% higher than frame construction of comparable depth, driven primarily by cost
differences in materials and labor. These results were consistent with those of Toole
and Tonyan [4] who asserted that for most home designs SSIC costs appeared to
average 10% to 20% higher than for conventional stick built construction, primarily due
to higher material costs. Related sensitivity analyses suggested that future cost
differentials may be less than 10%. A more detailed analysis of cost results suggested
several avenues for improving SSIC cost competitiveness: 1) development of
alternative panel sheathing materials, 2) use of "long" panels versus the conventional
4x8 ft panel, 3) development of alternative materials and processes for framing windows
and doors and 4) quantification of potential energy savings and other life cycle cost
advantages to justify apparently higher construction cost.

Several limitations of the research restrict generalization of findings. First, results are
based on a small sample of homebuilders. Second, results reflect costs associated with
the construction of an exterior, structural wall. Finally, results do not explicitly
comprehend a number of factory and job site overhead costs (for example, engineering,
indirect materials, insurance, property taxes, construction supervision, temporary site
office, performance bonds, temporary site utilities, temporary buildings/enclosures,
barricades, clean-up, permits/licenses, dust/erosion control). The implicit assumption is
that these items are largely independent of technology.



INTRODUCTION AND BACKGROUND

The obijective of this report is to document research findings from the Energy Efficient
Industrialized Housing (EEIH) project sponsored by the by the U.S. Department of
Energy Office of Building Technology, George James, Program Manager - Tel.
(202)-586-9472. The EEIH project is a collaborative research effort involving the
University of Oregon Center for Housing Innovation, the Florida Solar Energy Center
(FSEC) and the University of Central Florida (UCF) Department of Industrial
Engineering and Management Systems (IEMS). The project goal is to develop
techniques to produce marketable industrialized housing that is 25% more energy-
efficient than currently required by the most stringent U.S. residential codes, and at less
cost.

This report documents research performed by UCF IEMS from March 1992 through the
present. The primary objective of this research is to benchmark construction costs for
three homebuilding technologies used to build exterior structural walls: conventional
site-built wood frame construction, factory-produced panelized wood-frame construction
and stress skin insulated core (SSIC) panel construction. Exterior, structural walls
represent a legitimate domain for cost analysis. They are a primary component of most
houses and contribute significantly to total construction cost and thermal efficiency.

Before proceeding it is useful to define several key terms. Site-built wood frame
construction is, by far, the most common homebuilding technology used in the U.S.
Dimensional lumber, sheathing and other building materials are delivered directly to the
construction site. Walls are framed on site, then plumbed, wired, insulated, and
finished. Wood frame panelized construction has become the homebuilding technology
of choice for a number of large production builders. "Open" (framed and sheathed)
panels are manufactured in a factory and shipped to the construction site. They arrive
at the site as preconstructed wall, floor, and ceiling assemblies that workers erect and
join. Once erected, the walls are virtually indistinguishable from conventional site-built
construction. All electrical, plumbing and code inspections are completed on-site, as is
most finishing. An SSIC panel is a prefabricated panel consisting of an insulative foam
core sandwiched between two structural faces [1]. SSIC panels are used to build
exterior structural walls, roofs and floors in light commercial and home construction
applications. Although widely available commercially for over 10 years, SSIC panels
have made only marginal market penetrations and, in many ways, resemble an
emerging technology. Current DOE interest stems from the fact that SSIC panels
provide significant thermal benefits over conventional wood frame construction of
comparable depth.

Benchmarking refers to the direct comparison of a product's performance against that of
established competitors with regard to certain metrics of interest. This form of product
benchmarking is widely used in new product development [2]. Cost has been defined
as "the summation of all resources required to produce the product" [3]. Construction
cost is similarly defined as the summation of all resources required to construct the



house or its primary components.

Construction cost is a critical metric for most stakeholders in the homebuilding process.
For builders, construction cost drives pricing and profit, impacting market share and
total profitability. Because construction cost drives pricing, it impacts the size and
quality of home which the homebuyer can afford. Given these dynamics, both
homebuyers and builders are generally very sensitive to construction costs [4]. For
manufacturers of innovative homebuilding components, construction cost drives market
acceptance and long term technology viability. From a societal perspective,
construction cost provides a common denominator for initial resource consumption
(materials, labor, capital, etc.). When coupled with other life cycle costs (e.g., energy,
maintenance) and compared to competing technologies, construction cost can be used
to help establish the relative efficiency or value of an innovative homebuilding
technology. Construction costs are also valuable at the elemental level. Detailed
construction costs can serve as process benchmarking metrics, used by the component
manufacturer and the homebuilder to identify and evaluate potential product and
process improvement opportunities.

Published construction cost estimating tables are widely available for most conventional
homebuilding technologies. McDonald [5] provides an extensive list of these
references. In contrast, few comparable quantitative costs have been reported for
innovative homebuilding technologies. Friedman [6] compared the "cost" (actually
price), production time and quality of homes built using conventional (stick built) and
prefabricated (modular, panelized and pre-cut) construction. His methodology utilized
price quotes from builders/manufacturers for comparable architectural house designs.
He concluded that conventional construction was less expensive than prefabricated
construction, but it took longer to build. Laquatra et al. [7] compared panel
manufacturing costs for an innovative Optimum Value Engineered long-wall panel
against a more typical short wood frame panel. The costing methodology used was not
described in the paper.

Several studies have addressed the cost of SSIC construction. Toole and Tonyan [4]
asserted that for most home designs SSIC costs appear to average 10% to 20% higher
than for conventional stick built construction, primarily due to higher material costs.
They provided no substantiating data. Fischer [8], reporting recent side-by-side
demonstration results, reported that the actual cost of constructing an SSIC home was
lower than the cost of an architecturally similar stick built home with the same thermal
specifications. No substantiating data was provided. Brown [9] suggested that when
SSIC panels are used for floor, wall and roof framing, cycle time reduction can be
significant and can reduce time related costs such as financing and insurance. Brown
concluded that when combined with an innovative house design tailored to SSIC panels,
initial costs might be comparable or even lower than a conventional, stick-built
benchmark. These results are indicative of the varied and conflicting perceptions
regarding SSIC construction costs, many legitimately rooted in real world pricing
experiences.

In a more focused study, Smith, Grobler and Miller [10] compared framing labor
productivity between traditional (stick built) and systems (modular) home construction.



The authors used a more detailed engineering methodology, utilizing video-taped field
study results which were analyzed to estimate elemental production process times.
Their findings suggested that, ideally, systems framing labor should be significantly less
than that for traditional framing methods; however, in practice, the savings were not
significant. Another important finding of their study was the difficulty in assuring
comparable results. They concluded that the time required to collect and analyze
results has been the major impediment to solid, quantitative cost reporting.

The process of estimating costs (cost engineering) has been extensively addressed in
the literature for both manufacturing and construction environments [11,5,3]. However,
the process of benchmarking construction costs for innovative homebuilding
technologies offers several unique challenges. First, conventional cost estimating
approaches involve estimating costs for a specific design, as opposed to a technology
capable of producing many designs. Second, the house is a very large scale product.
Smith, Grobler and Miller's [10] conclusion, that the time required to collect and analyze
results has been the major impediment to solid, quantitative cost reporting, is valid.
Third, Stewart [3] has observed that operating data obtained from field studies are not of
uniformly high quality. This is particularly true of innovative technologies in the early
stages of commercialization which are likely to be poorly-defined and highly variable.
Associated problems which were observed repeatedly in the field include: quality
problems from the factory, ill-defined and poorly engineered assembly methods, and
poorly trained and unmotivated crews. More mature innovative technologies may be
better defined, but may still be particularly susceptible to market fluctuations and
resulting plant inefficiencies (e.g., low utilization and high inventories). These factors
can make comparisons difficult, particularly when compared to more stable conventional
technologies. The methodology utilized in this report extends accepted cost estimating
approaches to address the unique challenges associated with benchmarking innovative
homebuilding technologies.

The paper is presented in four sections. First, the construction cost benchmarking
methodology is described. Second, application of the methodology to the three wall
construction technologies is discussed. Results from a small sample of manufacturers
are then presented and discussed. Finally, the report is summarized and conclusions
are noted.



CONSTRUCTION COST BENCHMARKING METHODOLOGY

There are two general approaches for estimating costs [3]: 1) the top-down or
parametric approach and 2) the bottom-up or industrial engineering approach. The
latter approach, also called definitive estimating [5] and detailed estimating [11],
provides the most credible, supportable, usable and accurate estimate when a detailed
definition of work is available [3]. The approach involves estimating labor-hours and
materials for each element of work and pricing and accumulating all costs into a total
cost estimate. This approach is used as the basis of the construction cost estimating
methodology described in this section. The methodology has three components: a set
of guidelines for applying the methodology, a construction cost model, and a cost
estimating procedure.

Guidelines

As stated in the Introduction, the process of benchmarking construction costs for
innovative homebuilding technologies offers unique challenges to the cost estimator.
This section describes guidelines for applying the methodology which address these
challenges. The first set of guidelines deals with cost estimation for a technology
capable of producing multiple designs. A common housing element should be defined
to serve as the basis for costing each technology. The element should be typical of new
housing and, if less than a complete house, should be of sufficient size/scope to assess
whole-house technology performance. At the same time size/scope should be limited to
reduce unnecessary cost estimation efforts. The element should be interchangeable
between technologies and have no significant residual impact on other housing
systems.

The second set of guidelines addresses Smith, Grobler and Miller's [10] conclusion that
the time required to collect and analyze results has been the major impediment to solid,
quantitative cost reporting. These guidelines seek to improve efficiency in data
collection and analysis. Thuesen and Fabrycky [12] have observed that in evaluating
economic alternatives, only the differences between alternatives are relevant.
Therefore, estimating effort should be focussed on those elements which are likely to
differ between alternative technologies. Finally, Pareto analyses can serve to focus
efforts on the most significant cost items. These guidelines are useful both in defining
the size/scope of the common housing element to be costed as well as in selecting the
cost components to be considered. They can be of particular importance when
addressing the many components of overhead cost.

The third set of guidelines deals with Stewart's [3] observation that operating data
obtained from field studies are not of uniformly high quality. Due to the lack of solid,
quantitative data for many innovative technologies, resource requirements needed for
costing should be independently developed from on-site field studies. To minimize bias
and improve comparability, the estimator should be diligent in identifying and adjusting
for non-standard operations, poor business practices, etc. which are not inherent to the
technology. A key element of this adjustment process is to assume standard resource



utilization rates for common resources (when low utilization is not inherent to the
technology). For example, factory labor utilization, site labor utilization and capital
facility/equipment utilization should be assumed comparable across technologies.

Finally, rates for materials, wages, and overhead items (production space, equipment,
etc.) differ by location and may differ between builders/manufacturers in the same
location depending on volume, negotiating expertise, etc. To minimize bias and
enhance comparability, standard resource costing rates should be used for common
resources (when a rate differential is not inherent to the technology).

Construction Cost Model

The cost model is used to identify elemental cost components and to establish their
relationships in defining construction cost. The cost model (Equation 1) consists of two
primary components, factory cost and site cost. Innovative homebuilding technologies
often utilize innovative factory manufactured components. The first term in the model
reflects the sum of the resources required to produce these components. Homebuilding
also requires various construction site activities. The resources required to complete
these activities are included in the second term.

CC=FC+SC (1)
where

CC = construction cost

FC = factory cost

SC = site cost

Factory cost (Equation 2) is the sum of direct material, direct labor and factory overhead
[5] and is comparable to the factory cost developed in the Cost of Goods Sold financial
statement. Factory cost does not include several non-production cost components
which contribute to total cost, including administrative expense (executive salaries,
office space, office supplies, office equipment, legal, auditing and other services, etc.)
and selling expense (sales/marketing salaries, commissions, office space, travel,
entertainment, etc.). The rationale for excluding these costs is that they are far
removed from production and less likely to be a function of the homebuilding
technologies being considered. Profit is also excluded from factory cost.

Direct material cost is the purchase price of all materials which are directly used in
manufacturing the component and become part of the component. This includes the
waste and scrap generated by normal processing. Typical material categories include
raw materials, purchase parts and sub-assemblies. Direct labor cost reflects all labor
performed on the component to convert it to its final shape, including fabrication and
assembly. Labor cost consists of wages and fringe benefits, including paid
holidays/vacations, sick leave, health insurance, social security, etc. Manufacturing
overhead includes all other expenses incurred in production which are not charged to
the product as direct material or labor. A partial list includes the amortization of capital
expenditures (e.g., facilities, equipment, inventories, software), indirect labor (e.qg.,



manufacturing supervision, janitorial, maintenance, material handling, material
procurement, inspection/test, engineering), and other indirect operating expenditures
(e.g., facility/equipment rental, utilities, indirect materials, insurance, property taxes).

FC = DM + DL + OHe (2)
where

DME = direct material cost in manufactured components

DLg = direct labor cost in manufactured components

OHg = manufacturing overhead in manufactured components

Site cost (Equation 3) is analogous to factory cost where the construction site is the
"factory" [11]. Like factory cost, site cost excludes non-production costs associated with
general (off-site) office activities. Dagostino [11] refers to these costs as general
overhead. Profit is also excluded from site cost.

Direct material and labor cost components of site cost are analogous to those of factory
cost. Note that the homebuilding components manufactured in the factory cost analysis
are also direct materials for the construction site; however, they are not double-counted.
Also note that their cost estimates do not include separate administrative expenses,
selling expenses and profit for the manufacturer. This is consistent with the scenario of
a large, vertically integrated homebuilder seeking an optimal production strategy. Job
site overhead [11] includes all other expenses incurred on the construction site or as a
result of the job which are not charged to the product as direct material or labor. The
following is a partial list of job site overhead items which may be applicable to
homebuilding: salaries (construction supervision), temporary office (rent, setup and
removal, utilities, office equipment, office supplies), bonds (performance), insurance
(fire, theft, property damage, liability), temporary utilities (including sanitary), and other
miscellaneous (temporary buildings/enclosures, barricades, engineering services, clean-
up, repair of street and pavement, damage to adjoining structures/property,
permits/licenses, tools/equipment, signs, dust/erosion control, fuels).

SC =DMs + DLs + OHs (3)
where

DMs = direct material cost for materials added on site

DLs = direct labor cost for site operations

OHs = job overhead

Cost Estimating Procedure

The final component of the construction cost benchmarking methodology is a structured
procedure for estimating the construction costs required by the cost model. The
bottom-up cost estimating procedure described by Stewart [3] consists of the following
steps:

1. Collect and review all relevant drawings, documents, and other specifications to
develop an understanding of the scope of work and deliverables required.
2. Based on the specifications, develop a detailed process plan describing the



manufacturing, construction and support activities which must be performed and
their precedence relationships.

Perform a material take-off, identifying the types and quantities of material required
for each activity.

Perform a labor take-off. Breakdown each activity into estimatable units by
discipline. Use industrial engineering standards, judgement of skilled personnel
and other accepted estimating methods to estimate labor requirements (man-
hours) for each activity unit. ldentify and apply applicable allowances to account
for expected performance against these estimates.

Cost material and labor using standard unit prices and current wage and fringe
rates.

Identify and develop best estimates for overhead expenses.

Published Cost Estimating Tables

A legitimate question is why Means [13] or Walkers [14] published data were not used
as the basis for cost development. There are several reasons:

1.

Published construction data do not address innovative technologies such as wood
frame panelization and SSIC panels. Note that although published data were
available for site-built wood frame construction, actual field study results were used
to insure comparability with the other technologies whose results could only be
obtained in the field.

Published construction data do not address differences between site vs. factory
construction processes, including differences in capital equipment and facilities
requirements.

Field studies provide additional insight into improvement opportunities,
opportunities often masked by published data.

A final note is that Walkers [14] was used to obtain estimates for processes essentially
common to all technologies, such as drywall hanging and finishing.



APPLICATION OF THE BENCHMARKING METHODOLOGY

In this section the construction cost benchmarking methodology is applied to the
specific problem of interest, the comparison of innovative homebuilding technologies
used for constructing exterior, structural walls. The first task is identification and
documentation of the common housing element to be analyzed. The common element
selected (termed the standard wall) was a single exterior structural wall, 40 ft long by 8
ft high, containing 3 windows and 1 door, and standing on-site, fully assembled and
finished. The interior is specified as 1/2 in. sheetrock, finished and painted. Vinyl siding
is specified for the exterior surface. It is assumed that the walls are constructed on a
completed floor surface (either slab-on-grade or raised deck). It is also assumed that
the wall will eventually be joined to a roof system (conventional truss or SSIC panel)
and to other walls, both exterior end walls and interior walls. These connection costs
are assumed to be similar for all technologies and are not included in the analysis.
Configurations of the standard wall are shown in Figures 1 through 6 for the following
technologies: 2x4 stick built, 2x6 stick built, 2x4 factory frame #1, 2x4 factory frame #2,
2x6 factory frame, 4 in. SSIC #1, and 4 in. SSIC #2.

The standard wall satisfies the intent of the guidelines regarding selection of a common
housing element. The wall construction technologies under consideration are largely
interchangeable and have little residual cost impact on the rest of the house. Therefore,
the impact of wall construction technology on whole-house cost can be assessed by
focusing on the walls. The standard wall was defined to be of sufficient size and scope
to represent all exterior structural walls in a new house and to be typical for new
housing in general. Also note that the theoretical thermal performance of the standard
wall differs between technologies. Duplicate studs in the panelized wall increase the
level of thermal conduction slightly over that of a stick-built wall. The SSIC panelized
wall has significant thermal advantages over the competing wood frame wall
technologies, including reduced conduction and lowered air infiltration [15].

The second step of the procedure involves development of detailed process plans
describing the manufacturing, construction and support activities required for production
of the standard wall. Data for the process plans were obtained during detailed field
studies at four panel factories and six construction sites (see Table 1). Methods of data
collection included: personal observation, conversations with laborers and supervision,
video taping and work sampling. Observers also maintained written documentation of
deviations from standard practice and their cause (weather, defects from factory,
assembly difficulties, problems with interfacing systems, crew training, material
shortages, delivery delays, inspection delays, supervision problems, etc.). Process
activities were identified during subsequent analysis of field study results. All non-
standard activities were identified and eliminated, as suggested by guidelines regarding
the quality of field data. Activities were documented using Boothroyd-Dewhurst's
Design for Assembly (DFA) software [16]. Activities were added to the DFA User
Operations Library, which serves as a database for all homebuilding activities. The
activities were then used to construct the appropriate DFA Structure Charts and DFA
Worksheets for each technology. A sample DFA Structure Chart and detailed DFA
Worksheet for the SSIC configuration of the standard wall are shown in Figures 7 and 8



respectively. Note that the model is a hierarchical representation of the product, with
parts, sub-assemblies and activities defined at each level. A full set of process charts
and worksheets is shown in Appendix A.

Technology Location Dates
Site-built, 2x4 Frame Site 9/94
Site-built, 2x6 Frame Site 1/93
2x4 Frame Panel #1 Factory 5/92
Site 5/92
2x4 Frame Panel #2 Factory 5/92
Site 5/92
2x6 Frame Panel Factory * | -
Site * |-
4" SSIC Panel #1 Factory 5/92
Site 5/92
4" SSIC Panel #2 Factory 10/92
Site 10/92
6" SSIC Panel Factory * | -
Site * -

Note: * Indicates that technology costs were estimated rather than observed.
Table 1. Field Study Sites

In the third step of the procedure a material takeoff was performed, identifying the types
and quantities of materials required for each activity. Data was generated from the
drawings shown in Figures 1 through 6 and information gathered during the field
studies. Materials were added to the DFA User Items Library (the materials database)
and then added to the DFA Structure Charts and DFA Worksheets. The DFA User
Items Library is shown in Appendix B.

In the fourth step of the procedure, the labor take-off was completed. To quantify the

labor requirements for each activity, methods and time studies were performed on the
video taped field operations. To calculate the standard time for an operation, multiple
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replications were located on the tape, timed and averaged. Observed work pace was
assumed to be 100% of a reasonable, sustainable daily rate. Observations influenced
by obvious anomalies or off-standard conditions were eliminated, as suggested by
guidelines regarding the quality of field data. Standard times were added to the
corresponding activities in the DFA User Operations Library and then to the DFA
Structure Charts and DFA Worksheets. A final task in the fourth step involved
identifying and applying applicable allowances to account for expected performance
against the time estimates. Factors to account for personal, fatigue and delay (PF&D)
were estimated to be 25% and 40% for factory labor and site labor respectively. The
same PF&D factors were applied to all technologies as suggested by the guideline
regarding the use of standard resource utilization rates. The factory PF&D labor factor
is consistent with results obtained during a series of Process and Energy Efficiency
Reviews (PEER) field studies [16,17,18] as well as the independent study reported by
Smith, Grobler and Miller [10]. The site PF&D labor factor is based on the general
perception that construction site labor is more susceptible to lost time due to climactic
conditions, working conditions, etc. [11]. This estimate conflicts with the results
reported by Smith, Grobler and Miller [10] which indicated a site PF&D factor of 4%.

Elemental times for a limited number of wall-building activities (e.g., door and window
installation, drywall hanging, finishing, painting, siding installation, and rough and finish
electrical ) were thought to be relatively constant and were developed using published
cost estimating tables [14]. Electrical labor was assumed 25% higher for the SSIC
options, reflecting the judgement of the electrician at one SSIC construction site. The
Walker estimates included PF&D factors and, thus, did not need further adjustment.

The fifth step in the procedure was to cost the material and labor requirements identified
in the take-offs. The guideline regarding the use of standard resource costing rates was
utilized to minimize bias and enhance comparability. Unit material costs were estimated
using a local modular manufacturer's computerized purchasing data base, effective
March 1989. The prices were thought to be generally representative of current prices
except for wood products which had recently risen approximately 90% [19]. These
prices were adjusted accordingly. A 5% premium was added to the cost of materials
used on the construction site to reflect additional handling.  Unit material costs were
added to the DFA User Items Library and then to the DFA Structure Charts and DFA
Worksheets. Wage rates for all technologies were estimated to be $10 per hour in the
factory and $15 per hour on site, including fringes. These rates were estimated by an
experienced industrialized homebuilder on the project team and were judged to be
reflective of local wage rates. Wage rates were added to the DFA Structure Charts and
DFA worksheets. The DFA software automatically calculates direct material and labor
costs. The labor costs were then adjusted using the appropriate PF&D factors.

The sixth and final step of the procedure was the identification and estimation of
overhead costs. These costs were the most difficult to assess as evidenced by the
number of simplifying assumptions and liberal use of guidelines to reduce the data
collection and analysis effort. In summary, we sought to include only those costs which
were significant in magnitude and which were likely to differ between technologies.
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Figure 7
DFA Structure Chart For SSIC Standard Wall
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Figure &
DFA Worksheet For S C Standard Wa E ement
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Several other guidelines were widely used in estimating overhead costs. These
included: 1) standard resource costing rates were used for resources common to
multiple technologies (e.g., floorspace), 2) standard resource utilization rates were
used for resources common to multiple technologies (e.g., facility/equipment utilization)
and 3) adjustments were made to compensate for poor business practices.

A partial list of manufacturing overhead items includes the amortization of capital
expenditures (e.g., facilities, equipment, inventories, software), indirect labor (e.g.,
manufacturing supervision, janitorial, maintenance, material handling, material
procurement, inspection/test, engineering), and other indirect operating expenditures
(e.g., facility/equipment rental, utilities, indirect materials, insurance, property taxes)
The following capital items were included in the analysis: facility floorspace, equipment
and inventory. Floorspace was measured during the field study and was valued at
standard rates based on type of facility: $10 per ft* for roof only, $20 per ft? for a pre-
engineered "Butler" type facility, and $40 per ft* for a high value, high bay, industrial
facility. Manufacturing process equipment was inventoried during the field study and
costed at its suggested retail price. Inventory estimates for raw materials, work-in-
process (WIP) and finished goods were taken from computerized inventory reports
where available and on observation elsewhere. Obvious anomalies were noted for
several capital items. For example, one SSIC panel manufacturer was observed to
have considerably more floorspace and finished goods inventory than was appropriate.
A discussion with factory management indicated that the situation was atypical and was
being remedied. The data was adjusted to reflect more normal conditions. Capital
costs were annualized using discounted annual worth [12], assuming a ten year study
period and a 20% minimum attractive rate of return (MARR). This measure includes
recovery of capital over the study period with compounded interest accruing at the
MARR. The study period and MARR were estimated by the homebuilder serving on the
project team and were judged to be reflective of current financial expectations in the
industry. Note that the analysis was done on a "before income tax" basis and therefore
the impact of accounting depreciation on taxes was not considered.

The only factory indirect labor overhead item considered in the analysis was
manufacturing supervision. This was costed at the actual salary (including fringes)
since the span of responsibility varied greatly between operations. All material
handling, inspection/test and customer delivery functions associated with normal
operations were included with the direct labor estimates. All of these functions (except
delivery) were performed by production operators. Routine janitorial and maintenance
functions were also performed by production operators and are, arguably, included in
the 25% PF&D factor. Other routine overhead functions such as production scheduling
and control were largely handled by the production supervisor in collaboration with
sales, engineering and company executives. One important function which was not
included in this analysis is engineering. Engineering related overhead includes salaries,
office space, office equipment, computer hardware/ software and professional services.
The implicit assumption was that total engineering costs, factory plus construction site,
are comparable for all technologies. In fact, engineering costs appeared to be driven
more by the level of value-added design services which the producer
(manufacturer/builder) chose to provide than on the technology used. This was driven
largely by the market(s) being served, high end custom homes which required
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considerable design versus lower end standard designs.

Other factory indirect operating expenditures considered in the analysis included
delivery truck lease and utilities. Annual delivery truck lease costs were estimated at
standard market rate. Utility estimates provided by industry were used when available.
Where these estimates were not available, estimates were provided by the homebuilder
serving on the project team, estimated at local rates. No indirect materials, insurance or
property taxes were considered in the analysis.

Annual factory overhead costs were then summed and distributed equally over the
number of equivalent standard walls produced by the factory annually. It should be
noted that several manufacturers were operating well below 100% capacity while others
were operating above (including a partial second shift). Reflecting the guideline
regarding the use of standard utilization rates, it was assumed that each factory
produces panels at a rate equivalent to 100% of single shift capacity. Capacity
estimates were provided by manufacturers and ranged from .4 to 3.5 million sq. ft. of
wall annually, depending on technolog¥ and specific manufacturing system
configuration. A MICROSOFT EXCEL M spreadsheet was used to perform all factory
overhead analyses. An example for SSIC manufacturing is shown in Figure 9. A
complete set of factory overhead costs is given in Appendix C.

Job site overhead items include: salaries (construction supervision), temporary office
(rent, setup and removal, utilities, office equipment, office supplies), bonds
(performance), insurance (fire, theft, property damage, liability), temporary utilities
(including sanitary), and other miscellaneous (temporary buildings/enclosures,
barricades, engineering services, clean-up, repair of street and pavement, damage to
adjoining structures/property, permits/licenses, tools/equipment, signs, dust/erosion
control, fuels). With one exception, all job site overhead items were assumed
comparable and largely independent of technology. The only item explicitly considered
in the analysis was equipment rental for the construction crane when required. This
was costed at the local market rate. Total crane costs for the job (construction of one
house) included transport to/from site and the time on site (estimated from field study
observations). Costs were allocated to the standard wall based on the fraction of crane
time required to construct the wall versus the total time spent at the job-site.

After all cost components (direct labor, direct materials and overhead expenses) were
estimated, they were summed to yield total construction cost for each technology.
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Figure 9
Sample Overhead Cost Calculation Spreadsheet

|EEI PROJECT]

PAMEL COST AHALYSIS: FIXED COSTS

PAHEL MANUFAGTURER:

Current and Normalized Busines

5 Practice

4= SSIC 47 & B 55IC
STUDY PARAMETERS
Max Capital Recovery Pedod (yr.) 10
Minimum Attractive Rale of Return 20%
CAFITAL COSTS
FACILITIES
Mig. n.) 6,000
Capital Cost per sq.iL 520 i
Sub-Total $120.000
EQUIPMENT
Rell Coater $28,000
LBIgE Watuum Pless $8,000
Small Vacuum Press $3.000
Hol wiring abie with jipe $1,000
Small forkdif $15,000
Sub-Total $55,000
WORKING CAPITAL - INVENTORY
|_____Raw Materials o $43,379
Work in Process. 50
Finish Goods. $2,920
Sub-Total $46,200
TOTAL CAPITAL COSTS $221,200
TOTAL ANNUAL EQUIV. CAPITAL $52,784.85
ANHUAL OPERATING EXPENSES
Production Supervision 540,000
FACILITY LEASE
Mig. Space (sq.lt.) 6,000
Annual lease cost per sq it $0.00
Sub-Tolal $0
ECQUIPMENT LEASE
Delvery Trucks $12,500
Sub-Total $12,500
UTILITIES
Wtilities $600
Forkhift $1,200
Vacuum Fresses $240
Roll coater $1,200
Sub-Total $3,240
TOTAL ANNUAL OPERATING ICOS] $55740
TOTAL FIXED COST ANALYSIS
TOTAL ANNUAL EQUIV. COSTS $108,524.85
PARAMETERS
Plant Capacity (lineal il of wail) 52,000
Length of Standard Wall (ineal f. K]
COST/MO0 it wall @ 33% CAPACITY $196
COST/40 N wall { 66% CAPACITY 7
COST/40 i wallfh 100% CAPACITY $65
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RESULTS

Summary cost results are presented and discussed in this section. Results are given
for a base case as well as for several alternative scenarios. Note that the costs
presented may differ significantly from those experienced by the manufacturers/builders
observed during field studies. This results from the use of guidelines including: 1) the
use of standardized resource cost and utilization rates and the exclusion of atypical cost
elements (to promote comparability) and 2) the exclusion of cost elements judged to be
insignificant or likely to be similar for the technologies considered (to simplify data
collection and analysis). The differences in the costs reported, however, are thought to
be indicative of actual cost differences between technologies.

Before examining the results, it is useful to summarize each alternative. The specific
alternatives examined are characterized by the technology used, the wall panel design
and the manufacturing/construction operations observed in the field study.

Homebuilding Technology Assumptions

2x4 Stick Built: The standard wall built using 2x4 conventional stick built construction is
shown in Figure 1. No significant problems were observed on the construction site.

2x6 Stick Built: The configuration of the standard wall is shown in Figure 2. Note that
studs were located on 16 in. centers (versus more typical 24 in. on center for 2x6
construction). Although plywood sheathing was used in the field, OSB was assumed for
comparability. No significant problems were observed on the construction site.

2x4 Factory Frame # 1: The factory, a low cost open air facility built on a concrete slab,
was operating near capacity. It utilized used Triad framing equipment including a roller
deck framing table, an overhead shock cord-suspended router and a bridge-mounted
sheathing stitcher. Windows were factory installed (actual factory installation time is
used in lieu of Walkers [14] published estimates). The factory manufactured large (20
ft) panels. The panel layout for the standard wall, consisting of two large panels, is
shown in Figure 3. Panels were installed on-site using a large rental crane, which was
also used to set roof trusses. No significant problems were observed in either factory
manufacturing or site construction operations.

2x4 Factory Frame # 2: The factory, a modern, high quality industrial facility, was
operating near capacity. Raw materials were delivered to the line via overhead bridge
crane. Panel manufacturing lines utilized Triad framing equipment including a roller
deck framing table, an overhead shock cord-suspended router and a bridge-mounted
sheathing stitcher. The panel layout for the standard wall, consisting of three 12 ft
panels and one 4 ft panel, is shown in Figure 4. Light-weight insulative sheathing was
used instead of OSB, also eliminating the need for felt. No construction crane was used
on the construction site. All panels (and trusses) were man-handled. No problems
were observed in either factory manufacturing or site construction operations.

2X6 Factory Frame: The panel layout for the standard wall is shown in Figure 5. This
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option was not observed. Instead, cost results were extrapolated from those of the 2x4
Factory Frame # 1 option, using appropriate material and labor cost increases
associated with handling larger components. It was assumed that studs are located on
24 in. centers.

4 in. SSIC # 1: The factory, a modern, high quality industrial facility, was operating at
roughly one-third of its estimated capacity. Factory floorspace greatly exceeded that
required for production. SSIC panel manufacturing equipment included powered hand
tools for hot wire and cut-to-size work centers, a Black Brothers roll-coater for
construction adhesive application, and two conveyorized laminating layup stations
feeding two Black Brothers hydraulic platen presses. Material handling within the facility
was by lift truck, hand cart and conveyor. Inventory levels for raw materials and
finished goods were very high. Inventories were stored inside the facility and occupied
a considerable amount of floorspace. The factory produced a range of panel sizes,
from small (4x8 ft) to large (8x24 ft) panels. The standard wall (Figure 6) was
constructed using 7.7 4x8 ft panels. Note that SSIC construction costs are very
sensitive to scrap levels. A construction decision resulting in a square foot of SSIC
panel scrap is much more costly than a similar decision impacting OSB or a cheaper
grade of sheathing. This analysis assumed that the only SSIC panel scrap was that
portion of the small window cutouts which were not used in the large window knee-wall.
Panels were cut on site, not pre-cut in the factory. A standard 2x4 spline was used to
join panels. Panels were joined to the floor via a single 2x4 bottom plate and attached
to the roof via a double 2x4 top plate. The approach observed for rough electric
(running wiring) was unique. The builder, a licensed electrician, ran the wiring as he
erected each panel. Operational problems were observed in the factory and on the
construction site. 30% of observed factory labor was devoted to understanding one
hastily prepared set of shop drawings which were incomplete and unclear. 45% of
observed factory labor was dedicated to moving materials which were blocked by other
inventories, poorly placed columns, etc. On the construction site the crew had difficulty
cutting a corner panel to size, requiring three attempts to cut it properly. After this effort,
the panel was installed with little remaining EPS insulation.

After reviewing findings with factory management and the builder, it was concluded that
several conditions were atypical and being remedied. Observed data were adjusted
accordingly. Factory floorspace and inventories were reduced by 50% and the excess
labor associated with off-standard conditions observed were not included in the study.
The analysis also assumes that the builder will not be a licensed electrician and that
wiring will be run conventionally . Elemental labor estimates for rough and finish electric
is assumed 25% higher than for the wood framed technologies, reflecting the judgement
of the electrician at one SSIC construction site.

4 in. SSIC # 2: The factory, a low cost pre-engineered industrial building, was operating
far below capacity. Factory floorspace was well-used, if not tight. SSIC panel
manufacturing equipment included a custom-built EPS foam cutting table with stationary
hot wire, a Black Brothers roll-coater for construction adhesive application, two custom-
built pneumatic vacuum presses and a cut-to-size work center which utilized powered
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hand tools. Material handling within the facility was by lift truck. Inventory levels for raw
materials and finished goods were appropriate. Finished panels were wrapped in
plastic and stored in the yard. The factory produced a range of panel sizes, from small
(4x8 ft) to larger panels. The panel layout for the standard wall was the same as that
used for the 4 in. SSIC # 1 option described above. Chase and spline cutting was not
observed in the factory, but was assumed equivalent to that observed for the 4" SSIC #
1 option. No difficulties were observed in factory manufacturing operations; however,
several problems at the construction site slowed panel erection. First, the bottom plate
was over-sized, requiring the panels to be force-fit over the plate. After recognizing the
problem, the bottom plates were cut down to 3 ’2". A second problem arose when the
interior walls were framed at 1-_" higher than the SSIC panels. To remedy this problem,
_" of foam was removed from the top of each SSIC panel (using a hand held hot wire
tool), allowing a second top plate to be installed. Both problems were assumed atypical
and the associated labor was not included in the study. Note that the second top plate
was included in the study.

6 in. SSIC: This option was not observed. Instead, cost results were extrapolated from
those of the 4 in. SSIC # 2 option, using appropriate material cost increases.

Note that not all factors were standardized. For example, sheathing materials and
panel sizes were allowed to vary for the wood frame technologies. The rationale for
allowing this variation was to assess the impact of some common design variations
within the technologies considered.

Results

A summary of cost results for the base case are shown in Table 2(a). A second level of
cost detail for each cost category is shown in Tables 3 through 5. Key findings include:

1. Conventional wood framed construction costs were similar for both stick-built and
factory panelized construction. Although capital costs were higher for factory
panelized operations, this was partially recovered by labor savings. The lowest
cost option, 4 in. Factory Frame #2, gains its cost advantage by the use of a light-
weight insulative sheathing instead of the more expensive OSB. The 6 in. frame
wall construction technologies were about 7% more costly than comparable 4 in.
construction, largely the result of higher dimensional lumber cost.

2. The costs for the two 4 in. SSIC alternatives were similar, with the primary
difference being greater capital facility costs for the 4 in. SSIC #1 option. The 6 in.
SSIC costs were 6% higher than comparable 4 in. costs, the result of higher
materials costs.

3. The 4 in. SSIC construction costs were 17% higher than 4 in. frame construction

and 10% higher than 6 in. frame construction. For the 4 in. frame comparison, this
is driven by cost differences in materials and labor.
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Tahle 2
Cost Per Standard Wall

{a) Base Case
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Table 3

40 Foot Standard Wall
Cost Analysis: Material
(Lumber Price Increase Included)
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Table 4

40 Foot Standard Wall

Cost Analysis: Labor

- &" Stick Bul (18" 4" Factory Framae| 4" Factory Frame| 6" Factory Frame 4" S5IC N2 8 B8IC
Ibem 4" Stick Bullt o) e A 24 0c) 4" 58ICH
Faclory ::::hm & Mk NI 25 7 24 18 0 E
Facory Matl Handling Higs 7 3 8 5 12 12
Transpor Panels To Sie A Hi&, & 6 & & & &
Assambis Farwls an Sie 55 55 = 16 = T 84
kstall Windows/Dioors =2 & 17 =3 17 7] =) 9
Instal Siding <] & 75 ] L & a3 a3
install Wiring & Electricsl 60 60 50 &0 &0 78 75 75
Irstall Dyl &1 &1 Lol &1 &l &1 &l L
Pairt irberior) 42 42 42 42 42 42 42 42
Insulatian 18 e L] 18 -3 Incl. Incl I,
Total Laber Cosls 37 382 38 368 341 438 452 462
Values irclude al
applzably PRAD factors

34




Table &
40 Foot Standard Wall

Cost Analysis: Overhead

Capacity
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Several sensitivity analyses provide additional insight from the cost results. First,
consider the impact of market demand on cost. These results are shown in Figure 10.
An important financial advantage of stick built construction is the flexibility of operating
without significant fixed costs such as plant and equipment. This contrasts with the two
factory technologies shown which experience significant per unit cost increases as
demand falls, capacity utilization drops and fewer units of production are forced to
absorb the same level of fixed costs. This becomes critical as utilization falls below
50% and costs rise at a greatly increasing rate. It should be noted that while the frame
panel factories were observed to be operating at capacity (and even some overtime),
the SSIC factories were observed to be operating at less than 50% of their available
capacity. Finally, note that factory production of frame panels became more efficient
than stick building when production exceeds 40% of plant capacity.

A second sensitivity analysis explored the impact of potential forest product price
increases. The results are shown in Figure 11. Note that the SSIC technology did not
become more competitive as the cost of forest products rose. In fact, the SSIC
technology actually became less competitive with 4 in. Factory Frame #2. The reason
for these results was that the SSIC technology has roughly the equivalent forest product
cost of 4 in. Factory Frame #1 (which uses OSB as sheathing), and has greater cost
than 4 in. Factory Frame #2 (which uses light-weight insulative sheathing).

A third sensitivity analysis addressed the longer term potential of SSIC technology as
the industry matures into a major player in the homebuilding industry. It is possible that
SSIC costs can decrease significantly as a result of productivity improvements in the
factory and on the construction site. Factory improvements might be based on flexible
manufacturing concepts, allowing the manufacturer to produce an increasing variety of
"custom" shapes at high volumes. The introduction of automation will allow greatly
increased capacity with minimal increase in personnel and floorspace, significantly
lowering per unit factory production costs. Construction site improvements might be
driven by better product designs, allowing more efficient erection and window
installation. This scenario assumes that it will be possible to cut SSIC factory labor and
overhead costs by 50% and assembly-related site labor by the same amount. Table 6
indicates the labor cost categories affected. Results shown in Table 2(b) indicate that 4
in. SSIC construction costs may be no more than 9% higher than 4 in. frame
construction and roughly equivalent to 6 in. frame construction.
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Total Cost

Figure 10
Impact of pemand on Total Cost
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Table &
40 Feot Standard Wall
Cost Analysis: Labor

(SSIC Cost Reduction Scenario)
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To assist in identifying long term cost improvement opportunities, key elemental cost
differences were identified. The lowest cost SSIC alternative (4 in. SSIC #2) was
benchmarked against the lowest cost frame alternative (4 in. Factory Frame #2). Base
case scenario results are shown in Table 7. First, note that the six items shown
described $223 of the $290 total cost differential. Second, note that the SSIC options
did result in cost savings for certain items including dimensional lumber and site
installation labor for insulation. However, these cost savings were more than offset by
cost increases for materials (sheathing, adhesive, and insulation) and panel erection
labor. This resulted in a net cost increase of $223 for the standard wall. Stated as a
rate this differential represented:

- $ .70 per ft? of total wall area
- $ .88 per ft? of wall, excluding openings
- $5.76 per running foot of wall

Table 7.
Key Cost Differentials for "Base Case Scenario"

Line Iltem 4" Factory Frame # 2 4" SSIC # 2 Differential

Sheathing (incl. felt) $ 38 $196 $158

Dimensional Lumber $248 $161 [$ 87]

Insulation $ 28 $ 86 $ 58

Adhesive (factory & site) $0 $ 44 $44

Panel Erection $16 $84 $ 68

Install Insulation (site) $18 $0 [$ 18]
Total $348 $571 $223

The top 4 items were construction material related. Sheathing was the largest single
item. The SSIC technologies required 15.4 sheets of OSB to cover both the interior and
exterior surface of the wall panels. In comparison, the Factory Frame # 2 option used a
less expensive light-weight insulative sheathing on the exterior surface of the panel
only. Other framing technologies used OSB on the exterior only. Dimensional lumber
was required by both technologies for top plates, bottom plates and window and door
framing. While the SSIC technologies had an advantage since they required no studs,
they did require 2x4 splines on 4 ft centers. This advantage would be even greater if
larger SSIC panels were used, thus requiring fewer splines. The third line item,
construction adhesive, was used in the factory to manufacture SSIC panels and on the
construction site for panel erection. Note again that the 4 ft SSIC panel required joints




(which must be glued) on 4 ft centers. Using a larger SSIC panel would reduce the
number of joints and conserve construction adhesive. Finally, the EPS foam cores used
in SSIC panel production were significantly more expensive than the fiberglass batt
insulation used in most framing applications. The only other significant line item was
panel erection costs. There are several reasons why the SSIC technologies had higher
erection costs. First, erection costs for the SSIC technologies included the cost of
cutting and framing-out windows and doors, a very labor intensive process. Door and
window framing were completed in the factory for the factory framing technologies.
Second, the SSIC technologies utilized a small 4 ft x 8 ft panel, while the two factory
frame technologies utilized larger panels, 20 ft x 8 ft and 12 ft x 8 ft respectively. This
resulted in significantly more panel handling and joining for the SSIC technologies.



SUMMARY AND CONCLUSIONS

Conclusions from this research fall into one of two categories: 1) specific construction
cost benchmarking results and 2) performance of the benchmarking methodology. The
primary objective of this research was to benchmark construction costs for three
homebuilding technologies used to build exterior structural walls. Research findings
indicated that conventional wood framed construction costs were similar for both stick-
built and factory panelized construction. SSIC construction costs were 17% higher than
frame construction of comparable depth, driven primarily by cost differences in materials
and labor. These results are consistent with those of Toole and Tonyan [4] who assert
that for most home designs SSIC costs appear to average 10% to 20% higher than for
conventional stick built construction, primarily due to higher material costs. Related
sensitivity analyses suggest that future cost differentials may be less than 10%.

Several limitations of the research prevent findings from being generalized. Results are
based on a small sample of homebuilders. Results do not explicitly comprehend a
number of factory overhead costs (software, janitorial, maintenance, material
procurement, engineering, indirect materials, insurance, and property taxes) or job site
overhead costs (construction supervision, temporary site office, performance bonds,
insurance, temporary site utilities, temporary buildings/enclosures, barricades,
engineering services, clean-up, repair of street and pavement, damage to adjoining
structures/property, permits/licenses, tools/equipment, signs, dust/erosion control,
fuels). The implicit assumption is that these items are largely independent of
technology.

Research findings suggest a number of future research areas: 1) development of
alternative SSIC panel sheathing materials, 2) construction cost analysis of "long" SSIC
panels versus the conventional 4x8 ft panel, 3) development of alternative materials and
processes for framing windows and doors in SSIC construction and 4) consideration of
potential energy savings [15] and other life cycle cost advantages of the SSIC
technology against its apparently higher construction cost.

A secondary objective of the research was to develop a general methodology for
comparative costing of innovative homebuilding technologies. Theoretically, the
methodology is sufficiently robust to comprehend all production oriented costs including
direct material, direct labor and manufacturing/job site overhead. Should the analyst
wish to extend the model to include other more general cost elements such as general
administrative expense, sales expense, and profit, they may be incorporated. From a
practical standpoint, experience gained in using the methodology suggests that it can
readily account for direct materials and direct labor. Overhead, however, is much more
difficult to assess. There are many categories of overhead expense, both on the
construction site and in the factory. Many overhead expenses are not well documented,
making data collection difficult. Even when cost data is available, the relationship
between overhead cost and technology is not always clear. This can make it difficult to
determine how much of the observed overhead to attribute to the technology. An
example is engineering costs which appear to be highly market dependent. Future
research in this area might address white-collar business processes which support
homebuilding, focusing on the differences between conventional and innovative



technologies. This research might utilize business process re-engineering techniques
using customer value-added as a primary criteria.

Additional research may improve on the selection of the common housing element used
for analysis. ltis likely that relative costs (between technologies) will change as the
size, scope and design complexity of the common element changes. Future research
might attempt to define these relationships and develop factors where appropriate.
Future research might also consider the use of a sample of common housing elements,
either selected randomly or purposely selected based on projected demand.
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APPENDIX A
PROCESS CHARTS AND WORKSHEETS

Notes:
1. Detailed DFA process charts were developed for the following options: 4" factory
frame #1, 4" SSIC #1, and 4" SSIC #2. Simplified worksheets are provided for the
other options.



Appendix A
Waorksheet
2 x 4 Stick Built

2 » 4 Stick Built
Cost Summary
Labor Cost Matanal Cozt
Iem Description Incl. 5% site
& urnber price Increass

Mark & Prepare Foundation n.68 0.00
|Header Construstion 3.20 54,16
‘Wall Framing 4.34 115.08
Window/Door Frame Assemiy 7.24 82.51
‘Wall Frama Ralsing & Setting 10.25 .19
Extarior Sheathing Installation 7.21 102,84
Framing Subtotal 32.82 354.75
Framing Subtotal including PFF&D @ 40% 54.70

Site Finishing Operations

Electrical 60.00 21.92
[Insulation 18.00 27.93
Winyl Siding £3.00 287.57
Sheetrock 60,80 69,09
Intesior Painting 42,00 20.16
‘Window Installation 58.25 257.54
Door site installed with lockset 12.60 10044
Site Finighing Operations Subtotal 332.55 T84.65
Grand Totals 385.37 1139.40
Grand Totals Including PFAD lactors 387.25




Appendix A
Worksheet
2 x 6 Stick Built

2 » 6 Stick Builr
Cost Summary
Labor Cost Material Cost
tem Dascription Incl. 5% site adjustment
& lumber price increase

Mark & Prapare Feundation

Hepdor Conainsclion ,
Wall Framing - N
Window/Dioor Frama Assembly .
J_'I.l".l'al Frame Raising & Saetting D.49 0.19
|Exterior Sheathing Installation 7.21 102,84/
crraming Subtotal 33.53 418,68
(Framing Subioisl ineluding PFAD @ 40% 55.88

Eité Finaghing Ooerations

I ; . .
i . —
Shoetrock I
|kntarior Painting - sy
Window Installation 56.25 257 .54
Door zite installed with locksat 12,50 100,44
|Sita Finishing Ooerations Subtatal 336.28 B14 859
Grand Tatals '_' 369,81 1334 55
Grand Totals incleding PFED factors 302.18




Appendix A
Top Level Process Flow Clharl
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Second Level Process Flow Chart
2 % 4 Factory Frame #1
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Appendix A
Second Level Process Flow Chart
2 x 4 Factory Frame #1
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Appendix A
Second Level Process Flow Chart
2 x 4 Factory Frame #1
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PROCESS CHARTS AND WORKSHEETS: 4" SSIC #1 and 2

Notes:

1. DFA analysis requires integer components. Eight panels are shown in the analysis
and results are manually adjusted to yield 7.7 panels.



Appendix A
Top -evel Process Flow Chart
4" SSIC #1
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Appendix A
Second Level Process Flow Chart
4" SSIC #1
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Appendix A
Second Level Process Flow Chart
4" S51C 1
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Appendix A
Second Level Process Flow Chart
4" SSIC #1
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Appendix A
Second Level Process Flow Chart
4" SSIC #1
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PROCESS CHARTS AND WORKSHEETS: 6" SSIC PANELS

This option was not actually observed. The same panel layout and factory used for the
4" SSIC # 2 option is assumed. Material and labor costs for the 6" SSIC panel
technology are estimated using the process flowcharts for the 4" SSIC # 2 technology.
Specific cost assumptions included the material cost increases described below and no
increase in either factory or site labor associated with handling the larger components.
Material related incremental costs for 6" SSIC construction are as follows:
Additional EPS foam required to build standard wall:

92,160 in.> @ $.000596 per in.’ = $55.00
Additional lumber required to build standard wall:

72 board feet @ $300.00/1000 per board foot = $21.60

Total cost difference per standard wall $76.60
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APPENDIX B
DFA MATERIALS LIBRARY

Some items not used in the analysis are entered with $0 cost.
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Diate of printing: Wed Sep 22 10:46:60 1083

Itam Type Mama Fart NMumibar Itam Cast
! —
| Categorny -Dimensional Lumber. ——————
| Part 2 xX4X 8 Stud 1.84
Part 2K AN 4 Plate 092
Part 2 X a4 10 Stud .06
| Part 2 X d4X 14’ Plate 2.8B
| Part 2 Xk B X 14’ Header 4.08
| Part 2 X B X 12" Header 4. 88
[ Par 2 X 8 X 18" Header .48
Part 2 X 10X 12" Header 6.63
| Part 1 X4 % B'cedar m 3.36
Part 3" X337 X 2" sper C.04
! Part Cedar Shim 0.02
Category -Exterior Shezthing- e rr—————
| Part 4" X B' X 7/16"° 058 6.2a
| Part 4" X B' M 5/8" 0SB 0.00
Part | 4" X:B' M 122" PLYW 16.71
Part 4" X B' X 5/8° PARTE .80
| Part 4' X B' X 5/4° RERD [ Q.00
[ Part 4" X B X 5/8" DUROK 0.00
Camur-’p .-.y'apor Bgrﬂﬂf—.—... e L e i |
| Par 15 # Felt Paper roll 6.15
! Part | 30 ¥ Felt Paper roll 6.25
Part | c.o0
Category | —Fastenmrg-—— =000 | e [
Part 3 34" 16D nails | 0.0
Part 2 3/8" 8D nails cLon
| Part BD tinish nails [ 0.0z
Pars 1 1727 for 10scaples 0.03
Part 2147 for 10staples 0.05
Part 12 ° for 10 staples [ 3
Part | #1171 127 nails 0,00
CET’EQ:”? e R e - e L L S s
| Part Ex1. door win hdwre B5.086
[ Part Lockser 9,60
| Catagory eI OV S e e
| Part window #3044 3 X 4 | 53.856
| Part double #3044 6" X 4 | 108,70
|  Category AN sulation-—--- | e
Fart A-1118"X91" Kraft 237
Fart R-11 15" X40" Kralt Q.00
Fart R-18 15" XK48" Kralt 0.00
Past i R-18 23" X48" Kralt 0.00
Part | R-30 247 K48 Krait 0.00
Boothroyd Dewhurst. Inc. Page
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Date of prnting: Wed Sep 22 10:46:50 1583

Industrial Eng. and Management Systems.

Item Type

Mame

Part

| Part

| Part

Part

Part

Part

Part
Categary

Part

! Part

I Fart

Part

Part

Part
Category

Part

Part

Part

Part

Fart

Parl

Part

| Part
| Category

Part

Part

Part
Category

Part

Part

Part

Part

Part

Part
Categary

Fart

A-13 W/Vapor Barr.
R-30 WiVapor Barr.
R-38 W Vapor Barr,
4' X 8" X 3 5/8" EPS
4" X 8 X 55/ EPS
4' X8 X 7.5/8" EPS
4'%X'8' X 3 5/8" URE
——Electrical--—--
12-2 Romex wire
Duplex recepi.
switch plate single
recept plate single
single pole switch
single gang box
=Dyt all-cccanas

A XN 87 127 SHRK
4" X 8" X 5/87 SHRK
4" X 8" X 5/8" FIRE
4" X 8" X 12T \WPRF
Joing Tape roll LF
Joint Tape Fbgls LF
Joint Cmpnd. 5 gal,
Joint Cmpnd. 25 Ib.
-Glues & Cavlks----
Clr, Latex Wnd Caulk
Acry. Latex Found, C
Dirywall adhasiva
-Exterior Siding--—-
Vinyl Dbl. 47

vinyl Dbl 5°

Vinyl corner pt. 10°
Winyl inside pt. 10°
Vinyl 12" J channel
Vinyl 12" Starter

Interior flat latex

Fart Mumbar

lterm Cost

000000 000O0DOD
(=l of=lals s lol
DR Qo000

[ T R e ey

Boothroyd Dewhurst, Inc.
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Industrial Eng. and Management Systems.

Date of printing: 'Wed Sep 22 10:_50:05 1993

I Item Type Mame ) Part Number ltemn Cost
N |
Category ! -Doors and windows !
Part Door and lockset 95.66
Category Dimensional Lumber-
Part 2X4X2" lurnber .45
Part 2XAKE" lumber 1.38
Part 2X 4 X8 Stud 1.84
Part I 2 X 4 X 4" Plate 0.92
Part 2 X 4 X 10" Stud | 2.05
Part 2% 4 ¥ 14" Plate | 2.88
Part 2 X6 X 14" Header 4086
Part 2% 8 X 12" Header 4. B8
Part 2 ¥ 10 X 12" Header 5.63
Part Z2X10XE6" Header 3.35
Part 2x12-14"° 11.76
Categary -Exterior Sheathing-
Part X210 X7M16" OSE | 3.3
Part 4" X B" X 7ME6" OsB i 6.24
Part 1" X8 X716 0SB | i.66
Part 4" X 8° X 5/8" 058 | Q.00
Part 4" ¥ 8° X 5/8" PLYW 15.71
Part 4" X §" X 5/8" PARTEB 8.80
Part 4" X B" X 5/8° RBRD 0.00
Part 4' ¥ 8" X 5/8° DUROK | i 0.00
Category --Vapaor Barrigr-—— i
Part 185 & Felt Paper rall | 6.15
Part 30 # Felt Paper roll | 65.25
Part ? | i 0,00
Category —=-Fasteners-——-
Part Mails/top platel8') 0.08
Part Drywall Nails Q.00
Part Staples/bottom plate 0.12
Part Staplesfspline 0.24
Part Staplesf2it groowe 0.06
Part Staples/&ft groove 0.18
Part Bolt/bottom plate | 3.89
Part | Mutfbottorm plate i 0,43
Part Washers/b. plate Q.60
Category | - DOQES =ememee memeeeemeeeeeeees
Category b WIndOwWSecemeas e -
Category -—Insulation-—--—---
Part R-11 15"X31" Krafr Q00
Part R-11 15" X40" Kraft .00
0 Part R-19 15" X48" Kraft .00
Eoothroyd Dewhurst, Inc. ﬁppendix B Page

Material Database for SSIC
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Date of printing: Wed Sep 22 1:50:05 1993

Imdustrial Eng. and Management Systems.

Item Type MNamea Part Number Iterm Cost
Part R-19 23" X48" Kraft 0.00
Part R-30 24"X48" Kraft 0.00
Part . R-13 Wi/Vapor Barr. 0.00
Part R-30 W/ apor Barr. Q.00
Part R-38 W/ Vapor Barr., 0.00
Part B'X2'10" X3 5/B"EPS 0.00
Part 4' X 8" X 3 5/8" EPS 0.00
Part 1'®8'X 3 B/8" EPS 2.78
Part 4' X B' X & /8" EPS 0.00
Fart 4' X B' M 7 5/8" EPS Q.00
Part | 4' X8 X3 EME"URE 0.00

Category --Electrical-——- 1

Categaory ---Dirywall--—-—-- |
Part 4' ¥ B' X 1/2" SHRK i 0.00
Part 4’ ¥ 8" X B/8° SHRK .00
Part 4' ¥ 8" M 5/8" FIRE i Q.00
Part 4 ¥ B X 127 WPRF .00
Fart Joint Tape roli LF o0.00
Part Joint Tape Fogls LF .00
Part Jaint Crmpnd. 5 gal. 0.00
Part Jaoint Cmpnd. 25 Ib. 0.00
Part Spackling compou/ft2 0.02
Part Constn glua/g ft 0.56

Categary -Glues & Caulks-—-
Part Constn glue/oottom p 0.586
Part Const gluefspling 0.56
Part Const glueféft 0.42
Part Const gluar2ft Q.14
Part laminating giue/c.pa 1.06
Part 239 pz. twube adhesv. Q.00
Part Acry. Lix caulk tube 0.00
Part Butyiseal caulk tube 0.00
Part 29 gz, tube caulk 0.00
Part Can foarm-in 0.00
Part Guan foam-in | 0.00

Category -Exterior Siding----
Part Viry! Dol 4~ Q.00
Fart ¢ Winy! Dbl &7 o.c0
Part I Wiyt cormer pt. 10" 0.00
Part Vinyl inside pt. 10° 0.00
Part Virgl 12" J channel 0.00
Part Vinyl 12" Starter .00
Part 4M 8 wall panel .00

Boothroyd Dewhurst, Inc. Appeﬂd]x B Page

Material Database for SSIC Technologies
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Industrial Eng. and Management Systems.

Date of printing: Wed Sep 22 10:50:06 1993
Item Type Mame Part Number Item Cost
Part 1.3=8 wall panel 9.28
Part 4 sq.ft wall panel 3.33
Category —Finishing-———- | e -
Part Paint{1 coat, 40 ft) 20.00
Appendix B
Page

Boothroyd Dewhurst, Inc.
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APPENDIX C
OVERHEAD COSTS

Notes:
1. Fixed costs for the 2 stick built options are assumed to be $0.
2. Fixed costs for the 2x6" factory frame and the 6" SSIC options are assumed identical to those of the 2x4" factory frame # 1
and the 4" SSIC # 2 options respectively.

20



Appendix C

Owverhead Cost Spreadsheet

.......... j [EETH PROJECT STy j
PANEL COST AMALYEIR: OUERHEAD COET
L . _ I 1
PANEL MANUFACTURER: | ‘Current Busine:s Practice —
| 4 Factory Frame #1 & & Factory Frame
| STUDY PARAMETERS
Mas Q% Riecovery Periad fyr ) 10
Minimum A ale of Retin Fi 3
CAPITAL COSTS
FACILITIES
Mig. Space (s A) 3,850
Cos! per sqfl, 310
g‘él Cont [] >
per sq i $1
_ Sub-Tolal $508 500
r __E32E | Al Triad equipment assumed purehased e
$11.245 | IS
$iv.585 |
340
S — : %
= 40
Sub-Total 45,855
WORKING CAPITAL - IMVENTORY
Flarw Melerials 524 A5
Work in Process Ell
Fintsh Goods $25, 003
Sub-Toral 548,87
TOTAL CAPITAL COSTS S50, 058
TOTAL ANNUAL ECUIV. CAFITAL S48.574
ANHUAL GPERATIHG EXPEMSES
[Production Supendsion $18,300
ECUIFMENT LEASE
Delrery Trucss (21 $16.600
Bub-Total 16,800
EQUIFMENT OFER. COSTS
parane Rental {annual) 66,000
Foehiilt Opersling & Mainl Costs | 54,000
Sub-Toial 70,000
UTILITIEES
Casliend 5]
- mm nlxa e - v -
Wyater T $180 |
V¥asle Disposal | 53,850 |
~ Sub-Total %8340
TOTAL ANHUAL CPERAT NG COSTS §111,340
TOTAL FIXED COST ANALY SIS
TOTAL ANNUAL BN GG TS $160,0714
PARAMETERS —
Flant Capacily limeal I_of wal 107,240 3 housesiday, ishll___ |
Lengih of Saandard vwail 3] 40
COSTISTO, WALL (@ 33% CAPACITY HE]
COSTETD, WALL ) 6E% CAPACITY| SA0 -
o | g EoEe _—
OIS T/ET 0, VALL £ 100% CAPACITY 300
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Appendix C

Overhead Cost Spreadsheet

LI I—

_JEEI FREJEET
FAREL COST ANALTSIS: OVERHEAD GOST

PANEL MANUFACTURER:

Current B

Practl

IWW

Max Capital Recovery Pancd (jr.)

| Minimum Aliractive Fabe of Retum

CAFITAL COSTS

Mg Space (sqf)

| Cost par sq

g8

Bl Tertad

ECUFMENT

18

A3 Trisd squipment assumed purchased used |

[ Triad Framing Tabla
%ﬁm‘%
| Triad Sheathing Saicher (3}

[ Porotie Rovlr 1)
Cormsayor (8)

53,124

Iw@}
Forklif {1}

F20.000

Sub-Total

WOEHRING CAFTAL - INVENTORY

Fiarws Maberials

‘Work in Prooess

Sub-Total

SERLEET

TOTAL CARTAL COETE

TOTAL AMMUAL EQLIN, CAPITAL

Eaporazicn

ECUIPMENT LEASE

Diltvary Trucks

Flat Bedts {10

| Irachors ()

Sub-Tedal

§720,000

M

2,560

§25 500
5250

520,000

TGTAL FIXED COST AMALVSIE

TOTAL

_ﬁ—mwtd-ﬂ

of Standard Wall (inaal ft.)

COBTISTD. WALL g3 53% CAPACITY

COGTIGT0, WALL §) 5% CAPAL

T COSTISTD. WALL gy 100P% CAPACITY,
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Appendix C

Overhead Cost Spreadsheet

_l_p EEIH PAGJEST|

ANEL GOST ANALYSS: OVERHEAD CUST

'—I_mmllm Business Fractice

N L
IPANEL MANUFAGTURER: ] E
475310 5 e
STUDY PARAMET ERS
 Miox Capil= Reewery Preicd [y 0
_ Minimum Afirselve Bate of Ratun 0
\CAPITAL GoSTS T |y I e e T e R T
FACILITIES - '
e Mig. Space (3q.0.) L 18307 |
| Capial Cosf per sq.ft i ]
Sub-Total [EEEIi)
EGLPHENT
Cole 5000
Floles Fress (Enell) 516000
Flaion Press [Eroe) 261,000
Infeed conayor | 10000
Cutfesd Comeyer SN0
Forklin__ 15,000
Sub-Toml i 3 A e e R b e
WDRKIN,_;#FIWL u-n.en-mnf !
i Matarials 5117 517
Wioet in Procoss 0!
Finizh Goods S70,000
Sub-Toal F1B7,537 |
— TOTAL CAFTAL COSTS £1 07 BaF
TOTAL ANMUAL EGUINV CAPITAL S254,/70 09
AMNUAL OPERATING EXPEMNEES
FACLITY LEASE
VPodUEtion supansion | 36400
___ SubTotal 335,400
ECLIEMENT LEASE
fielhve Trughes 150 212,500
1 Iterm 2 =
Item 3 1)
lfem 4 S ]
femS ~ Ay B
e Todal 517,500
UTILITIES.
Watarinlrcincigac BHO0
Farklift operaling oost | 51,200
Coater i 51,700
WFTEESEE S240 i
Eib-Toll 53,40
TOTAL ANMLIAL OPERATING OOSTS 57,140
ITOTAL FIRED COST ANAL —
TGTAL ARMUAL EQUIV, GOSTE 30 A000
| PARAMEIERS (e
Pland Copacity {iweel I of wall] i |1 |
engih of Slardacd Wall {ineal it a3t
COETIFANEL @ 135 CAPACITY 5134
GG UTANEL (& 651 CAPRGITY L]
GOSTIPANEL ) 100% CAPACITY X b1
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Appendix C
Overhead Cost Spreadsheet

EEH PROJEGT]
FANEL COST ANALTH 3 OVERHEAD GO&T,
FPANEL MANUFACTURER: X i5 e ek v
im - ormalized Business Practico |
ISTUDY PARAMETERS T A
__Mnx Capital Recovery Peniod [yr.) i
Minimum Aftreciive Rate of Ristum 0%
IGAPITAL COSTS
EACLITIES
W&l— i 3,000 =
: Pt peraq = 520
Sub-Tolal 420,00
EOLIFMENT
1Rl Coaler 26,000
Large Vacuum Press EE.000
Smail Vecuum Fress %5600
Hotwring abks wil jigs PPt 1000
rSmall Torkin 315000
Sun-T ol ESEI]
WORKING CAPITAL -INVENTCRY ] | i
Fixw Materials 240978
Wk in Frocess 0
Flrilen Geoes 2,500
Eub-Tatal LI
TOTAL CAPTAL COSIE S0
| TOTAL ARNUAL SO0 CAFTAL 557 T4 j5
AMNLAL OPERATING EXFENSES
JPreduction Supenasion 40000
FACILITT LEASE iz
Wi Spoce [si71] T —
_ Arnial leas s endl parea i : £0.00
Sub-Tetal 0
ECLIFMENT LEASE
Clivery Trucks EIFEG
[ Buh-Tokl S12E00
UTILITIES
; I 600
E«m Y 51,200
Presaes ] G240
Roll coales o 1 51,200
Sub-Total £3240
TOTAL ARSIUAL DFERATING COETS L TA0
|
TOTAL FIXED COBT AMALYEIE =
TOTAL AMNUA ECLII. COSTS 3108,524.65
FARAME TERS: I
Plznt Capacty [line L of wall) 57,000
Lenglh of Stardard Wad {ineal g
CETTAD E wall f 33% CAPACITY e
GO L vl £ 65 CAPAGITY =T
T COETIA0 T wallgh 100% CAPRCITY, i El
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