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Abstract: This article describes a methodology for a risk-informed benefit–cost anal-
ysis that includes (i) risk analysis to quantify risk reduction benefits and (ii) uncertainty
analyses to quantify probability distributions over costs and benefits. It also summa-
rizes the lessons from 25 applications of this methodology to evaluate R&D projects of
the Science and TechnologyDirectorate of the Department of Homeland Security. The
article then illustrates the methodology with a specific application to evaluate the
benefits and costs of theAdvanced Personal Protection System (APPS), a new garment
system developed to protect wildland firefighters. The goals of the APPS project were
to reduce risk and to improve comfort. The cost analysis revealed that the APPS
garments are more expensive by about $279 per garment system. Total costs were
roughly $7.3million, including the upfront project cost and the increased 5year cost of
purchasing the APPS. Benefits from reduced injuries and fatalities resulted in 5year
benefits of about $19.3 million, with an NPV of $13.6 million in 2019 dollars. In the
base case, the benefit–cost ratio was 2.87 and the return on investment was 187% over
5 years. Taking the perspective of a decision-makerwhen the projectwas first funded in
2011, NPVs are $11,993,728, $10,025,519, and $7,967,479 in 2011 dollars for dis-
count rates of 0, 3, and 7% respectively. An uncertainty analysis of the NPV showed a
large variability, ranging from the 5th percentile of $6.4 million to a median of $19.3
million to the 95th percentile of $43.7 million in 2019 dollars. This large range was
primarily due to the uncertainty about the reduction of fatality and injury risks and the
market penetration rates of the new garments.
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1. Introduction

To improve government research and development (R&D) planning and resource
allocation, it can be useful to estimate the costs and benefits of the R&D projects. The
basic idea is to estimate how government operations can be improved by implement-
ing the results of R&D projects and to compare the costs of the investment with the
anticipated benefits from the change in operations. An example is the development of
an improved hurricane prediction model that can improve government decisions to
evacuate people prior to the arrival of a hurricane, thereby saving liveswhile reducing
unnecessary evacuations.

Since 2016, a team of economists and risk analysts at the National Center for
Risk and Economic Analysis of Terrorism Events (CREATE) has explored using
benefit–cost analyses (BCAs) to inform managers about R&D projects and products
funded by the Science and Technology (S&T) Directorate of the Department of
Homeland Security (DHS) (see von Winterfeldt et al., 2019; CREATE, 2018,
2019a, 2019b). Initially focused on projects funded by the Office of University
Programs (OUP) to estimate future benefits, the team later applied retrospective
BCAs of research and development products funded by the First Responders Group
(FRG) of S&T. The FRG group is tasked with, among other things, developing
innovative solutions for use by the emergency preparedness and response community
for day-to-day operations and large-scale emergencies.

Based on this experience, we adapted the basic steps for a BCA (Graham, 2008;
Robinson & Hammitt, 2013; Boardman et al., 2018) to include improvements in
safety and security. This led to what might be called a risk-informed BCA (Farrow,
2017). Risk analysis is used in two different ways in this modified BCA. First, for
many security-related R&D projects, one of the important benefits is risk reduction
(or its counterpart, security increase). Risk analysis therefore becomes an important
part of benefits assessment. Second, there often is substantial uncertainty about input
parameters of the cost and benefit models used in security-related BCAs. To quantify
these uncertainties, sensitivity analysis, and probabilistic simulation are useful. Both
aspects of risk are incorporated in this risk-informed BCA methodology.

The details of the methodology are described in the next section. Following this,
we describe an application of the methodology to a BCA of a research project that
developed and evaluated a wildland firefighter Advanced Personal Protection Sys-
tem (APPS). We conclude with a discussion of the limitations and opportunities for
conducting BCAs in the homeland security R&D context.
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2. Methodology

The risk-informed BCA methodology used to evaluate homeland security R&D
projects and products consists of the following steps:

(i) Selection of R&D projects with potential risk reduction benefits
(ii) Baseline analysis: Cost, risk, and performance under the status quo
(iii) Cost analysis: R&D and implementation costs
(iv) Benefit analysis: Cost savings, risk reduction, and performance improvement
(v) Analysis of net benefits, benefit–cost ratios (BCRs), and return on investment

(ROI)
(vi) Sensitivity and uncertainty analysis
(vii) Recommendations

Each of these steps is described in the following subsections.

2.1 Selection of R&D projects

An R&D manager pursuing a simple budget-constrained maximization would like
to invest in projects starting with the highest net present value (NPV) (Boardman
et al., 2018) or the highest BCR (Weinstein & Zeckhauser, 1973; Bellinger, 2018)
and working down until the budget constraint is reached. An important task is to
prioritize and select proposed R&D projects that have not been implemented or
used yet. Some R&D managers in DHS also found it useful to evaluate projects
retrospectively to demonstrate the value of past investments. Earlier BCAs (von
Winterfeldt et al., 2019) were conducted on both prospective and retrospective
cases, and, in some cases, a mix of both. In addition to selecting a mix of projects, it
was also important to the R&Dmanagers that the past or future users of the research
products resulting from the R&D projects considered them both of high value and,
in case of prospective analysis, had a high likelihood of being implemented
and used.

Our approach to selecting the FRG cases was to identify R&D projects that were
close to implementation or had been implemented, which necessarily passed some
usefulness or bureaucratic criteria although not necessarily a benefit–cost criteria.
While not a random sample, the analyses are useful to managers to investigate causes
of success and to assess retrospectively whether expenditures generated positive net
benefits. In this study, R&D managers selected nine R&D projects based on the
current commercial or governmental use and the availability of data.
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2.2 Baseline analysis: cost, risks, and performance
under the status quo

The baseline analysis begins with an assessment of the costs of current operations,
without the use of the R&D product that is being evaluated. For example, in the BCA
of theWildland Firefighter APPS garments described in this paper, there is the cost of
the legacy garments which would need to be purchased if the APPS garments were
not available. These costs have to be estimated for a given base year and assessed
using appropriate cost adjustments to reflect the value of money.

The baseline performance and risk metrics varied between R&D projects and, in
some cases, there were multiple metrics to be aggregated into a monetary present
value. In some of the past case studies, baseline performance was measured by a
commonly used metric, such as the number of nuisance alarms of a current detection
device or the expected number of fatalities with current inspection operations. For
example, in one study concerned with reducing hoax calls received by the U.S. Coast
Guard (USCG), we established a base line of the number of hoax calls in a given year.
These calls are costly because they trigger expensive search and rescuemissions. The
intent was to evaluate a new computerized voice recognition and analysis tool that
had the potential to reduce hoax calls.

In other security-related projects, the baseline performance was the current risk
level, usually expressed as a function of threat, vulnerability, and consequences. Both
the threat and vulnerability aspects were quantified as probabilities, using data and
expert judgment. For example, when estimating the risk of attacks on passenger
ferries in the New York Harbor, we used worldwide data of terrorism attacks on
ferries to scale the attack probabilities (threat probabilities) to the ferries in
New York. Vulnerability was quantified as the probability of success of an attack,
given an attempt, using expert judgments and models. Consequences were modeled
using data of past successful attacks worldwide, in combination with passenger
volumes and likely lives lost. The intent was to determine how a better allocation
system for protecting ferries with USCG patrol boats would reduce the risk of ferry
attacks in New York Harbor.

The Wildland Firefighter APPS described in this paper produced and evaluated
an improved design for firefighter garments. These had several potential benefits,
including a reduction of fatality and injury risks and improved comfort. As a baseline
risk, we estimated the fatality and injury risks of firefighters prior to the introduction
of the new APPS garment. Comfort was estimated using a real-life trial of wearing
both the legacy garments and the APPS garments.

As in these examples, risk analysis is a major part of both the baseline analysis
and the benefits analysis. When conducting these risk analyses, the estimation of
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probabilities of threat and vulnerabilities turned out to be the most challenging tasks,
which required the use of often sparse data, models, and expert judgments. In
contrast, consequence estimates (assuming a successful attack) were relatively
straightforward.

2.3 Cost analysis: R&D and implementation costs

Having selected the R&D projects and identified baseline costs and impacts, the next
step in the methodology was to assess their development and implementation costs.
For this purpose, a cost accounting template was developed that assured that all initial
investments were counted, in addition to transition, implementation, maintenance,
and upgrade costs to the extent possible.

In some cases, all costs were upfront (i.e., project costs prior to implementation),
with benefits occurring later. In other cases, costs continue into the future, both as
baseline costs (i.e., cost without the implementation of the project) and the costs of
operating and maintaining the new research product.

Costs and benefits occurred in various past years, with a cutoff point of 5 or
10 past or future years of use for each project. Future values were discounted at a rate
informed by professional practice and government guidance (see e.g., Moore et al.,
2013; U.S. Council of Economic Advisers, 2017).While there remains a large debate
about the appropriate rate of future discounting (e.g., Burgess & Zerbe, 2013; Moore
et al., 2013), the government audience for this work was most comfortable with
approaches based on the real rate of return as suggested in U.S. government benefit–
cost guidance (OMB, 2003, 2017).

While it is standard to apply a common future discount rate across projects, the
appropriate rate for retrospective analysis is less clear. Presumably, a retrospective
analysis would apply the rate of return relevant during that time period, either with or
without inflation as appropriate. An investigation of the real interest rates between
2000 and 2019 indicated that in many of these years the real rate was close to zero
(U.S. Council of Economic Advisers, 2017). Consequently, the approach used for
each of the 25 cases, and for the APPS case, in particular, was to increase past values
for inflation to the target year (here 2019), but to use a zero-retrospective real (net of
inflation) rate of interest across projects.

In addition to this approach, we also analyzed from the perspective of decision-
makers at the time of funding the project (in theAPPS case, 2011) and conduct a BCA
as if they were looking into the future to 2019. Using this perspective, we used the
inflation rates between 2011 and 2019 to adjust the benefits and costs to 2011 dollars,
then discount them, at the OMB approved rates of 3 and 7 %.
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2.4 Benefit analysis: cost savings, risk reduction, and
performance improvement

Assessing the benefits of R&D projects aimed at improving homeland security deci-
sions and operations is much more difficult than assessing their costs. The largest
difficulty is that there are several types of benefits which require different assessment
models. Benefit–cost textbooks are replete with models for various situations (e.g.,
Boardman et al., 2018), but few are specific to security. Based on previous research,we
identified several benefit categories and models from the decision analysis literature
and from BCAs that seemed to span the case contexts (CREATE, 2019a, b; von
Winterfeldt et al., 2019).

For many security-related R&D projects risk reduction is the major benefit, that
is, the reduction of threat, vulnerability, and negative consequences. Like the baseline
risk analysis, which can often be based on statistics, the estimates of risk reductions
due to the implementation of an R&D project is very complex and involves many
uncertainties. Fortunately, in many cases, the “relative” improvement in risk reduc-
tion (e.g., the percentage of reduction of threat or vulnerability probabilities) was
usually sufficient to arrive at benefit estimates (Farrow & von Winterfeldt, 2020).

In prospective analyses, we used a version of decision analysis models to
conduct the BCAs. The standard decision analysis models are based on decision tree
analysis and value-of-information analysis (Clemen & Reilly, 2014). These models
consider future project funding and implementation decisions, depending on the yet
unknown results of a project, similar to real options analyses (Black&Scholes, 1973;
Merton, 1973; Smith & Nau, 1995).

2.5 NPV calculations, BCR, and ROI

Cost and benefit information was presented in several ways: by the net benefits, the
BCR, and the ROI. Since costs and benefits are usually distributed over time, often
with upfront costs and delayed benefits, a proper calculation has to consider the time
value of money. In our methodology, as noted above, we inflate costs incurred prior
to 2019 by the Consumer Price Index (Bureau of Labor Statistics, 2020). When
projects had future benefits projections, we discounted costs and benefits by a social
discount rate of 3 %. In the APPS case study, all benefits were in the past (2015–
2019), and therefore we used the CPI to adjust past costs and benefits.

The BCR is defined as usual as the ratio of the present value (PV) of the benefits
divided by the PV of the costs, and the ROI is the ratio (as a percentage) of theNPV of
the benefits divided by the PV of the cost.
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2.6 Sensitivity and uncertainty analysis

We paid particular attention to issues of uncertainty regarding key parameter values
of the cost and benefit calculations. While cost estimates are usually fairly well-
established with little or no uncertainty, many of the inputs to the benefits models are
highly uncertain, especially if the research product has not been implemented or
used yet.

The first sensitivity analysis determines the break-even values, by calculating
how much an input parameter of the costs or benefits calculations would need to be
changed in order to produce an NPV that is above 0 or an NPV that exceeds the initial
investment in an R&D project.

Next is a “tornado analysis” (Clemen & Reilly, 2014; SensIt, 2017). After
defining a base case, we determine lower and upper estimates for each uncertain
parameter. Then we calculate the net benefits for each parameter at its low and
high levels. The tornado diagram shows the ranges of the net benefits as hori-
zontal bars, with the largest bar at the top and successively shorter bars below
(thus the name “tornado”). This diagram provides us with information about
which parameters matter most to the net benefit calculations and which matter
the least.

Following the tornado analysis, we conduct a complete uncertainty analysis for
the parameters that matter most. Since we have to deal with multiple research
products and hundreds of uncertain parameters, a detailed assessment of the uncer-
tainties using expert judgment was not feasible. Instead, we use triangular distribu-
tions throughout, with the low, base case, and high estimates defining the triangular
distribution for each parameter. Given that the base case parameters are defined as a
local tendencymeasure (mean, mode, or median) and that the lower and upper values
are selected to cover a wide uncertainty range, using a triangular distribution pre-
serves both the central tendency and the range of the uncertain parameters. Triangular
distributions often provide higher densities in the tails of the distribution than smooth
distributions (e.g., the normal, log-normal, or beta distributions) and are therefore
likely to exaggerate the tail uncertainties somewhat. This is, however, counteracted
by the fact that the lower and upper end of the triangular distribution seldom are
absolute values, thus leaving some chance of parameters outside the triangular
bounds.

Using these triangular distributions, we employ a probabilistic simulation soft-
ware called SimVoi (SimVoi, 2017) to create the distribution over the NPV for each
research product. As summary measures, we use the 5th percentile, the median, and
the 95th percentile of this distribution over net benefits.
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2.7 Lessons learned from past applications of the
risk-informed BCA methodology

We learned many lessons in the process of conducting 25 BCAs, including:

(i) Reasonable “first order of magnitude”BCAs could be conducted for most home-
land security R&D projects, with some exceptions that were due to lack of data
or an inability to link theR&Dproject toDHSdecision-making and operations.

(ii) While the cost part of the assessment was usually straightforward, the benefits
assessment, especially the reduction of risks, was complex and difficult.

(iii) The use of risk analysis helped to deal with the problem of assessing the
benefits of risk reduction, especially with assessing the value of reductions of
threats, vulnerabilities, and consequences.

(iv) Using sensitivity analysis to identify the important benefits parameters and
uncertainty analysis (Monte Carlo simulation) to quantify the uncertainty
ranges of important input parameters made it possible to conduct the BCAs
without getting overly fixated on precise estimates.

We also learned that it is useful to distinguish several impact categories and
associated benefits models in the homeland security area:

(i) Improved performance relative to cost
(a) Reduced cost at the same performance level
(b) Increased performance at the same cost level
(c) Cost-effective improvement of performance

(ii) Reduction of risks
(a) Reduction of threats
(b) Reduction of vulnerabilities
(c) Reduction of consequences

(iii) Improved signal detection capabilities
(a) Increased detection rates
(b) Reduced false alarm rates

(iv) Value of information for improved operations and decision-making
(a) Improved operations through training
(b) Improved decision-making through better information and communication

These impact categories are not mutually exclusive, and in many of the 25 past
applications, several impact categories were used to estimate the overall benefits of a
research project.
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3. Application to the APPS for Wildland Firefighters

3.1 Description of the project

The APPS for Wildland Firefighters project was aimed at developing and evaluating a
new protective garment system for wildland firefighters. The U.S. Army Natick Soldier
Research, Development, and Engineering Center (NSRDEC) in Natick, Massachusetts,
with sponsorship from the Responder Technologies (R-Tech) Program of the S&T
Directorate at DHS and the Department of Agriculture’s U.S. Forest Service (USFS),
developed and tested the improved garment system between April 2011 and December
2013. The project and its results are described in detail in DHS S&T (2014a, b).

This was one of six projects that CREATE evaluated for the First Responder Group
of S&T. The five other projects were a mix of products (e.g., readers to detect laundered
money on prepaid cards, radio-communication software, and hardware to synchronize
communications in emergencies) and flood emergency aids (e.g., flood sensors, flood
resilience standards, mapping the extent of observed floods; see CREATE, 2019b).

The goals of the APPS project were to (i) improve heat absorption qualities and
overall thermal protection, (ii) generate a better heat loss rating tominimize heat stress,
and (iii) improving the weight, form, and fit of the Personal Protective Equipment
(PPE) system. By achieving these goals, the project sought to decrease the rates of heat
injuries and fatalities and increase the comfort of firefighters. This would ultimately
promote operational effectiveness of wildland firefighters, thereby making the success
of wildland firefighting missions more likely (DHS S&T, 2014a, b).

Both objective and subjective evaluations were conducted to evaluate the APPS.
Objective testing was strictly technical and quantitatively assessed fabric perfor-
mance in terms of heat absorption coefficients. Subjective testing consisted of a
“wear trial” in close cooperation with CAL FIRE, which provided personnel and
equipment for testing the new garments in real firefighting situations. Both forms of
testing the APPS system confirmed that the project did achieve the aforementioned
goals and therefore validated the project’s application (DHS S&T, 2014a, b).

In this BCA,we focus on the benefits of reducing injuries and fatalities due to the
improved heat absorption of the advanced garment system. We compare these
benefits with the cost of the R&D project and the increased costs of the new
firefighter garments.

3.2 Baseline analysis

The baseline analysis consisted of assessing the wildland firefighters’ risks of fatal-
ities and injuries, with the intent to compare the performance in the baseline (with
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legacy garments) and the performance of the new advanced garments. We examined
fatality data between 2007 and 2017 provided by the Federal Emergency Manage-
ment Agency (FEMA, 2018). Injury data were provided in NFPA (2018). The
baseline analysis also included an estimation of the costs of the legacy garments.

Wewere unable to find the exact number of wildland firefighters, which is needed
to determine the annual fatality and injury risk (see also Britton et al., 2013, who had a
similar problem). To make an estimate of the number of wildland firefighters, we used
the percentage of the number ofwildland firefighter fatalities and injuries to the number
of fatalities and injuries of all firefighters reported in FEMA (2018) and NFPA (2018).
The fatality percentage is 9.5%and the injury percentage is 15.8%. In the base case,we
used the lower of these two percentages, rounded up to 10%.Applying this percentage
to the 1,065,433 firefighters in the United States resulted in an estimate of 106,543
wildland firefighters. This number is used throughout this BCA.

3.2.1 Baseline fatalities and associated costs

FEMA (2018) lists nine distinct fatality types among wildland firefighters (see
Table 1). These included aircraft accidents, burn-related deaths, falls, heart attacks
and strokes, heat exhaustion, motor vehicle accidents, respiratory-related deaths,
being struck by trees/debris, and other/unclear deaths. Five of these fatality types
are potentially related to the garments that the firefighters wore at the time of their
deaths. These included burn-related deaths, heart attacks and strokes, heat exhaus-
tion, respiratory-related deaths, and other/unclear deaths.

Table 2 provides the resulting statistics analyzed from the fatality data in Table 1.
Prior to 2015 (the year the new garments were introduced), there were, on average,
9.25 garment-related deaths per year. The individual wildland firefighter’s risk of
dying fromgarment-related causes is thus calculated to be 8.68� 10�05 (9.25 divided
by 106,543).

Valuing of unidentified, statistical lives has a long history in BCA, with Viscusi
(2009), Merrill (2017), and Knieser and Viscusi (2019) estimating the current value
of a statistical life (VSL) at about $10 million; this is also roughly consistent with
U.S. government guidance. Multiplying the annual number of expected fatalities
(9.25) with the $10 million VSL results in the annual expected costs due to wildland
firefighter fatalities of $92,500,000.

3.2.2 Baseline injuries and associated costs

Table 3 shows the annual frequencies of injuries for all firefighters and for wildland
firefighters between 2007 and 2017. Prior to the availability of the APPS garment in
2015, wildland firefighters used either the legacy garments described below or similar

344 Stephanie Michelle Thrift and Detlof von Winterfeldt

https://doi.org/10.1017/bca.2020.33 Published online by Cambridge University Press

https://doi.org/10.1017/bca.2020.33


Table 1 Firefighter fatality data.

General information Wildland firefighter fatalities

Fatality type Garment-related? 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017

Aircraft accident No 1 10 5 — — 6 — 2 — — —
Burn-related Yes — 1 — — 4 — 19 5 3 — 1
Fall No — 2 — — — — — 1 — 1 1
Heart attack/stroke Yes 1 5 4 5 2 4 9 1 4 2 1
Heat exhaustion Yes — — 1 1 1 — 1 — — —
Motor vehicle accident No 1 5 2 3 1 2 — 1 1 5 1
Respiratory-related Yes — — — — — — — — 2 — —
Struck by tree/debris No 1 2 1 2 1 1 1 — 1 3 3
Other/unclear Yes 1 1 4 — 1 1 2 — 1 4 3

Total wildland fatalities 5 26 16 11 10 15 31 11 12 15 10
Garment-related wildland fatalities 2 7 8 6 8 6 30 7 10 6 5

Total firefighter Fatalities 118 118 90 87 83 81 106 91 90 89 87
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garments. For the baseline, we can therefore use the death and injury statistics involving
the legacy garments. Between 2007 and 2014, there were, on average, 11,578 injuries
per year related to wildland firefighters (see Table 3; FEMA, 2018; NFPA, 2018). Of
these annual wildland firefighter deaths and injuries, 4891 were related to garments.
Therefore, the individual annual risk of injury of a wildland firefighter is 4.59 %.

NFPA (2018) lists 10 distinct injury types among firefighters (both general and
wildland, see Table 4). These included burns (fire/chemical), smoke/gas inhalation,
other respiratory distress, burns and smoke inhalation, wounds/cuts/bleeding/
bruises, dislocations or fractures, heart attacks or strokes, strains/sprains/muscular
pain, thermal stress, and other. Of these injury types, we excluded two that clearly did
not relate to the garments that firefighters wore at the time of their injury: dislocations
or fractures, and strains/sprains/muscular pain.

Like VSL, valuing injuries has a long history, recently summarized by Rob-
inson and Hammitt (2013). A variety of methods including direct and indirect cost
of injury, stated willingness to pay, and quality-adjusted life years have been used.
We used as a primary source the catalogs of injury costs provided by Finkelstein
et al. (2006), who separate out costs associated with injuries requiring hospitali-
zation and costs associated with injuries that did not require hospitalization. For the
high end of the range of costs in Table 4, we used the hospitalization costs, and for
the low end of the range, we used the costs of ambulatory or emergency treatment.
For the range of costs for heart attacks, we used a different set of sources (Vernon,
2010; Pierce, 2014; American Heart Association News, 2017; UT Southwestern
Medical Center, 2017).

Table 5 shows the average annual incidence of wildland firefighter injuries
together with the Finkelstein et al. (2006) costs of injuries. FEMA (2019) estimates
that 46 % of firefighter injuries involve lost workdays. We applied this percentage to
the cost of hospitalization vs. 54% to the cost of an emergency roomvisit to arrive at a
weighted average cost of injuries (the weighted average cost column in Table 5). We
then calculated the total annual cost using this weighted average cost and the annual
frequencies of incidence (2nd column in Table 5). As the last step, we inflated the
costs reported by Finkelstein et al. (2006) from the year 2000 to the base year of our
analysis, 2019, using the CPI inflator of 1.52 (Bureau of Labor Statistics, 2020).

Table 2 Analysis of firefighter fatality data.

Total firefighter fatality yearly average 95
Wildland firefighter fatality yearly average 15
Wildland firefighter fatality related to garments yearly average 9.25
Total average firefighters 1,065,433
Total average wildland firefighters 106,543
Annual garment-related fatality risk 8.68� 10�05
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Table 3 Frequency of injuries of firefighters.

Year 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017

Annual
average

(2007–2014)

Total firefighter injuries 80,100 79,700 78,150 71,875 70,420 69,400 65,880 63,350 68,153 62,085 58,835 72,359
Wildland firefighter injuries 12,816 12,752 12,504 11,500 11,267 11,104 10,541 10,136 10,905 9934 9414 11,578
Garment-related injuries 36,105 35,620 33,615 29,670 28,575 28,170 26,415 26,340 61,548 27,585 26,535 30,564
Wildland firefighter

garment-related injuries
5777 5699 5378 4747 4572 4507 4226 4214 9848 4414 4246 4891
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The total inflation-adjusted annual cost of injuries per firefighter were calculated
as follows:

T ¼ wk=
Xn

k¼1
wk

� �
ckd, (1)

where T is the average annual cost of injuries per firefighter ($13,593), wk is the
number of injuries per year of type k, n is the number of injury types, ck is the
weighted average cost of injury of type k and d is the CPI multiplier escalating costs
from 2000 to 2019 (d=1.52).

The average annual medical cost of injuries per wildland firefighter ($13,593) is a
key cost estimate that will be used for benefit estimation in the next section. In addition
to medical costs, there are also productivity losses associated with injuries. Finkelstein
et al. (2006) do not provide productivity losses for all types of injury, but they show a
range of productivity losses from $1255 (emergency room) to $5983 (hospitalization)

Table 5 Baseline costs associated with firefighter injuries.

Injury type

Average
annual injuries

(2011–14)

Weighted
average
cost

Total annual
cost (2000)

Inflation-
adjusted
total cost

Burns (fire/chemical) 404 $9917 $4,006,597 $6,090,028
Smoke/gas inhalation 331 $12,194 $4,036,068 $6,078,412
Other respiratory distress 165 $12,194 $2,011,937 $3,030,024
Burns and smoke inhalation 95 $11,055 $1,050,241 $1,581,687
Wound, cut, bleeding, bruise 1807 $5626 $10,166,543 $15,311,048
Heart attack or stroke 138 $44,030 $6,076,157 $9,150,831
Thermal stress 428 $6459 $2,764,632 $4,163,599
Other 1523 $9213 $14,031,825 $21,132,252
Garment related injuries/year 4891 $44,144,001 $66,481,881
Average annual cost per wildland firefighter $9026 $13,593

Table 4 Types of firefighter injuries and associated costs

Injury type
Average annual

injuries
Emergency
room only

Hospitalization
required

Burns (fire/chemical) 404 $1595 $19,687
Smoke/gas inhalation 331 $562 $25,848
Other respiratory distress 165 $562 $25,848
Burns and smoke inhalation 95 $1078 $22,768
Wound, cut, bleeding, bruise 1807 $856 $11,226
Heart attack or stroke (1) 138 $36,683 $52,655
Thermal stress 428 $1433 $12,360
Other 1523 $1339 $18,457
Garment related injuries/year 4891
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for all types of injuries (year 2000, males only, inflated to $1908 and $9094, respec-
tively, in 2019). Using the same weighted average (46 % hospitalization), we will use
the $5213 as the base cost due to loss of productivity per firefighter injury.

3.2.3 Baseline cost of firefighter garments

We obtained cost estimates for the legacy systems by evaluating the costs of their
components (pants, jackets, etc.). TheWildland Firefighter Personal Protective Equip-
ment (WLFFPPE)SelectionGuide (DHSS&T, 2014a, b)was used to estimate the cost
of the legacy system, and the APPS, WLFF PPE Clothing System Program, Final
Report was used to estimate the cost of the advanced system (DHS S&T, 2014a, b).

After reviewing vendor sites, we estimated that the legacy system cost $947
(DHS S&T, 2014a, b; Swafford, 2017; CX Urban Interface Fire Coat, 2019; CX
Urban Interface Vent Pants, 2019; Ethos Wildland Fire Pant, 2019; Flamestretch®
Sock System, 2019; FR Phase 1 Ribbed Boxer Brief, 2019; CALPIA Store. 2019a;
Kenyon Consumer Products, 2019; Parrish, 2019; Vector Wildland Fire Pant, 2019).
Table 6 displays the component cost breakdown of the legacy system from various
vendors.

3.3 APPS cost analysis

We obtained cost estimates for the advanced system from several vendors and
estimated a low-end average of $1259 and a high-end of $1349 (DHS S&T,
2014a, b; Swafford, 2017; Coats, 2019; Flamestretch® Sock System, 2019; FR Phase
1 Advanced Cooling T-Shirt, 2019; GEN II Pants, 2019; Interface Pant, 2019; Men’s
Station Wear Base Layer, 2019; 2 Pack of GI Sand 50/50 Boxers, 2019). Table 7
displays the component cost breakdown of the APPS system from various vendors.

We are primarily interested in the difference in price between the legacy garments
and the advanced garments, which ranges from $234.57 to $324.57 (see Table 8). For
the base case analysis, we used the average of these two differences, or $279.

To determine the baseline cost of the legacy garment and the cost difference
between the legacy garments and the APPS, we need the annual sales between 2015
and 2019. Unfortunately, the vendors did not provide us with access to actual sales
numbers, which they considered this proprietary information. Instead, we used a
market penetration model with a sales estimate of 5 % of the wildland firefighter
population per year to determine how many firefighters would use the APPS gar-
ments. Considering the increased comfort and reduced risks that the APPS provided,
this may be considered a low number. However, this is counterbalanced by the
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Table 6 Legacy system cost data.

APPS item PVI
New

balance
CAL
FIRE

Kenyon consumer
products

California prison
industry Coaxsher Massif Average

T-shirt price — — — $46.00 — — — $46.00
Female sports bra price — $19.95 — — — — — $19.95
Female undergarment
price — $17.95 — — — — — $17.95
Boxer price $11.00 — — — — — — $11.00
Sock price — — — — — — $69.99 $69.99
Response jacket price — — $234.00 — $181.00 $179.00 — $198.00
Uniform pants price — — — — — $159.00 — $159.00
Tactical pants price — — — — — $219.00 — $219.00
Overpants price — — $234.00 $184.00 — $199.00 — $205.67

Total $946.56
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increased cost of the APPS (about 30 %). To account for the uncertainty in market
share, we used a relatively large range from 2.5 to 10 % in the sensitivity analysis.

The market penetration analysis assumed a 5 % per year market penetration for
106,543 wildland firefighters for the first 5 years (2015–2019). After this, the
garments purchased in 2015 would need to be replaced and the cycle begins anew.
We ignored additional garment purchases after the first 5 years because there likely
will be new products and developments after this initial cycle. With these assump-
tions, there will be a total of 24,107 purchases in the first 5 years, thus costing
$6,724,474 more (in 2019 dollars) than the legacy PPE system (see Table 9).

The formula to calculate the total cost of $6,724,474 is based on the market
penetration of theAPPS,which determines the sales in year t. If the potential market S
is the number of wildland firefighters at the beginning of 2015 (year 1 of sales) andm
is the market penetration rate, then in year 1, the sales of the new garment will bemS.
In subsequent years the sales will be

St ¼ S�
Xt�1

j¼1
S j

� �
m, (2)

where St is the sales in year t > 1, Sj is the share of themarket already suppliedwith the
APPS in prior years j < t, and m is the per cent of market share applied to the
remaining sales volume each year. The cost difference in Table 9 is based on deflating
the 2019 cost difference ($279) to the years prior to 2019 using the CPI deflator.

In addition to the increased purchase cost of the APPS garment, DHS S&T also
had to cover the costs of the project (i.e., the development of the advanced garments),
which lasted from April 2011 to December 2013. We were unable to ascertain the
precise costs of this project, so we used the median cost of several projects funded by
S&T during the same time period, which was about $500,000. Inflating past values
using the CPI as discussed earlier, we estimated the equivalent 2019 cost to be
$557,097 (see Table 10). Therefore, the total cost of the project (including imple-
mentation for 5 years) is estimated at $7,281,571.

3.4 Benefit analysis

Themain benefit of the advanced garments considered in this BCA is the reduction of
fatalities and injuries. According to the U.S. Army Natick Center (2014), the new
garments lower the heat absorption coefficients by about 10 %. As the first cut, we
apply this 10 % heat reduction coefficient to a 10 % reduction in fatalities and
injuries. It is possible that a marginal reduction in the heat absorption coefficient
may not affect fatalities if those are driven by heat factors significantly beyond a
threshold, nor might the heat reduction factor affect respiratory or other specific
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Table 7 APPS cost data.

APPS item XGO CrewBoss Workrite Elite issue Massif New balance Low average High average

T-shirt price $37.50 — $63.00 — — — $50.25 $50.25
Female sports bra price — — — — — $19.95 $19.95 $19.95
Female undergarment price — — — — — $17.95 $17.95 $17.95
Boxer price — — — $8.99 — — $8.99 $8.99
Sock price — — — — $69.99 — $69.99 $69.99
Response jacket price — $270–$312 $242.00 — — — $256.00 $277.00
Uniform pants price — $220.00 232–313.20 — — — $226.00 $266.50
Tactical pants price — $229.00 231–288 — — — $230.00 $258.50
Overpants price — $380.00 — — — — $380.00 $380.00

Total $1259.13 $1349.13
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causes of mortality. Consequently, we also carry out sensitivity analysis where only
injuries but not fatalities are avoided.

Table 11 shows the sales estimates for the first 5 years after the APPS were
introduced. APPS sales in a given year twere calculated as in Equation (2). The rest of
the calculation can be expressed by

Ft ¼ 5St f t VSL=dtð Þp, (3)

whereFt is the PV of fatality cost reduction in year t, St is the number of sales in year t
(from Equation (2) and Table 9), ft is the fatality rate in year t, dt is the CPI deflator
from 2019 to year 2019–t (t=0–4) and p is the percentage of fatality reductions.

Table 8 Legacy vs. APPS garment cost differences.

Garment type
Low average
APPS cost

High average
APPS cost

Average
legacy system

cost
Low average
difference

High
average
difference

T-shirt price $50.25 $50.25 $46.00 $4.25 $4.25
Female sports
bra price $19.95 $19.95 $19.95 $0.00 $0.00
Female
undergarment
price $17.95 $17.95 $17.95 $0.00 $0.00
Boxer price $8.99 $8.99 $11.00 -$2.01 -$2.01
Sock price $69.99 $69.99 $69.99 $0.00 $0.00
Response
jacket price $256.00 $277.00 $198.00 $58.00 $79.00
Uniform pants
price $226.00 $266.50 $226.00 $0.00 $40.50
Tactical pants
price $230.00 $258.50 $230.00 $0.00 $28.50
Overpants
price $380.00 $380.00 $205.67 $174.33 $174.33

Total
difference $234.57 $324.57

Table 9 Total 5 year cost differences between legacy and APPS garments.

Year Sales/year Cost diff Cost diff�Sales 2019 $

2015 5327 $254 $1,351,159 $1,486,275
2016 5061 $258 $1,307,371 $1,411,961
2017 4808 $263 $1,265,437 $1,341,363
2018 4567 $268 $1,225,284 $1,274,295
2019 4339 $279 $1,210,580 $1,210,580
Total 24,102 $6,359,831 $6,724,474
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Over the 5 years, the total number of firefighterswhowillwear theAPPS garments
is 24,102, or 23 % of all wildland firefighters (second column of Table 11). Applying
the 8.68� 10�05 annual individual fatality rate results in the total number of expected
fatalities for each year (the third column of Table 11). The fourth column of Table 11
shows the VSL estimates, based on a VSL of $10,000,000 in 2019 and deflating by the
CPI back to 2015. Column five shows the total nominal cost of the fatalities by year.

Due to the 10 % reduction of fatality risks when wearing the APPS, we can
determine the reduced expected costs, which are shown in the sixth (nominal) and
seventh (PV) columns of Table 11. Thus, the NPV of the benefits of the APPS
garments in reducing fatality risks is $10,462,631 million.

For injuries, we use the baseline injury cost per person per year of $13,593.Using
the total annual costs of injuries, a 5%market penetration rate of the APPS garments,
a useful life of 5 years for theAPPS, and a 10% reduction in injury risks, we arrived at
a total benefit (reduction of injury cost) of $7,518,696 (see Table 12). The calcula-
tions are the same as in Equation (3).

Table 13 shows a similar analysis for the loss of productivity, with a base case
loss of productivity of $5213 (see baseline analysis). The calculations are the same as
in Equation (3).

Combining the fatality risk reduction, the injury risk reduction, and the produc-
tivity loss reduction, we arrive at a total PV of the benefits of $20,864,858. Consid-
ering the reduction of medical and productivity losses of injuries only, the NPV is
$13,583,287.

Table 10 S&T project cost.

Year Nominal cost PV of cost

2011 $100,000 $115,195
2012 $200,000 $223,247
2013 $200,000 $218,655
Total $500,000 $557,097

Table 11 Market penetration, deaths, costs, and cost reduction with APPS.

Year
APPS
sales

Deaths/
year

Value of
statistical life

5Year
nominal cost

Nominal cost
reduction

PV of cost
reduction

2015 5327 0.46 9,090,909 $21,812,854 $2,181,285 $2,312,500
2016 5061 0.44 9,259,259 $20,742,933 $2,074,293 $2,196,875
2017 4808 0.42 9,433,962 $19,961,962 $1,996,196 $2,087,031
2018 4567 0.40 9,615,385 $19,362,105 $1,936,210 $1,982,680
2019 4339 0.38 10,000,000 $18,835,456 $1,883,546 $1,883,546
Total 24,102 2.09 $100,715,310 $10,071,531 $10,462,631
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Table 14 shows the yearly costs and benefits from 2011 to 2019. Note that there
is a gap year in 2014. All S&T costs ended on 31 December 2013, but the final
product was not delivered until July 2014. Therefore, we assume that production and
sales did not start until January of 2015.

Table 15 shows both the inputs (upper part) and the outputs of the benefit–cost
calculations.

In the analysis to this point, we used a de-facto zero discount rate, since during
the time period of consideration (2011–2019) the opportunity cost of government
investments was close to zero. Since this is a retrospective BCA, we knew the
relevant inflation rates and cost of government borrowing (see also Farrow & von
Winterfeldt, 2020). Reviewers of this paper suggested that we take the perspective of
a decision-maker in 2011, who does not know these numbers and thus uses a discount
rate to capture the uncertain future value of money.We conducted this analysis using
a 3 and 7 % discount rate. The results are shown in the last two columns of Table 16,
with an NPV (in 2011 Dollars) of $10,025,519 for a 3 % discount rate and an NPV
(in 2011 Dollars) of $9,357,769 for a 7 % discount rate. These NPV are 84 and 68 %
of the undiscounted NPV, thus still showing a significant BCR and ROI.

Table 12 Market penetration, injuries, injury cost, and cost reduction with APPS.

Year
Firefighters
with APPS

Injuries
per year

Cost per
injury

Nominal
cost/year

Nominal cost
reduction

PV of cost
reduction

2015 5327 245 12,472 $15,675,237 $1,567,524 $1,661,818
2016 5061 232 12,703 $14,906,367 $1,490,637 $1,578,727
2017 4808 221 12,942 $14,345,142 $1,434,514 $1,499,790
2018 4567 210 13,191 $13,914,071 $1,391,407 $1,424,801
2019 4339 199 13,719 $13,535,608 $1,353,561 $1,353,561
Total 24,102 1106 $72,376,425 $7,237,643 $7,518,696

Table 13 Market penetration, loss of productivity, and cost reduction with APPS.

Year
Firefighters
with APPS

Injuries
per Year

Productivity
loss per injury

Nominal
cost/year

Nominal
reduced
cost

PV of cost
reduction

2015 5327 245 $4739 $6,011,684 $601,168 $637,331
2016 5061 232 $4827 $5,716,811 $571,681 $605,465
2017 4808 221 $4918 $5,501,573 $550,157 $575,192
2018 4567 210 $5013 $5,336,250 $533,625 $546,432
2019 4339 199 $5213 $5,191,104 $519,110 $519,110
Total 19,763 1106 $27,757,422 $2,775,742 $2,883,530
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3.5 Net benefits, BCR, and return on investment

Using the estimates of costs ($7,281,571) and benefits ($20,864,858) in Table 15, we
determine that the net benefits (NPV of Benefits-NPV of Costs) are $13,583,287 in the
base case. The BCR is 2.87 and the return on investment is 187 % over 5 years. If we
ignore the reduction of fatality risks and calculate the benefits only for the reduction of
injury risks, the total benefits are $10,839,654 the net benefits are $3,749,881 the BCR
is 1.51, and theROI is 51%.Althoughwe here report individual estimates to the dollar,
the following sensitivity and uncertainty analyses make clear that our estimates can
vary by tens of millions of dollars depending on the uncertain parameter values.

Table 14 Yearly costs and benefits.

Year
Cost

(nominal)
Benefits
(nominal)

Net benefits
(nominal) PV of cost

PV of
benefits

Net present
value (2019)

2011 $100,000 $0 ($100,000) $115,195 $0 ($115,195)
2012 $200,000 $0 ($200,000) $223,247 $0 ($223,247)
2013 $200,000 $0 ($200,000) $218,655 $0 ($218,655)
2014 $0 $0 $0 $0 $0 $0
2015 $1,401,942 $4,349,977 $2,948,036 $1,486,275 $4,611,649 $3,125,374
2016 $1,333,176 $4,136,611 $2,803,435 $1,411,961 $4,381,066 $2,969,105
2017 $1,282,982 $3,980,868 $2,697,885 $1,341,363 $4,162,013 $2,820,650
2018 $1,244,429 $3,861,243 $2,616,814 $1,274,295 $3,953,912 $2,679,618
2019 $1,210,580 $3,756,217 $2,545,637 $1,210,580 $3,756,217 $2,545,637
Total $6,973,109 $20,084,916 $13,111,807 $7,281,571 $20,864,858 $13,583,287

Table 15 Inputs and outputs of the BCA.

Number of wildland firefighters 106,543

Cost difference (APP PPE – Legacy garment) $279
S&T project cost $557,097
Annual fatality risk (garment related) 8.68� 10�05

Annual injury risk (garment related) 4.59 %
Reduction of fatality and injury risks 10 %
Cost of injury $13,593
Productivity loss due to injury $5213
Cost of fatality $10,000,000
Market penetration/year 5 %

Cost of difference (APP-legacy garment) $6,724,474
S&T cost $557,097
Total cost $7,281,571

Total benefit $20,864,858
Net present value $13,583,287
BCR 2.87
ROI 187 %
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Table 16 NPV calculations from a 2011 perspective with discounting.

Year
Cost

(nominal)
Benefits
(nominal)

Net benefits
(nominal)

Cost (2011
dollars)

Benefits
(2011
dollars)

NPV (2011 dollars,
0 % discount rate))

NPV (2011 dollars,
3 % discount rate))

NPV (2011 dollars,
7 % discount rate))

2011 $100,000 $0 ($100,000) $100,000 $0 ($100,000) ($100,000) ($100,000)
2012 $200,000 $0 ($200,000) $195,886 $0 ($190,886) ($190,181) ($183,071)
2013 $200,000 $0 ($200,000) $192,992 $0 ($192,992) ($181,913) ($170,012)
2014 $0 $0 $0 $0 $0 $0 $0 $0
2015 $1,401,942 $4,349,977 $2,948,036 $1,330,180 $4,127,313 $2,797,134 $2,485,217 $2,322,633
2016 $1,333,176 $4,136,611 $2,803,435 $1,248,701 $3,874,500 $2,625,799 $2,265,037 $2,116,857
2017 $1,282,982 $3,980,868 $2,697,885 $1,176,971 $3,651,935 $2,474,963 $2,072,743 $1,937,143
2018 $1,244,429 $3,861,243 $2,616,814 $1,114,847 $3,459,174 $2,344,327 $1,906,152 $1,781,451
2019 $1,210,580 $3,756,217 $2,545,637 $1,065,347 $3,305,584 $2,240,237 $1,768,464 $1,652,770
Total $6,973,109 $20,084,916 $13,111,807 $6,424,924 $18,418,505 $11,998,581 $10,025,519 $9,357,769
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3.6 Sensitivity and uncertainty analysis

3.6.1 Break-even analysis

Two key uncertain parameters are the reduction of injury and fatality risks due to the
APPS and the market penetration rate. The break-even point (NPV=$0) is reached
when the reduction of fatality and injury risks is about 3.42 % or when the market
penetration rate is 0.18 %, which corresponds to the sale of 985 APPD garments. To
make up the initial R&D investment of $500,000 ($565,000 in PV), 1917 APPS
garments would have to be sold. These break-even values are at the very low end of
plausible estimates and thus, the break-even analysis suggests that there is a high
likelihood of a positive NPV.

3.6.2 Sensitivity analysis

A tornado analysis (see Clemen & Reilly, 2014) of the input variables that influence
the NPV, BCR, and ROI outputs are:

(i) S&T project cost
(ii) Cost difference between APPS and legacy garments
(iii) Annual fatality risk (garment-related)
(iv) Annual injury risk (garment-related)
(v) Reduction of fatality and injury risks
(vi) Cost of a fatality
(vii) Cost of an injury
(viii) Market penetration rate/year

The ranges for these input variables are shown in Table 17 for each variable.WEused
the low-end and high-end data for the APPS cost difference and cost of injury
(medical and productivity) as described in previous sections. For other variables,
we used reasonable bounds.

The resulting tornado diagram is shown in Figure 1, suggesting that the most
important input variables are (in order): the reduction of injury and fatality risks when
using the APPS, the APPS market penetration rate, and the annual fatality and injury
risks. Interestingly, the S&T project costs do not have a large impact within the range
of plausible costs because the total costs are dominated by the cost differential
between the APPS garments and the legacy garments.

Since the reduction of the fatality and injury risk and the market penetration
variables are themost important ones, we conducted a two-way sensitivity analysis of
the NPV as a function of these variables (see Table 18). The NPV at the base case

358 Stephanie Michelle Thrift and Detlof von Winterfeldt

https://doi.org/10.1017/bca.2020.33 Published online by Cambridge University Press

https://doi.org/10.1017/bca.2020.33


values of 5 % market penetration and 10 % risk reduction is 13,583,452. For a very
low value of risk reduction of 1% theNPV is negative, but formost reasonable values
it is positive at 5 % or above.

3.6.3 Probabilistic simulation

For reasons described in the methodology section of this paper, we assigned trian-
gular distributions to the input parameters shown in Table 16. The triangular distri-
bution is defined by a minimum, modal, and maximum value. We assigned the
minimum of the triangular distribution to the low case of the tornado analysis, the
mode to the base case, and the maximum to the high case. Using these input
distributions, a probabilistic simulation showed a large variability in NPVs, ranging
from the 5th percentile of $6,410,421 to a median of $19,266,518 to the 95th
percentile of $43,662,591 (see Table 19 and Figure 2).

This is a very large range, primarily due to the uncertainty about the fatality and
injury risks, the reduction of these risks, and the market penetration of the APPS.

3.7 Assumptions and limitations

This BCA showed a positive NPV, as well as a reasonably high BCR and ROI, as a
result of the APPS project and the resulting increased use of APPS.When using both
fatality and injury risk reductions, the NPV is positive for all plausible input param-
eters. When using only injuries, the NPV, BCR, and ROI estimates are reduced
substantially, and, with some parameters, the NPV is negative due to the cost
difference between the APPS and the legacy garments.

The reduction of fatality and injury risks (10% in the base case, ranging from 5 to
20%) is themost important variable according to the tornado analysis. Estimating the

Table 17 Ranges of input variables for the BCA.

Input variable Low Base High

S&T project cost $250,000 $557,097 $1,000,000
Cost difference (APPS – legacy garment) $234 $279 $334
Annual fatality risk (garment related) 4.34� 10�05 8.68� 10�05 1.00� 10�04

Annual injury risk (garment related) 3 % 4.59 % 10 %
Reduction of fatality and injury risks 5 % 10 % 20 %
Cost of injury (medical) $5761 $13,593 $20,316
Cost of injury (productivity loss) $1908 $5213 $9094
Cost of fatality $8,000,000 $10,000,000 $12,000,000
Market penetration/year 2.50 % 5 % 10 %
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reduction of these risks due to theAPPS is a very challenging task. In this analysis, we
assumed that the reduction in risk is proportional to the reduction of the heat
absorption coefficient (10 %). To obtain better estimates of the reduction of fatality
and injury risks, additional data and further statistical analysis of these risks with and
without APPSwould be useful, but the data are currently not available. In addition, an
expert elicitation workshop that focuses on the relationship between the heat absorp-
tion improvement and the reduction in fatality and injury risks could be conducted.

The second most important variable is the market penetration rate. We were
unable to obtain estimates of actual sales due to proprietary data concerns by the
vendors. Instead, we used a market penetration model with a fairly low market
penetration rate. This low rate was due to balancing the perceived benefits of the
APPS (reduced risk, increased comfort) against a 30 % increase in cost.

One cost estimate that is usually readily available in the project cost, which was
incurred by the S&T Directorate of DHS. Due to changing leadership at the project
management level, we were unable to ascertain these costs and had to make rough
estimates based on the costs of similar FRG projects. Fortunately, even a large range
of costs (from $250,000 to $1 million) played only a minor role in determining the
NPV, BCR, and ROI.

An interesting by-product of this analysis was that the BCR and the ROI
estimates were quite stable, even with large swings of the NPV. This occurred
because with increased benefits, there also is an increase in cost, particularly when
more APPS are sold.

Table 18 Sensitivity analysis of NPV to market penetration and risk reduction.

Market penetration rate

$0 1.00 % 5 % 10 % 15 % 20 %

Risk
reduction
(%)

1 % $(1,561,905) $(5,195,069) $(8,952,923) $(11,962,321) $(14,341,086)
5 % $246,243 $3,150,941 $6,155,328 $8,561,328 $10,463,141

10 % $2,506,427 $13,583,452 $25,040,641 $34,215,890 $41,468,425
15.0 % $4,766,612 $24,015,964 $43,925,955 $59,870,452 $72,473,709
20.0 % $7,026,797 $34,448,476 $62,811,268 $85,525,013 $103,478,993

Table 19 Simulation statistics of the NPV.

Mean $21,341,612

5th percentile $6,410,421
First quartile $12,742,623
Median $19,266,518
Third quartile $27,535,369
95th percentile $43,662,591
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4. Conclusions

This BCA, like the other 24 conducted by the CREATE team, demonstrated that a
BCA for homeland security R&D projects can be conducted and producemeaningful
results. Key to conducting these BCAs was the inclusion of risk reduction as a
measure of benefits, and a sensitivity and uncertainty analysis of the inputs into
the BCA to observe changes in BCAmetrics. Without the sensitivity and uncertainty
analyses, these BCAs would likely be criticized for making precise assumptions that
cannot be defended.

We learned several lessons carrying out the full set of analyses:

(i) BCAs can be performed both ex ante and ex post, as long as the uncertainty
about the inputs of the analyses can be taken into consideration to properly
reflect the uncertainty in the outputs.

(ii) Projects and products which have not been transitioned yet are the hardest to
analyze, and they leave the largest uncertainties in BCA metrics. In contrast,
projects which have been transitioned are easier to evaluate, and those that
have resulted in commercial products are the easiest and least uncertain.

(iii) Costs are usually fairly easy to determine, but benefits often require the
development of specific risk models, for example, the benefit of reducing
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Figure 2 Probability distribution over NPV.
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risks of fatalities or injuries, or providing deterrence and increasing the
likelihood of interruptions of attacks. These risk models vary from case
to case.

(iv) Discounting in retrospective BCAs is a controversial issue. Government
recommendation for discounting future costs and benefits are for a range
from 3 to 7 %. In retrospective BCAs we know the cost of government
borrowing, which we used as a lower bound for discounting in this case
analysis. As an alternative, we took the perspective of a past decision maker,
made adjustments based on known inflation rates and discounted at 3 and 7%.
Compared to the 2011NPVwithout discounting ($11,993,581) the retrospec-
tive analysis yielded lower NPVs by 84 and 78 % respectively. While lower,
these NPVS are still substantial.

The BCA for the Wildland Firefighter APPS was an atypical case where project cost
estimates were hard to estimate because of lost project data combined with changing
project managers. While this was a rare occasion, it points to the importance of
recordkeeping of project costs. In addition, this BCA showed pathways of improving
benefit–cost estimates by obtaining data from vendors (to replace the market penetra-
tion model) and expert judgments from risk modeling specialists (to improve the
estimates of fatality and risk reduction). A better involvement of market experts and
of subject matter experts would have improved the BCA substantially.

References

1st Defense-NFPA. 1977. 2016 Wildland Trousers. 2019. Available at https://catalog.calpia.
ca.gov/product/1st-defense-nfpa-19772016-wildland-trousers-2235/ (accessed October
8, 2019).

2 Pack of GI Sand 50/50 Boxers. 2019. Available at https://www.armynavysales.com/2-pack-
of-gi-sand-50-50-boxers.html (accessed October 8, 2019).

American Heart Association News. 2017. “Uninsured Patients Faced Devastating Hospital
Bills for Heart Attack, Stroke.” News on Heart.org, November 14, 2017. Available at
newsarchive.heart.org/uninsured-patients-faced-devastating-hospital-bills-heart-attack-
stroke/.

Bellinger, W. 2018. “Decision Rules.” In Farrow S. (Ed.) Teaching Benefit-Cost Analysis:
Tools of the Trade, 3–15. Cheltenham, UK: Edward Elgar

Black, F. andM. Scholes. 1973. “The Pricing of Options and Corporate Liabilities.” Journal of
Political Economy, 81: 637–659.

Boardman, A.E., D.H. Greenberg, A.R. Vining, and D.L. Weimer. 2018. Cost-Benefit Anal-
ysis – Concepts and Practice. Cambridge: Cambridge University Press.

Britton, C., C.F. Lynch, J. Torner, and C. Peek-Asa. 2013. “Fire Characteristics Associated
with Firefighter Injury on Large Federal Wildland Fires.” Annals of Epidemiology, 23,
37–41.

Risk-Informed Benefit–Cost Analysis for Homeland Security R&D 363

https://doi.org/10.1017/bca.2020.33 Published online by Cambridge University Press

https://catalog.calpia.ca.gov/product/1st-defense-nfpa-19772016-wildland-trousers-2235/
https://catalog.calpia.ca.gov/product/1st-defense-nfpa-19772016-wildland-trousers-2235/
https://www.armynavysales.com/2-pack-of-gi-sand-50-50-boxers.html
https://www.armynavysales.com/2-pack-of-gi-sand-50-50-boxers.html
http://newsarchive.heart.org/uninsured-patients-faced-devastating-hospital-bills-heart-attack-stroke/
http://newsarchive.heart.org/uninsured-patients-faced-devastating-hospital-bills-heart-attack-stroke/
https://doi.org/10.1017/bca.2020.33


Bureau of Labor Statistics. 2020. Databases, Tables&Calculators by Subject: Consumer Price
Index – All. 2000–2020. www.bls.gov.

Burgess, D. and R. Zerbe. 2013. “The Most Appropriate Discount Rate.” Journal of Benefit-
Cost Analysis, 4(3): 391–400.

CALPIA Store. 2019a. 2016Wildland Jacket. 2019. Available at https://catalog.calpia.ca.gov/
product/1st-defense-nfpa-19772016-wildland-jacket-1500/ (accessed October 8, 2019).

Clemen, R. and T. Reilly. 2014. Making Hard Decisions. Mason, OH: South-Western and
Cengage.

Coats. 2019. Available at https://crewboss.store/collections/coats (accessed October 8, 2019).
CREATE. 2018. “Center of Excellence Landscape Study – Phase 1.” Final Report Submitted

to the Department of Homeland Security. Los Angeles: Center for Risk and Economic
Analysis of Terrorism Events, University of Southern California.

CREATE. 2019a. “Center of Excellence Landscape Study – Phase 2.” Final Report Submitted
to the Department of Homeland Security. Los Angeles: Center for Risk and Economic
Analysis of Terrorism Events, University of Southern California.

CREATE. 2019b. “First Responder Group Apex Technology Transition Impact Assessment.”
Final Report Submitted to the Department of Homeland Security. Los Angeles, CA:
Center for Risk and Economic Analysis of Terrorism Events.

CX Urban Interface Fire Coat. 2019. Available at http://www.coaxsher.com/CX-Urban-Inter
face-Coat-p/fc102.html (accessed October 8, 2019).

CX Urban Interface Vent Pants. 2019. Available at http://www.coaxsher.com/CX-Urban-
Interface-Vent-Pants-p/fc202.htm (accessed October 8, 2019).

DHS S&T. 2014a. Wildland Firefighter Personal Protective Equipment (PPE) Selection
Guide. Available at https://www.dhs.gov/sites/default/files/publications/Wild-FF-PPE-
SG_0614-508.pdf (accessed October 8, 2019).

DHS S&T, U.S. Army Natick Soldier Research, Development and Engineering Center, &
Responder Technologies (R-Tech) Program. 2014b. “Advanced Personal Protection
System (APPS), Wildland Firefighter Personal Protection Equipment (WLFF PPE)
Clothing System Program, Final Report.” https://www.dhs.gov/sites/default/files/publi
cations/APPS - WLFF PPE FINAL REPORT.pdf.

EthosWildland Fire Pant. 2019. Available at http://www.coaxsher.com/Ethos-Wildland-Fire-
Pant-p/fc207.htm (accessed October 8, 2019).

Farrow, S. 2017. “Risk Informed Benefit-Cost Analysis.” In Abbas A., Tambe M., and von
Winterfeldt D. (Eds.) Improving Homeland Security Decisions, 238–258. New York,
NY: Cambridge University Press.

Farrow, S. and D. von Winterfeldt. 2020. “Retrospective Estimation of Security-Enhancing
and Cost-Saving Technologies.” Journal of Benefit Cost Analysis, 11(3): 479–500.

FEMA. 2018, September. Firefighter Fatalities in the United States in 2017. Available at
https://www.usfa.fema.gov/downloads/pdf/publications/ff_fat17.pdf (accessed October
7, 2019).

FEMA. 2019, July. “Fire-Related Firefighter Injuries Reported to the National Fire Incident
Reporting System (2015–2017).” Topical Fire Report Series, Volume 20, Issue
2. Emmitsburg, MD: National Fire Data Center.

Finkelstein, E. A., P. S. Corso, T. R.Miller andAssociates. 2006. The Incidence and Economic
Burden of Injuries in the United States. New York: Oxford University Press.

Flamestretch® Sock Syste (FR). 2019. Available at https://www.massif.com/shop/accesso
ries/flamestretch-sock-system.html (accessed October 8, 2019).

364 Stephanie Michelle Thrift and Detlof von Winterfeldt

https://doi.org/10.1017/bca.2020.33 Published online by Cambridge University Press

http://www.bls.gov
https://catalog.calpia.ca.gov/product/1st-defense-nfpa-19772016-wildland-jacket-1500/
https://catalog.calpia.ca.gov/product/1st-defense-nfpa-19772016-wildland-jacket-1500/
https://crewboss.store/collections/coats
http://www.coaxsher.com/CX-Urban-Interface-Coat-p/fc102.html
http://www.coaxsher.com/CX-Urban-Interface-Coat-p/fc102.html
http://www.coaxsher.com/CX-Urban-Interface-Vent-Pants-p/fc202.htm
http://www.coaxsher.com/CX-Urban-Interface-Vent-Pants-p/fc202.htm
https://www.dhs.gov/sites/default/files/publications/Wild-FF-PPE-SG_0614-508.pdf
https://www.dhs.gov/sites/default/files/publications/Wild-FF-PPE-SG_0614-508.pdf
https://www.dhs.gov/sites/default/files/publications/APPS%20-%20WLFF%20PPE%20FINAL%20REPORT.pdf
https://www.dhs.gov/sites/default/files/publications/APPS%20-%20WLFF%20PPE%20FINAL%20REPORT.pdf
http://www.coaxsher.com/Ethos-Wildland-Fire-Pant-p/fc207.htm
http://www.coaxsher.com/Ethos-Wildland-Fire-Pant-p/fc207.htm
https://www.usfa.fema.gov/downloads/pdf/publications/ff_fat17.pdf
https://www.massif.com/shop/accessories/flamestretch-sock-system.html
https://www.massif.com/shop/accessories/flamestretch-sock-system.html
https://doi.org/10.1017/bca.2020.33


FR Phase 1 Advanced Cooling T-Shirt. 2019. Available at https://www.proxgo.com/collec
tions/fr-phase-1/products/mens-fr-relaxed-fit-t-shirt-with-ac (accessed October 8, 2019).

FR Phase 1 Ribbed Boxer Brief. 2019. Available at https://www.proxgo.com/products/1fr13xwf-
boxer-briefs?_pos=2&_sid=50a729f9d&_ss=r (accessed October 8, 2019).

GEN II Pants. 2019. Available at https://crewboss.store/collections/gen-ii-pants (accessed
October 8, 2019).

Graham, J. D. 2008. “Saving Lives Through Administrative Law and Economics.”University
of Pennsylvania Law Review, 157: 395–540.

Interface Pant. 2019. Available at https://crewboss.store/collections/wildland-pants/products/
interface-pant-6-0oz-nomex (accessed October 8, 2019).

Kenyon Consumer Products. 2019. FR Garments. Available at https://www.kenyon.us/collec
tions/fr-garments (accessed October 8, 2019).

Kniesner, T.J., and W.K. Viscusi. 2019. “The Value of a Statistical Life.” Vanderbilt Law
Research Paper No. 19–15. 45 Pages Posted: 16 May 2019. Forthcoming, Oxford
Research Encyclopedia of Economics and Finance.

Men’s StationWear Base Layer Tee (Athletic Style). 2019. Available at https://www.bulwark.
com/mens-station-wear-base-layer-tee-%28athletic-style%29/FT36.html (accessed
October 8, 2019).

Merrill, D. 2017. No One Values Your Life More than the Federal Government. Available at
https://www.bloomberg.com/graphics/2017-value-of-life/.

Moore, M., A. Boardman, and A. Vining. 2013. “The Choice of the Social Discount Rate and
the Opportunity Cost of Public Funds.” Journal of Benefit-Cost Analysis, 4(3): 401–409.
https://doi.org/10.1515/jbca-2012-0008.

Merton, R. 1973. “The Theory of Rational Options Pricing.” Bell Journal of Economics and
Management Science, 4: 141–183.

NFPA. 2018, November. United States Firefighter Injuries 2017. Available at https://www.
nfpa.org/-/media/Files/News-and-Research/Fire-statistics-and-reports/Emergency-
responders/osffinjuries.pdf (accessed October 7, 2019).

Parrish, J. 2019, September 18. CAL FIRE PPE Prices [E-mail to the author].
Pierce, E.. 2014. The Costs of Surviving Cardiovascular Disease: It’s Enough to Give You a

Heart Attack! 2014.United Policyholders, 20 Sept. 2014. Available at www.uphelp.org/
costs-surviving-cardiovascular-disease-it%E2%80%99s-enough-give-you-heart-attack.

Robinson, L. and J. K. Hammitt. 2013. “Skills of the Trade: ValuingHealth RiskReductions in
Benefit-Cost Analysis.” Journal of Benefit-Cost Analysis, 4(1): 107–130.

Smith, J.E. and R.F. Nau. 1995. “Valuing Risky Projects: Option Pricing and Decision
Analysis.” Management Science, 41(5): 795–816.

Swafford Jr., J. 2017, August 8. Review: NewBalance Introduces Flame Resistant Sports Bra
and Boy Shorts. Available at https://www.militarytimes.com/off-duty/military-fitness/
2013/08/15/review-new-balance-introduces-flame-resistant-sports-bra-and-boy-shorts/
(accessed October 8, 2019).

SimVoi. 2017. SimVoi-308-Guide, 2017. www.treeplan.com (accessed November 5, 2019).
SensIt. 2017. SensIt Guide, 2017. www.treeplan.com (accessed November 5, 2019).
U.S. Army Natick Center. 2014. “Advanced Personal Protection System (APPS), Wildland

Firefighter Personal Protection Equipment (WLFF PPE) Clothing System.” Final Report,
U.S. Army Natick Soldier Research, Development and Engineering Center, Natick, MA.

U.S. Bureau of Labor Statistics. 2020. Consumer Price Index Calculator (Mid-year to Mid-
year). Available at https://www.bls.gov/data/inflation_calculator.html.

Risk-Informed Benefit–Cost Analysis for Homeland Security R&D 365

https://doi.org/10.1017/bca.2020.33 Published online by Cambridge University Press

https://www.proxgo.com/collections/fr-phase-1/products/mens-fr-relaxed-fit-t-shirt-with-ac
https://www.proxgo.com/collections/fr-phase-1/products/mens-fr-relaxed-fit-t-shirt-with-ac
https://www.proxgo.com/products/1fr13xwf-boxer-briefs?_pos=2_sid=50a729f9d_ss=r
https://www.proxgo.com/products/1fr13xwf-boxer-briefs?_pos=2_sid=50a729f9d_ss=r
https://crewboss.store/collections/gen-ii-pants
https://crewboss.store/collections/wildland-pants/products/interface-pant-6-0oz-nomex
https://crewboss.store/collections/wildland-pants/products/interface-pant-6-0oz-nomex
https://www.kenyon.us/collections/fr-garments
https://www.kenyon.us/collections/fr-garments
https://www.bulwark.com/mens-station-wear-base-layer-tee-%28athletic-style%29/FT36.html
https://www.bulwark.com/mens-station-wear-base-layer-tee-%28athletic-style%29/FT36.html
https://www.bloomberg.com/graphics/2017-value-of-life/
https://doi.org/https://doi.org/10.1515/jbca-2012-0008
https://www.nfpa.org/-/media/Files/News-and-Research/Fire-statistics-and-reports/Emergency-responders/osffinjuries.pdf
https://www.nfpa.org/-/media/Files/News-and-Research/Fire-statistics-and-reports/Emergency-responders/osffinjuries.pdf
https://www.nfpa.org/-/media/Files/News-and-Research/Fire-statistics-and-reports/Emergency-responders/osffinjuries.pdf
http://www.uphelp.org/costs-surviving-cardiovascular-disease-it%E2%80%99s-enough-give-you-heart-attack
http://www.uphelp.org/costs-surviving-cardiovascular-disease-it%E2%80%99s-enough-give-you-heart-attack
https://www.militarytimes.com/off-duty/military-fitness/2013/08/15/review-new-balance-introduces-flame-resistant-sports-bra-and-boy-shorts/
https://www.militarytimes.com/off-duty/military-fitness/2013/08/15/review-new-balance-introduces-flame-resistant-sports-bra-and-boy-shorts/
http://www.treeplan.com
http://www.treeplan.com
https://www.bls.gov/data/inflation_calculator.html
https://doi.org/10.1017/bca.2020.33


U.S. Council of Economic Advisers. 2017. Discounting for Public Policy: Theory and Recent
Evidence on the Merits of Updating the Discount Rate. Issue Brief. Available at https://
obamawhitehouse.archives.gov/sites/default/files/page/files/201701_cea_discounting_
issue_brief.pdf.

U.S. Office ofManagement and Budget (OMB). 2003.Regulatory Analysis.Washington, DC:
OMB Circular A-4.

U.S. Office ofManagement and Budget (OMB). 2017. Appendix C: Year 2017 and History of
Rates. Available at https://www.whitehouse.gov/omb/circulars_a094/a94_appx-c
(accessed July 31, 2017).

UT Southwestern Medical Center. “Uninsured Heart Attack, Stroke Patients Face ‘Catastrophic’
Costs.” ScienceDaily, November 6, 2017. www.sciencedaily.com/releases/2017/11/
171116092706.htm.

Vector Wildland Fire Pant. 2019. Available at http://www.coaxsher.com/Vector-Wildland-
Fire-Pant-p/fc208.html (accessed October 8, 2019).

Vernon, S. 2010, April 23. How Much Would a Heart Attack Cost You? Available at https://
www.cbsnews.com/news/how-much-would-a-heart-attack-cost-you/ (accessed November
4, 2019).

Viscusi,W.K.. 2009. “ValuingRisks ofDeath fromTerrorism andNatural Disasters.” Journal
of Risk and Uncertainty, 38(3): 191–213.

vonWinterfeldt, D., S. Farrow, R. John, J. Eyer, A. Rose, and H. Rosoff. 2019. “The Value of
Homeland Security Research.” Risk Analysis (Early View: onlinelibrary.wiley.com/doi/
pdf/10.1111/risa.13403).

Weinstein, M. & Zeckhauser, R. 1973. “Critical Ratios and Efficient Allocation.” Journal of
Public Economics, 2(2): 147–157.

366 Stephanie Michelle Thrift and Detlof von Winterfeldt

https://doi.org/10.1017/bca.2020.33 Published online by Cambridge University Press

https://obamawhitehouse.archives.gov/sites/default/files/page/files/201701_cea_discounting_issue_brief.pdf
https://obamawhitehouse.archives.gov/sites/default/files/page/files/201701_cea_discounting_issue_brief.pdf
https://obamawhitehouse.archives.gov/sites/default/files/page/files/201701_cea_discounting_issue_brief.pdf
https://www.whitehouse.gov/omb/circulars_a094/a94_appx-c
http://www.sciencedaily.com/releases/2017/11/171116092706.htm
http://www.sciencedaily.com/releases/2017/11/171116092706.htm
http://www.coaxsher.com/Vector-Wildland-Fire-Pant-p/fc208.html
http://www.coaxsher.com/Vector-Wildland-Fire-Pant-p/fc208.html
https://www.cbsnews.com/news/how-much-would-a-heart-attack-cost-you/
https://www.cbsnews.com/news/how-much-would-a-heart-attack-cost-you/
https://doi.org/onlinelibrary.wiley.com/doi/pdf/10.1111/risa.13403
https://doi.org/onlinelibrary.wiley.com/doi/pdf/10.1111/risa.13403
https://doi.org/10.1017/bca.2020.33

	Risk-Informed Benefit-Cost Analysis for Homeland Security RandD: Methodology and an Application to Evaluating the Advanced Personal Protection System for Wildland Firefighters
	1. Introduction
	2. Methodology
	2.1 Selection of RandD projects
	2.2 Baseline analysis: cost, risks, and performance under the status quo
	2.3 Cost analysis: RandD and implementation costs
	2.4 Benefit analysis: cost savings, risk reduction, and performance improvement
	2.5 NPV calculations, BCR, and ROI
	2.6 Sensitivity and uncertainty analysis
	2.7 Lessons learned from past applications of the risk-informed BCA methodology

	3. Application to the APPS for Wildland Firefighters
	3.1 Description of the project
	3.2 Baseline analysis
	3.2.1 Baseline fatalities and associated costs
	3.2.2 Baseline injuries and associated costs
	3.2.3 Baseline cost of firefighter garments

	3.3 APPS cost analysis
	3.4 Benefit analysis
	3.5 Net benefits, BCR, and return on investment
	3.6 Sensitivity and uncertainty analysis
	3.6.1 Break-even analysis
	3.6.2 Sensitivity analysis
	3.6.3 Probabilistic simulation

	3.7 Assumptions and limitations

	4. Conclusions
	References


