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Abstract
Vacuum drying of wood is a method to reduce drying time and inventory; however, there is limited information regarding

the economic feasibility for vacuum drying 4/4 red oak compared with traditional drying methods. The benefits of this
technology, mainly dramatically reduced drying times and higher flexibility, must be weighed against the higher initial
capital investment. The goal of this project was to compare the economic feasibility, using capital budgeting techniques, of
conventional drying and vacuum drying for 4/4 red oak lumber. The analysis was conducted for two actual flooring
manufacturers. Conventional drying for this analysis was considered to be air-drying plus kiln drying, which is commonly
done with red oak. The vacuum technology considered used hot platens for heating the wood. Species, thickness, drying
methods, and lumber demand compared, both drying methods (conventional and vacuum drying) were determined to be
economically feasible. However, vacuum drying had a slightly higher net present value, cost–benefit ratio, and sensitivity
analysis than conventional drying, making it a slightly better investment for drying 4/4 red oak. The initial tied-up inventory
and its respective cost in the conventional drying scenario represents an opportunity cost that can be recovered using vacuum
drying. This recovered cost can result in freed capital that can be invested elsewhere to increase competitiveness.

Drying is a required step in hardwood manufacturing,
resulting in dimensionally stable lumber that can be cut to
precise dimensions and machined more easily and efficient-
ly and in more effective application of finishes (Jia 2006).
Lumber is normally kiln dried in large batches prior to
machining, which consumes a large percentage of the total
manufacturing time. Drying times can vary greatly depend-
ing on the species, initial moisture content (MC), method of
drying, and thickness of the stock. For example, 4/4
hardwood lumber can range from 4 to 30 days of drying
time. When lumber is air-dried first, the total drying time is
much longer. For example, air-drying red oak from green to
20 percent MC takes 60 to 120 days (Simpson 1991), even
though the kiln drying time is reduced to 8 days.

In a very demanding market, a 1-day difference in lead
time can improve the competitiveness of an industry.
Consequently, any reduction in drying time can have great
potential benefits (e.g., small batches, reduced costs, fewer
inventory spaces, and faster throughput) for wood product
manufacturers. In addition, the industry could benefit from a
technology that allows it to dry lumber rapidly and in small
batches, avoiding the need to dry mixed loads (different

species at the same time), which can lead to a higher
occurrence of drying defects and longer drying times, or to
accumulate excessive lumber inventories (Rice et al. 1994).
Research is needed to develop the best alternative for
traditional lumber drying that would reduce lead times,
allowing for order flexibility while maintaining quality and
reducing costs.

Vacuum-drying technology has the potential to dry small
batches of lumber in shorter cycle times, with quality results
comparable to or better than conventional drying (Chen
1998). However, this technology has not been widely
adopted (Chen 1998). Probable reasons for its limited
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implementation include higher initial cost of equipment, a
perception of higher complexity of maintenance and
operation than conventional drying, limited knowledge
and support for the technology, and industry resistance to
change (Chen 1998). Research on the economic feasibility
of vacuum drying compared with traditional drying methods
is extremely limited and focuses mainly on drying cost
differences only. For example, Savard et al. (2004)
determined that capital and operating costs were slightly
lower with superheated steam vacuum drying compared
with conventional drying. Therefore, companies wanting to
invest in the new technology need updated and credible
information to make decisions about its overall economic
feasibility.

This research has a broader goal than that of Savard of
evaluating the economic feasibility of vacuum drying for
hardwood products manufacturing from a systems perspec-
tive. Specifically, to conduct capital budgeting techniques
(comparisons of cash flow, net present value [NPV], and
internal rate of return [IRR]), a cost–benefit and a sensitivity
analysis were performed between conventional and vacuum
drying for 4/4 red oak lumber.

In this work, two actual companies (Manufacturers A and
B) using conventional drying were modeled to determine
the economic feasibility of conventional and vacuum
drying. Two scenarios (conventional and vacuum drying)
were created for each manufacturer. Manufacturer A dries
wood for flooring and for selling dried lumber. Its main
flooring products consist of 2.25- and 3.25-inch red and
white oak prefinished and unfinished flooring. Manufacturer
B is an industry that only dries lumber for flooring
production. It produces unfinished and prefinished 2.25-
and 3.25-inch red and white oak flooring. However, only
one production line was selected for each case study (3.25-
in. prefinished flooring) to reduce complexity. For this, one-
kiln capacity of Manufacturers A and B was reduced to meet
the required demand for the single 3.25-inch prefinished
flooring line.

Three major economic analysis techniques are commonly
used to determine if the performance of a new investment
project is economically viable: cash flow, NPV, and IRR
(Newnan and Lavelle 1998). Ercan (2011) defined cash flow
as ‘‘the difference between inflow and outflow.’’ Zhang
(2009) describes the NPV as ‘‘the total present value of all
the investment spent on a project subtracted from all the
revenue gained from the project over a certain time period.
An interest rate is used to discount future spending or
revenue into current value.’’ The IRR, according to Brealey
and Myers (2003), Zhang (2009), and Ercan (2011), is
defined as ‘‘the interest rate that can make NPV equal to
zero.’’

Cost–benefit analysis is an important technique to use
when comparing two projects where the initial investment is
different (Yescombe 2014). Dreze and Stern (1987) defined
cost–benefit analysis as ‘‘the examination of a decision in
terms of its consequences or costs and benefits.’’ A
sensitivity analysis is another important technique when
two projects are compared. Gottlieb (2010) defined a
sensitivity analysis as ‘‘a way to determine the impact of
changes in the input of the decision-making models.’’

This research shows a more flexible alternative to
conventional drying that allows a business to dry small
batches of lumber in very short times and with comparable
or better quality than conventional drying. Vacuum drying’s

potential benefits, if successfully implemented, can help to
increase the competitiveness of the US hardwood industry.

Methodology

Two examples of industrial wood flooring manufacturers
utilizing 4/4 red oak were modeled to determine the impact
of vacuum drying versus conventional drying on capital
budget techniques (cash flow, NPV, and cost–benefit
analysis). Both manufacturers had 2.25- and 3.25-inch red
and white oak prefinished and unfinished flooring lines.
However, only one production line was selected for each
manufacturer (3.25-in. red oak prefinished flooring) to
reduce the complexity in the capital budget comparisons.
The actual manufacturing capacity was modified by
reducing one of the kiln’s capacity to meet the required
demand for the single flooring line.

The thickness and species were chosen because of its
difficulty to dry (longer drying times and higher quality
control issues), its common use to manufacture goods, and
the availability of manufacturers that use it. For this
research, conventional drying refers to air-drying the lumber
from its initial green state to 25 percent MC and then kiln
drying to 8 percent MC (a common practice with 4/4 red
oak), while vacuum drying refers to drying lumber from the
green state to 8 percent MC in a vacuum kiln. It was
assumed that both drying facilities were new and that land,
equipment, etc., had to be purchased.

Drying costs

The variables used to calculate the fixed and variable
costs for each drying method (conventional and vacuum)
were selected from the literature (Goulet and Ouimet 1968,
Engalichev and Eddy 1970, MacMillen and Wengert 1978,
Holmes and Bilek 1983, Fortin 1998, Govett et al. 2006,
Redman 2011, Reeb 2011) and are presented in Tables 1
through 3.

The majority of the data regarding drying times and costs
(Tables 1 through 3) were gathered from manufacturers
using vacuum and conventional drying technology. Data
such as fences, lightning systems, and sprinkler systems
were estimated using online information. Data regarding
maintenance of boiler and kiln, maintenance and repair of
air-drying yard, and thermal loss were gathered from the
literature. All costs were reviewed by conventional and
vacuum-drying manufacturers.

Once all the data were collected, the total drying cost and
depreciation of the capital investment were calculated. The
depreciation was calculated by the method of straight line
(Gottlieb 2010). The electrical costs were calculated by
multiplying operational days 3 run times (h) 3 number of
fans 3 fan rating (kW) 3 electrical cost ($/kWh). The energy
costs were calculated first by dividing the total heat energy
(kJ) by total BTUs in 1 kJ. Then the total BTUs per charge
used for drying were divided by the fuel consumption of
natural gas (BTUs/MMcf), and then multiplied by the fuel
cost ($/MMcf). The initial raw material cost for the
conventional drying scenario was calculated as follows:
lumber in the air-drying yard takes 42 days and then 12.30
days in the kiln. Hence, 42/12 ’ 3.5 turns or cycles of the
kiln are possible during one cycle of air-drying. A detailed
explanation of the formulas used to calculate total drying
costs for both manufacturers can be found in the appendix
section of Brenes Angulo (2014).
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Capital budgeting techniques

Once the drying costs had been calculated, four cash flow
analyses were conducted: (1) conventional lumber drying,
(2) vacuum drying for Manufacturer A, (3) conventional
lumber drying, and (4) vacuum drying for Manufacturer B.

The cash flow analyses were conducted using Microsoft
Excel each for an investment period of 20 years. According
to Govett et al. (2006), 20 years is a good year analysis
period for drying investments owing to the life expectancies

of the equipment. The analysis was conducted using the

drying cost data, lumber demand, and revenue for each

manufacturer and drying method. The values associated

with following activities were used to develop the cash flow

analysis (Keown et al. 2006):

1. Operating activities

2. Investing activities

3. Financing activities

Table 1.—Fixed and variable costs for conventional and vacuum-drying operations for Manufacturers A and B.

Parameters

Manufacturer A Manufacturer B

Conventional drying Vacuum drying Conventional drying Vacuum drying

Fixed costs ($)

Storage building 662,097 522,020 575,000 322,766

Kiln (including, auxiliary equipment, boiler, installation) 3,172,869 7,215,000 2,719,602 6,734,000

Stickers 465,625 7,457 406,010 1,100

Pile roofs 113,250 — 123,250 —

Pile bases, bolsters 146,772 — 139,164 —

Air-drying alleys 120,000 — 120,000 —

Fences 46,378 6,388 35,381 4,111

Lighting systems (building) 12,487 6,270 6,517 3,111

Air-drying drainage systems 4,090 — 4,090 —

Sprinkler systems (building) 23,236 6,490 20,200 5,430

Depreciation of storage building, kilns, stickers, pile

roofs, pile bases, lighting, drainage, and sprinkler systems 31,035 56,808 29,666 58,343

Air-drying area (including space between the piles) 165,000 — 90,000 —

Road area 175,000 — 75,000 —

Area for buildings, kiln, boiler, etc. 150,000 175,000 75,000 75,000

Variable costs

Maintenance of kilns and boiler ($/yr) 29,925 29,925 29,925 29,925

Maintenance and repair of yard ($/yr) 15,000 — 15,000 —

Snow removal ($/yr) 4,500 — 4,500 —

Forklift wage ($/yr) 114,000 171,000 114,000 171,000

Lumber graders ($/yr) 160,000 160,000 160,000 160,000

Wage for kiln operator and yard supervisor ($/yr) 67,000 67,000 67,000 67,000

Yearly raw material cost ($/yr) 12,794,145 12,421,500 11,247,600 10,920,000

Initial raw material cost ($) 1,672,125 — 1,848,000 —

Table 2.—Parameters used for the calculation of electrical and energy costs for Manufacturers A and B.

Parameters used for the calculation

of electrical and energy costs

Manufacturer A Manufacturer B

Conventional drying Vacuum drying Conventional drying Vacuum drying

No. of fans 35 — 30 —

Fan rating (kW) 4 — 4 —

Annual electrical usage attributed to drying (kWh/yr) 1,226,400 1,892,160 1,051,200 1,766,016

Electrical cost ($/kWh) 0.1 0.1 0.1 0.1

Thermal loss (%) 65 30 65 30

Mass of wood dried (kg) 601,341 198,244 531,294 185,028

Specific heat of hardwood (kJ/(kg 3 8C)) 1.20 1.20 1.20 1.20

Specific heat of water (kJ/(kg 3 8C)) 4.19 4.19 4.19 4.19

Heat of vaporization (MJ/kg) 2.25 2.25 2.25 2.25

Specific gravity at fiber saturation point 0.56 0.56 0.56 0.56

Water density (kg/m3) 1,000 1,000 1,000 1,000

Energy to heat wood (kJ) 36,080,430 11,894,648 26,564,713 9,251,392

Energy to heat water (kJ) 3,146,514,207 2,904,474,653 1,853,331,445 2,259,035,841

Energy to vaporize water (kJ) 23,001,274,427 27,655,055,225 14,344,944,775 25,811,384,877

Total vacuum extra energy (kJ)

(vacuum pump þ condenser fan) — 586 — 586

Total BTUs/charge used for drying 33,503,646,904 49,259,397,550 20,760,543,079 45,244,464,542

Fuel consumption, natural gas (BTUs/MMcf) 846 846 846 846

Fuel cost, natural gas ($/MMcf) 4.10 4.10 4.10 4.10
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According to Keown et al. (2006), operating activities are
those that either produce revenue or are a direct cost of
producing a product or service. In our analysis, revenue
refers to the value of the dried lumber through sales. Direct
cost includes raw materials, operations, and energy costs.
Investing activities include buying and selling noncurrent
assets that will be used to generate revenues over a long
period of time. Investment activities include buildings,
sheds, stickers, kilns, and initial raw material for the air-
drying yard. The financing activities can include informa-
tion regarding the borrowing and repaying of money,
issuing stock (equity), and paying dividends. For this
project, this section was directed to the bank loan for the
initial investment.

Assumptions regarding sales revenue, loan and interest
rate on the loan, and air-drying initial raw material cost for
the conventional scenario were made to conduct the cash
flow analysis. Personal interviews with different banks
(Wells Fargo and Freedom First) were carried out to
determine the typical loan amounts and current interest
rates. For this analysis, a loan of 80 percent of the requested
amount with an interest rate of 2.25 percent was used. Other
assumptions were the following: (1) sales revenue regarding
only dried lumber had an increase rate of 2.8 percent per
year; (2) for Manufacturer A, the bank loan for the capital
investment for the conventional scenario was $6,928,929
and for vacuum drying it was $7,938,624; (3) for
Manufacturer B, the bank loan for the capital investment
of conventional drying was $6,237,215 and for vacuum
drying it was $7,145,518; (4) an inflation rate for all costs
was assumed to be 2.8 percent per year; and (5) the initial
raw material cost, presented in Table 1, represents the cost
of the initial amount of lumber needed in the air-drying yard
to be able to operate the system. This initial amount of
lumber helps the system start working before it reaches a

steady state. In the case of vacuum drying, there is no air-
drying: lumber is dried green to 8 percent of MC, which
means that there is no need for initial raw material. The
initial raw material cost for the conventional drying scenario
was calculated as follows: lumber in the air-drying yard
takes 42 days and then 12.30 days in the kiln. Hence, 42/12
’ 3.5 turns or cycles of the kiln are possible during one
cycle of air-drying.

The income before depreciation and taxes was calculated
by subtracting operating costs from estimated sales. Then
the profit before taxes and interest were calculated by
subtracting depreciation from income before tax and
depreciation. The tax rate was then applied to the profits
before taxes, and the interest rate was applied to the loan.
Finally, the net cash flow was obtained by adding cash flow
from operating activities (net profit plus depreciation) and
cash flow from financing activities (amortization). There is
no cash flow from investment activities other than from year
0 (initial capital investment).

After completing the cash flow analysis for the two drying
scenarios (conventional and vacuum drying) for each
manufacturer, the values for NPV and IRR for vacuum
and air-drying for each case study were compared using the
following equations:

NPV ¼ �C0 þ
XT

i¼1

Ci

ð1þ rÞi
ð1Þ

and

IRR ¼ �C0 þ
XT

i¼1

Ci

ð1þ rÞi
¼ 0 ð2Þ

where

Table 3.—Other parameters required for the calculation of conventional and vacuum-drying costs for Manufacturers A and B.

Other important parameters for conventional and

vacuum-drying costs

Manufacturer A Manufacturer B

Conventional drying Vacuum drying Conventional drying Vacuum drying

Annual interest rate (%) on loan 2.25 2.25 2.25 2.25

Tax rate to be applied to the total of taxable

values (%) 5 4 5 4

Insurance rate applied to the total of insurable

values (%) 2 2 2 2

Sales revenue increase rate (%) 2.8 2.8 2.8 2.8

Inflation rate (%) 2.8 2.8 2.8 2.8

Average drying degrades based on lumber value

(percentage as decimal) 0.03 — 0.03 —

Average daily volume of lumber on yard and in

kilns on any given day (MBF) 4,000 303 4,355 222

Total capacity of kilns (BF)a 455,000 150,000 402,000 140,000

No. of kilns 7 15 6 14

Operational days 365 365 365 365

Annual throughput (MBF/yr) 13,650 13,650 12,000 12,000

Kiln cycles per year 30 91.25 30 91.25

Average length of kiln run (including loading and

unloading time) (d) 12.3 4 12.3 4

Air-drying time (wk) 6 — 6 —

Final drying time (hr) 295 192 295 192

Volume air-dry yard (MBF) 4,000 — 3,890 —

Initial moisture content (%) 25 70 25 70

Final moisture content (%) 8 8 8 8

a Seven kilns of 65,000 BF for Manufacturer A; six kilns of 67,000 BF for Manufacturer B.
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C0 ¼ the initial investment,

r ¼ the interest rate,

t ¼ the year,

T ¼ the economic life of a system, and

Ci ¼ the revenue earned.

Cost–benefit analysis

The methodology proposed by Yescombe (2014) was
used for the cost–benefit analysis for each scenario
(conventional and vacuum drying) for Manufacturers A
and B. The NPVs of both the costs (the original investment)
and the benefits (the return on that investment) were
calculated for each scenario (conventional and vacuum
drying) for Manufacturers A and B. The NPV of benefits
was calculated by adding the original investment plus the
NPV at a 15 percent discount rate. The original investment
was used as the NPV of costs. Then the cost–benefit ratio
was calculated by dividing the NPV of benefits by the NPV
of costs. The cost–benefit ratio was then compared between
each scenario to determine which was economically better:
the higher the ratio, the better the project (Yescombe 2014).

Sensitivity analysis

A sensitivity analysis for each scenario (conventional and
vacuum drying) for Manufacturers A and B was conducted
using the methodology proposed by Yescombe (2014). Two
key parameters or sensitivities were selected according to
their major costs: electrical and yearly raw material costs,
resulting in two new cash flows: one raised the sensitivities
by 10 percent, and the other reduced the sensitivities by 10
percent.

Results

The initial investment costs to run the drying operation
(i.e., building, storage shed, fences, lightning, sprinkler,
initial raw material, stickers, pile roofs, and air-drying
alleys) are shown in Table 4 for conventional and vacuum
drying for each manufacturer.

Manufacturer A’s capital investments for conventional
and vacuum drying were $6,928,929 and $7,938,624,
respectively. Manufacturer B’s capital investments for
conventional and vacuum drying were $6,237,215 and
$7,145,518, respectively. Differences in the capital invest-
ment for both scenarios are product of the kiln equipment
costs. The kiln equipment costs for Manufacturer A were
$3,172,869 for conventional and $7,215,000 (127% more)
for vacuum drying. The kiln equipment costs for Manufac-
turer B were $2,719,602 for conventional and $6,734,000
(148% more) for vacuum drying. Vacuum kilns have
smaller capacities than conventional kilns, so more vacuum
kilns are needed to be able to satisfy the daily demand for
both manufacturers. While the equipment capital costs are
higher for the variables used in this project, they do not
show which scenario and technology are most economically
viable because these initial costs are calculated for a fixed
time and not over a longer period of time as is done in the
cash flow. Such cash flow analysis is presented further in the
NPV analysis. The annual costs to run the drying operation
(operational, maintenance, energy, and raw material) are
shown in Table 5. The costs were collected from
Manufacturers A and B. They represent the annual costs
of drying lumber for each manufacturer.

Vacuum-drying operational costs were higher than
conventional drying costs for both manufacturers (17%).
The reasons for the higher operational costs of vacuum
drying are that the lumber dries faster, requiring more
employees for the loading and unloading of the kiln to
produce the same required volumes. Maintenance costs
were approximated using data from Fortin (1998) because
none of the manufacturers, suppliers, or users of the
technology could provide more accurate information.
Vacuum-drying energy costs were 47 and 117 percent more
than conventional drying for Manufacturer A and Manu-
facturer B, respectively. Vacuum-drying electrical costs
were 54 and 68 percent more than conventional drying for
Manufacturer A and Manufacturer B, respectively. A
possible reason for the higher energy and electrical costs
in vacuum drying is that vacuum drying needed more kilns
(15 for Manufacturer A and 14 for Manufacturer B) than
conventional drying (7 for Manufacturer A and 6 for
Manufacturer B). Vacuum-drying raw material costs were 3
percent less than conventional drying costs because

Table 4.—Initial investments by Manufacturers A and B.

Parameters

Manufacturer A Manufacturer B

Conventional

drying

Vacuum

without

air-drying

Conventional

drying

Vacuum

without

air-drying

Land value ($/ft2) 490,000 175,000 240,000 75,000

Storage building ($) 662,097 522,020 575,000 322,258

Kiln, auxiliary

equipment

(including boiler) ($) 3,172,869 7,215,000 2,719,602 6,734,000

Stickers ($) 465,625 7,457 406,010 1,100

Pile roofs ($) 113,250 — 123,250 —

Pile bases, bolsters ($) 146,772 — 139,164 —

Air-drying alleys ($) 120,000 — 120,000 —

Fences ($) 46,378 6,388 35,381 4,111

Lighting systems

(building) ($) 12,487 6,270 6,517 3,111

Air-drying

drainage systems ($) 4,090 — 4,090 —

Sprinkler systems

(building) ($) 23,236 6,490 20,200 5,430

Initial raw material

cost ($) 1,672,125 — 1,848,000 —

Total initial

investment ($) 6,928,929 7,938,624 6,237,215 7,145,518

Table 5.—Total annual costs for conventional and vacuum-
drying scenarios for Manufacturers A and B.

Current costs

Values ($/yr)

Manufacturer A Manufacturer B

Conventional

drying

Vacuum

drying

Conventional

drying

Vacuum

drying

Operations 341,000 398,000 341,000 398,000

Maintenance 49,425 29,925 49,425 29,925

Energy 162,370 238,728 100,613 219,270

Electricity 122,640 189,216 105,120 176,602

Yearly raw

materials 12,794,145 12,421,500 11,247,600 10,920,000

Total 13,469,580 13,277,369 11,843,758 11,743,797
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conventional drying initial raw material had a 3 percent
degrade from the air-drying.

The NPV and the IRR were calculated using the values
obtained from the net cash flow for each scenario:
conventional and vacuum drying for Manufacturers A and
B. Results are presented in Table 6. NPV was calculated
using a discount rate, r, of 15 percent.

The NPV for Manufacturer A was $11,820,997 and
$11,860,638 for conventional and vacuum drying, respec-
tively. In the case of Manufacturer B, the NPV was
$10,641,532 for conventional drying and $15,712,609 for
vacuum drying. For both companies, conventional and
vacuum-drying methods were found to be economically
feasible. However, vacuum drying was shown to offer
slightly better returns than conventional drying owing to a
slightly higher value of the NPV. A project is considered
economically feasible if NPV is positive, and a higher NPV
represents a more economical viable project if more than
one NPV is compared (Newnan and Lavelle 1998). The IRR
for Manufacturer A was 34 percent for conventional and 32
percent for vacuum drying. For Manufacturer B, the IRR
was 34 percent for conventional and 40 percent for vacuum
drying. All scenarios were economically feasible at a
discount rate of 15 percent.

In many situations, the IRR can lead to the same decision
as the NPV, but there are also situations when the IRR may
lead to different decisions from the NPV. Arshad (2012)
concluded that when the two methods lead to different
decisions, the NPV method tends to give better decisions.
Arshad explains that the NPV is preferable when the
projects are mutually exclusive because it reinvests the cash
flow at the cost of capital, while the IRR is better when
evaluating individual projects because the IRR reinvests at a
calculated IRR. Therefore, for this study, values of the NPV
were used as one of the factors for concluding which drying
method was more economically viable.

However, a cost–benefit analysis was computed because
of the inconsistencies between the NPV and IRR analysis to
determine which scenario (conventional or vacuum drying)
was more economically feasible. The NPV and IRR results
are still presented so that readers can make more informed
decisions based on the conclusions drawn in this work.
Table 7 shows the cost–benefit analysis for conventional and
vacuum drying for each manufacturer.

The cost–benefit ratio for Manufacturer A for conven-
tional and vacuum drying was 1.31 and 1.34, respectively.
In the case of Manufacturer B, the cost–benefit ratio was
1.32 and 1.41 for conventional and vacuum drying,
respectively. Vacuum drying had a higher cost–benefit ratio
than conventional drying for both manufacturers, showing it
to be a better economic alternative. According to Yescombe
(2014), the higher the ratio, the better the project.

A sensitivity analysis was done to further investigate the
moderate degrees of differences between conventional and
vacuum drying for Manufacturers A and B. In the analysis,
electricity and yearly raw material costs were raised by 10
percent and reduced to 10 percent. Table 8 shows the results
of the sensitivity analysis for Manufacturers A and B.

In the case of raising the electrical and yearly raw
material costs by 10 percent (Table 8), the NPV and IRR for
conventional and vacuum drying for Manufacturer A were
$3,141,609, $3,614,458, and 20 and 20 percent, respective-
ly. The NPV and IRR for conventional and vacuum drying
for Manufacturer B were $3,217,959, $8,456,512, and 21
and 28 percent, respectively. Furthermore, when reducing
the electrical costs and yearly raw material costs by 10
percent, the NPV and IRR for conventional and vacuum
drying for Manufacturer A were $20,008,351, $20,106,818,
and 49 and 45 percent, respectively. In the case of
Manufacturer B, the NPV and IRR for conventional and
vacuum drying were $18,065,105, $22,968,705, and 49 and
53 percent, respectively. All scenarios were economically
feasible at a discount rate of 15 percent. However, the NPV
was higher in the vacuum-drying scenario for both
manufacturers, indicating that vacuum drying is more
economically viable than conventional drying in terms of
a return of the initial investment.

The results from the NPV, cost–benefit ratio, and
sensitivity analysis showed how the initial raw material
costs significantly influenced the feasibility analysis. In
conventional drying, there will always be 1,893 MBF more
tied-up inventory each year for Manufacturer A and 1,730
MBF for Manufacturer B, representing an opportunity cost
of $1,722,289 and $1,574,664, respectively. These cost
reductions free up enough cash to pay off the capital
investment of the vacuum kiln equipment or enough cash
that could be invested elsewhere to grow the company. Our
results agree with those of Apel et al. (2007), who
established that reducing drying times would allow the
industry to dry lumber in a faster way and that the reduction
in drying times would mean a reduction in manufacturing
cost, an increase in earnings, and a competitive advantage
for the industry.

Furthermore, vacuum drying can also help to improve the
performance of a flooring manufacturer by reducing drying
lead times and tied-up inventory between each process in
the manufacturing line while meeting customer demand.
Brenes et al. (2015) demonstrated that vacuum drying has
the potential to achieve shorter drying times, dry smaller

Table 6.—Net present value (NPV) and internal rate of return
(IRR) for Manufacturers A and B.

Scenario

Manufacturer A Manufacturer B

NPV ($) IRR (%) NPV ($) IRR (%)

Conventional drying 11,820,997 34 10,641,532 34

Vacuum drying 11,860,638 32 15,712,609 40

Table 7.—Cost–benefit analysis for conventional and vacuum drying for Manufacturers A and B.

Cost–benefit analysis

Manufacturer A Manufacturer B

Conventional drying Vacuum drying Conventional drying Vacuum drying

(a) Net present value of benefits ($) 375,035,814 376,066,132 331,350,324 350,995,057

(b) Net present value of costs ($) 286,633,468 281,579,224 251,910,106 248,948,384

Cost–benefit ratio [(a) ‚ (b)] 1.31 1.34 1.32 1.41
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loads, and achieve at least the same drying quality as
conventional drying while servicing the market more
efficiently. In conventional drying, it takes a long time to
cycle through one batch of the same product (thickness and
species), resulting in the need for more inventory to be held
in case other products are demanded by customers. The total
lead time associated with conventional drying increases the
amount of inventory in the system and therefore the annual
inventory costs. For vacuum-drying technology, total lead
times are shorter, meaning that there is no need for large
amounts of inventory in the system because the business is
capable of cycling through all of the product possibilities
much faster. Shorter drying times reduce inventory, leading
to a reduction in the inventory costs. For example, orders
placed for products that can be delivered with shorter lead
times have a greater probability of being filled before the
orders expire or change. Also, associating a dollar value to
cycle time often highlights the true impact of manufacturing
time on total cost to the company (Rust 2008). These
potential benefits of vacuum drying could be used to
increase the competitiveness of the hardwood industry in the
United States and the international market.

Conclusions

When comparing the potential costs of building and
operating a drying operation to meet the dry lumber needs of
a flooring line, both conventional and vacuum-drying
scenarios were found to be feasible for the scenarios
studied. Vacuum drying was determined to be a slightly
better investment than conventional drying for Manufactur-
ers A and B based on the respective values of NPV:
$11,860,638 and $15,712,609 for vacuum drying and
$11,820,997 and $10,641,532 for conventional drying.
Vacuum drying was also shown to be a slightly better
economic alternative for Manufacturers A and B with cost–
benefit ratios of 1.34 and 1.41 compared with 1.31 and 1.32
for conventional drying. Also, vacuum drying was more
economically feasible when raising or reducing the
electrical and the yearly raw material costs by 10 percent.
The initial tied-up inventory and the respective cost in the
conventional drying scenario represents an opportunity cost
for the vacuum-drying scenario that can be invested
elsewhere to grow the company. In addition to being the
better investment, vacuum drying can help the performance
of a flooring manufacturer by reducing drying lead times
and tied-up inventory between each process of the
manufacturing line while meeting customer demand (Brenes
et al. 2015). While these results are limited based on the
inputs used in the model and may differ when these inputs
change, they clearly indicate that vacuum-drying technology
can be a financially viable option for drying large quantities

of 4/4 lumber and thus a potential technology for improving
the competitiveness of the US hardwood industry.
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