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SUMMARY. A low-cost apple (Malus domestica) harvest-assist unit was recently
developed to assist employees with fresh apple harvesting. This study reports on the
economic analysis of this apple harvest-assist unit. Annual costs of the harvest-assist
unit were calculated, including ownership and operational cost. Annual cost savings
by increasing apple harvest efficiency, decreasing occupational injuries, improving
work productivity in training, pruning, and thinning, and eliminating expenditures
on purchasing ladders were calculated. When the annual costs are smaller than
annual savings, the unit benefits apple orchard owners positively. Economic analysis
results using orchard yields ranging from 25 to 45 Mg�haL1 demonstrated that
when the apple orchard area was larger than 7.6 ha, the unit always benefited
orchard owners positively; when the orchard area was smaller than 4.2 ha, the unit
always benefited orchard owners negatively. For large orchards, more than one unit
was required to satisfy the operational needs. Of the top fourU.S. apple production
states, Washington, New York, and Michigan, benefitted from purchasing four
units, three units, and two units, respectively, per typical farm. However, an
average-sized orchard in Pennsylvania, would not benefit, due to small orchard size
and low yield. A net present value (NPV) analysis was determined using data from
Washington State, which yielded a return on the 8-year investment in themachinery
of $888.44.

A
pples, selected as one of the
top10healthy foods (Nordqvist,
2016), rank second among

American’s favorite fresh fruits, with
9.5 lb consumed per person in 2010
[U.S. Department of Agriculture
(USDA), 2012]. Simultaneously, ap-
ple juice is the second highest volume
juice consumed, just behind orange
juice (Produce for Better Health
Foundation, 2015). Currently, ap-
ples are commercially grown in 32
states in the United States, with
a wholesale value of more than $2.7
billion annually (U.S. Apple Associa-
tion, 2016).

However, the U.S. apple indus-
try is facing challenges (Schmoldt,
2007) including 1) a heavy depen-
dence on a large seasonal work-
force, 2) decreased availability of

employees, and 3) increased labor
costs (Schupp et al., 2011). Ellis
et al. (2010) reported harvesting as
an area with the most significant
need for improvement by advanced
technologies. Improvements in har-
vest are needed because apples are
picked manually by employees who
carry them from trees to a bin using
a bushel bucket, weighing as much as
40 lb when fully filled. Employees
wear the bucket during the entire
harvest process on one side or in
front of the body (Earle-Richardson
et al., 2006a; Freivalds et al., 2006).
In addition, apple harvest is poten-
tially dangerous work. Apple harvest
includes awkward activities, which
can cause occupational injuries, such
as neck, back, and shoulder strain
and sprain (Earle-Richardson et al.,
2006b). Zhang (2015) demon-
strated that most of the awkward
activities were related to ladder us-
age. The ladder usage decreased

apple harvest efficiency, and previous
research showed that employees
spent 11.7% of the working time
moving and climbing ladders. In
addition, ladder fall accidents during
apple harvest can cause serious in-
juries, such as fractures and open
wounds, or even death (Fathallah,
2010; Fulmer et al., 2002; Smith
et al., 2006; Stevens et al., 2006).

Considerable research was con-
ducted to solve these issues by de-
veloping mechanical apple harvesters,
eliminating ladder usage. Three pro-
totype apple harvesters were devel-
oped but not commercialized by
LeFlufy (1982a, 1982b, 1983),
Millier et al. (1973), and Peterson
andWolford (2003). Research shifted
to developing harvest-assist platforms
to increase employees’ apple harvest
efficiency, decrease strength require-
ments for apple harvest, and eliminate
ladders (Schupp et al., 2011; Zhang
et al., 2016b). Currently, harvest-
assist machines are commercially
available, but at high prices, ranging
from$50,000 to$130,000 (Automated
Ag, 2013; Jones, 2015; Lehnert, 2014;
Milkovich, 2013). These machines
may be affordable for large orchard
owners, but may be too expensive for
small orchard owners. Researchers at
The Pennsylvania State University de-
veloped a low-cost apple harvest-
assist unit and field experiments,
conducted in Fall 2014, showed
bruising incidence below 5% and
efficiency increases of 29% (Zhang
et al., 2014, 2016a). Bruising in-
cidence sufficient to downgrade the
apples harvested by this unit from
extra fancy to fancy was within 5%.
In addition, the use of the machine
demonstrated that ladders could be
totally eliminated and awkward
posture activities could be reduced
during apple harvest. A survey ad-
ministered during this project
revealed that orchard owners were
willing to pay up to $50,000 for
a mobile platform and an apple
harvest-assist device, which could
increase harvest efficiency by 25%.

Units
To convert U.S. to SI,
multiply by U.S. unit SI unit

To convert SI to U.S.,
multiply by

0.4047 acre(s) ha 2.4711
0.4536 lb kg 2.2046
0.9072 ton(s) Mg 1.1023
2.2417 ton(s)/acre Mg�ha–1 0.4461
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Reducing awkward posture activities
could help to lower the seriousness of
occupational injuries caused by apple
harvest, which also helps improve
employees’ harvest efficiency.

One key goal of the low-cost
apple harvest-assist project was to
commercialize the machine. How-
ever, there are questions about the
economic benefits of adopting the
harvest-assist unit. The objective of
this study was to assess the econom-
ics of the unit using 1) a specific
example based on fresh market ap-
ple production data and costs from
Washington and Oregon, com-
bined with efficiencies derived from
use of the harvest-assist unit and
2) a range of calculated benefits based
on costs and production data from
the top four apple producing states in
the United States.

Materials and methods
A low-cost apple harvest-assist

unit was developed at the Depart-
ment of Agricultural and Biological
Engineering at The Pennsylvania
State University, designed for two-
dimensional planar (trellised) or-
chards. It was field tested at the
Biglerville Fruit Research and Ex-
tension Center (Adams County,
PA), in Fall 2013 and 2014. The
low-cost apple harvest-assist unit is
shown in Fig. 1. The unit consists of
five primary components: receiver,
tube, manifold, distributor, and
platform. Apples are placed into re-
ceivers after being picked. The

apples then flow via gravity to the
manifold through tubes. After exit-
ing the manifold, the distributor
assists with distributing apples
evenly into the bin.

The harvest-assist device was at-
tached to a mobile platform (Eco-
Pick; ORSI Group, Bologna, Italy),
powered by two 12-V DC batteries
and all wheel driven. The harvest-
assist unit only focuses on the upper
canopy apples that require ladders for
picking.

The low-cost apple harvest-
assist unit was assumed to operate
360 h (45 d at 8 h�d–1) on harvest,
and 800 h (100 d at 8 h�d–1) on
pruning, training, and thinning
(PTT), for a total of 1160 h of use
per year (Seavert et al., 2007). The
useful life of the unit was assumed to
be 8 years, which meant the unit
could operate 9280 h before being
replaced. Because the unit has not
yet been commercialized, the price
was conservatively estimated at
$30,000 based on the expenditures
during development of this ma-
chine, including the cost of the
ORSI platform. This unit was pow-
ered by three 12-V DC batteries
(two for the platform and one for
electronic components, such as mo-
tors, sensors, and microchips), and
the price included three extra 12-V
DC batteries. When the unit was
operating, the three extra fully
charged batteries were for backup
to ensure no down time due to
battery charging. Considering the

limited annual usage, the batteries
were assumed to function during
the useful life of the unit.

ANNUAL COSTS OF THE LOW-COST

APPLE HARVEST-ASSIST UNIT. Annual
costs of the harvest-assist unit consist
of two parts: annual ownership costs
and operational costs [American So-
ciety of Agricultural and Biological
Engineers (ASABE), 2011a, 2011b].
Annual ownership costs (fixed costs)
include depreciation, interest (op-
portunity cost), taxes, housing, and
insurance. Operational costs in-
clude repairs, maintenance, and fuel
(Edwards, 2015).

Depreciation, which reflects ma-
chine value reduction, is caused by
wear, age of machine, and obsoles-
cence. Age and accumulated hours of
machine use are the two main factors
affecting the depreciation. Salvage
value is an estimated sale value of
the machine at the end of its useful
life, and it can be calculated through
multiplying the machine price by
salvage value factor. Considering
the harvest-assist unit useful life of
8 years, the salvage value factor was
conservatively assumed to be 0.1 for
this study (Mizushima and Lu, 2011;
Zhang et al., 2016c).

Interest is an important factor
in cost estimation. If the owner-
operators borrowed money from
a bank to purchase the machine, the
bank would determine the interest
rate. Interest rates for farm machin-
ery, on an 8-year loan, ranged from
6.85% to 8.50% at the time of this
study (AgChoice Farm Credit,
2016). However, if the apple orchard
owners used their own capital, the
interest rate would depend on the
opportunity cost for the capital to be
used elsewhere in the farm business. If
the capital was partially borrowed
from a bank, the rate should be a value
between the two. In this research, the
interest was assumed to be 8%.

Taxes, insurance, and housing
(TIH) are three other factors to be
considered in the cost estimation,
although usually they are much
smaller than depreciation and in-
terest. TIH can be estimated as
percentage of purchasing price.
ASABE standards (2011b) recom-
mend a total of 2% of the purchase
price of the machine as TIH, with
taxes, housing, and insurance as-
sumed as 1.00%, 0.75%, and 0.25%,
respectively.

Fig. 1. Low-cost apple harvest-assist unit being field tested in Fall 2014. The unit
is mounted on an ‘‘EcoPick’’ platform (ORSI Group, Bologna, Italy). The picker
places the apples into the receiver, and the apples flow by gravity down the tube to
themanifold. Themanifold drops the apples vertically onto the distributor, which
distributes the apples evenly into the bin.
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Assuming a salvage value factor
(0.1), machine life (8 years), annual
interest rate (8%), and TIH (2%), the
total annual ownership costs were
estimated as follows (ASABE, 2011b):

CA = PM 3C0 ½1�

C0 =
1� SV

L
+

1 + SV
2

3 i + K2 ½2�

whereCA is annual ownership costs;C0

is ownership cost coefficient; PM is new
machine purchase price ($30,000); Sv
is machine salvage value factor at the
end of themachine useful life (0.1);L is
machine useful life (8 years); i is annual
interest rate (8%); andK2 is ownership
cost factor, TIH (2%). Repairs and
maintenance are necessary to keep the
harvest-assist unit operable due towear
and accidents. The annual repair and
maintenance costs were estimated as:

Crm = RF1ð Þ3PM 3
h

1000

� �RF2
½3�

where Crm is accumulated annual re-
pair and maintenance costs; RF1 is
repair and maintenance factor one;
RF2 is repair and maintenance factor
two; PM is new machine purchase
price; and h is accumulated annual
use of machine (hours). The rela-
tionship shown in Eq. [3] provides
annual costs of all expenditures (part
replacement, materials, shop ex-
penses, and labor) to maintain a ma-
chine in a good working condition.
Based on ASABE standards (2011a),
repair andmaintenance factors 1 and
2 were obtained as 0.03 and 2, re-
spectively. The total power of the
two batteries used to power the
platform was 1600 W. All other
electric components were powered
by the third battery. The power used
by a linear actuator (part no.
PPA12-18B65-36NHSX; Thomson,
Issy-les-Moulineaux, France) to lift
the harvest device (distributor and
manifold) when apples were filling
the bin was 100 W. A gearmotor
(Dayton 12-V DC, model #1Z833;
W.W. Grainger, Pittsburgh, PA) used
to spin the distributor required 130W.
There were two other components
that consumed electric energy: 1) ami-
crochip that adjusted the distributor
spinning speed and 2) an IR proxim-
ity sensor which detected the distrib-
utor spinning speed. However, both
components consumed much less

energy compared with the motors.
The power requirement for the two
components was assumed to be 1 W.
All energy was provided by 12-V DC
batteries, and while charging these
batteries, a coefficient of 1.05 was
assumed because some of the elec-
tric energy is wasted (such as heat)
during charging. The electricity
cost was assumed to be $0.18/kWh
(U.S. Energy Information Adminis-
tration, 2016).

MACH I N E C A P A C I T Y AND

MACHINE COVERAGE AREA. These two

terms are defined as the total weight
of apples harvested in a growing sea-
son and the total number of hectares
harvested in a growing season, re-
spectively, by the harvest-assist de-
vice. Machine capacity (MC) is
based on apple weight and is calcu-
lated using Eq. [4]:

MC = Htp3THT3
Wa

1000
½4�

where Htp is harvester throughput
(0.78 apples/s) (Zhang et al., 2014);

Table 2. Cost savings resulting from reduction in occupational injuries based on
various apple yields.

Yield
(Mg�haL1)z

Time required
for conventional

harvest (h)

Time saved
by adopting
harvest-assist

unit (h)y
Cost savings

($/ha)x
Machine-covered

area (ha)w

25 67.1 1.3 26.3 12.0
30 80.5 1.6 31.6 10.0
35 93.9 1.8 36.8 8.6
40 107.3 2.1 42.1 7.5
45 120.7 2.4 47.3 6.7
z1 Mg�ha–1 = 0.4461 ton/acre.
yCalculated with harvest efficiency improvement of 2% through decreasing occupational injuries.
xCalculated with harvest labor cost of $20/h; $1/ha = $0.4047/acre.
wCalculated with the machine capacity of 150 Mg (165.3 tons) per harvest season; 1 ha = 2.4711 acres.

Table 3. Pruning, training, and thinning cost savings using platform based on
various apple yields.

Yield
(Mg�haL1)z

Time required
for CPTT (h)

Time saved
by using

platform (h)y
Cost savings

($/ha)x
Machine-covered

area (ha)w

25 144.8 48.3 555.3 12.0
30 173.8 57.9 666.3 10.0
35 202.8 67.6 777.4 8.6
40 231.8 77.3 888.4 7.5
45 260.7 86.9 999.5 6.7

CPTT = conventional pruning/training/thinning approach.
z1 Mg�ha–1 = 0.4461 ton/acre.
yCalculated with working efficiency improvement of 50%.
xCalculated with the labor cost of $11.50/h; $1/ha = $0.4047/acre.
wCalculated with the machine capacity of 150 Mg (165.3 tons) per harvest season; 1 ha = 2.4711 acres.

Table 1. Harvest cost savings using apple harvest-assist device and platform
based on different yield.

Yield
(Mg�haL1)z

Time required
in conventional

harvest (h)

Time saved
by adopting
harvest-assist

unit (h)y
Cost

savings ($)x
Machine-covered

area (ha)w

25 67.1 15.1 301.7 12.0
30 80.5 18.1 361.9 10.0
35 93.9 21.1 422.2 8.6
40 107.3 24.1 482.4 7.5
45 120.7 27.1 524.7 6.7
z1 Mg�ha–1 = 0.4461 ton/acre.
yCalculated with harvest efficiency improvement of 29%.
xCalculated with harvest labor cost of $20/h.
wCalculated with machine capacity of 150 Mg (165.3 tons) per harvest season; 1 ha = 2.4711 acres.
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THT is total harvest time (1.296 ·
106 s, assuming 8 h�d–1 and 45 d har-
vest); and Wa is weight of apple (0.15
kg/apple).

Machine-covered area (MCA) is
determined using Eq. [5]:

MCA =
MC

0:53OYð Þ ½5�

where OY is orchard yield (mega-
grams per hectare), and 0.5 is a factor
accounting for the fact that about one
half of the apples are in the upper
canopy and are harvested by pickers
standing on the platform.

ANNUAL COST SAVINGS BY

ADOPTING THE HARVEST-ASSIST UNIT.
The low-cost apple harvest-assist
unit could benefit apple orchard
owners in four ways: 1) increase
harvest efficiency of employees, 2)
decrease occupational injuries (in-
cluding ladder falls), 3) improve pro-
ductivity through multiple uses
(PTT) of the platform, and 4) elim-
inate ladder use and associated pur-
chase and maintenance costs (Zhang
et al., 2016a).

COST SAVINGS BY INCREASINGAPPLE

HARVEST EFFICIENCY. This harvest-
assist unit only focused on apples
located in the upper canopy, which
are traditionally harvested using
ladders. Previous research demon-
strated that harvesting these upper
canopy apples using traditional
methods was less efficient than
harvesting low apples due to in-
tensive use of ladders (Zhang,
2015). Field experiments compar-
ing the harvest efficiency between
ladder usage and the harvest-assist
unit were conducted in Fall 2014
at the Biglerville Fruit Research
and Extension Center. Field exper-
imental results demonstrated 1) for
upper canopy apples, the harvest
efficiency was increased by 95%
compared with ladders; 2) for all

apple harvest, the harvest effi-
ciency was increased by 29% com-
pared with ladders; and 3) when
pickers stood on the platform to
harvest apples, the harvest rate was
0.39 apples/s for each person
(0.78 apples/s for the unit with
two pickers working on the plat-
form simultaneously).

COST SAVINGS BY DECREASING

OCCUPATIONAL INJURY. Brower et al.
(2009) reported that the occupa-
tional injury had a 5% incidence
among farmworkers. Earle-Richardson
et al. (2004, 2006a, 2006b) and
Fulmer et al. (2002) demonstrated
that the leading occupational injury
type during apple harvest was the
back, neck, and shoulder sprain/
strain, which accounted for 37% of
all occupational injuries, and the
second most common injury was
ladder fall, which constituted 12%
of all occupational injuries. Zhang
(2015) demonstrated that by adopt-
ing the harvest-assist unit, 34% of
the back, neck, and shoulder sprain/
strain was eliminated. Taylor et al.
(2008) reported that back, neck,
and shoulder sprain/strain injuries
reduced work productivity by 15%.
The overall harvest productivity for
these types of injury can be calcu-
lated using Eq. [6].

EI =
1

1 – RE
– 1

� �
3ER 3OII3 SI

½6�

where EI is efficiency increase; RE is
reduced efficiency (15%); ER is per-
cent occupational injuries eliminated
by use of platform [34% (Zhang,
2015)]; OII is occupational injury
incidence (5%); and SI is sprain and
strain incidence of back, neck, and
shoulder (37%).

O’Sullivan et al. (2004) reported
that tissue injuries from ladder falls
would result in 1-month unemploy-
ment, and fractures would result in at
least 4-month unemployment. It was
reasonable to assume that one person
lost all productivity once the person fell
off a ladder during apple harvest if
a serious injury occurred.The efficiency
increase for eliminating these types of
injury can be calculated using Eq. [6].

COST SAVINGS BY IMPROVING

WORKING EFFICIENCY IN APPLE TREE

PTT. The platform on which this
harvest-assist devicewasmounted pro-
vides additional capacity for orchard

Fig. 2. Benefits for one harvest-assist unit (device and platform) under different
apple orchard areas and yields. Higher yields result in a lower orchard area
threshold, as shown by the benefit line crossing into positive space at a lower size,
e.g., the 45Mg�haL1 threshold is at about 4.2 ha, the 25Mg�haL1 is at 7.6 ha; 1 ha =
2.4711 acres, 1 Mg�haL1 = 0.4461 ton/acre.

Table 4. Ladder savings based on
apple yield. Ladders are needed for
multiple operations, including
harvest, training, pruning, and
thinning, which can all be replaced
by the platform.

Yield
(Mg�haL1)z

Ladder cost
saving ($/ha)z

25 22.0
30 26.4
35 30.8
40 35.2
45 39.6
z1 Mg�ha–1 = 0.4461 ton/acre, $1/ha = $0.4047/
acre.
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production operations. Experi-
ments using similar platforms on
PTT activities were conducted by
Baugher et al. (2009) and Sazo
et al. (2010). These studies demon-
strated that mobile orchard plat-
forms increased worker productivity
in PTT by �50% for each. In this
research, the platform was as-
sumed to be used for PTT for 800 h
each year.

COST SAVINGS BY ELIMINATING

EXPENDITURES ON LADDER PURCHASE.
Ladders have multiple uses, and in
conventional production approaches
they are required for harvesting,
pruning, thinning, and training.
Gallardo and Galinato (2012)

reported that an apple orchard with
20.5 tons/acre (45.95 Mg�ha–1)
needed $17/acre ($42.0/ha) to pur-
chase and maintain ladders for these
purposes.

DETERMINATION OF ORCHARD

AREA THRESHOLD. The decision by
owner-operators to purchase the ap-
ple harvest-assist unit primarily de-
pends on the positive vs. negative
benefits of the unit. For this harvest-
assist unit, an annual cost less than the
savings (positive benefit) shows the
unit has market potential. The higher
the positive benefit, the higher the
market potential. However, if the
annual cost is larger than the savings,
the unit would have less of a market
potential. Here, the orchard area
threshold is defined as the orchard
area below which purchasing and
operating the harvest-assist unit
would result in a net cost rather than
net savings.

To provide a geographical per-
spective of the potential for utiliza-
tion of the unit, the orchard area
threshold for the top four U.S. apple
production states were assessed. Av-
erage sizes for each state were used.
These included Washington, New
York, Michigan, and Pennsylvania,
with apple orchard yields ranging
from �11.4 to 20.5 tons/acre

(25.55 to 45.95Mg�ha–1) (Mizushima
and Lu, 2011; USDA, 2016).

NPV ANALYSIS. Determining
the NPV of the machine can assist
owner-operators with the purchas-
ing decision (Julian and Seavert,
2011; Kien Hwa, 2008). A positive
NPV suggests that the overall invest-
ment will bring positive benefits, and
it is worthwhile for owner-operators
to purchase the machine. The NPV is
calculated using Eq. [7] (Julian and
Seavert, 2011).

NPV = – PM

+
X7

n = 1

�
1 – Svð Þ
L

3
PM

1 + ið Þn

+

�
BAMB – i

2 + Sv 3 i
2 + K2

� 	
3PM – Crm�

1 + ið Þn



+
1 – Svð Þ
L

3
PM

1 + ið Þ8

+

½BAMB + Sv –
i
2 + Sv 3 i

2 + K2

� 	
3PM – Crm�

1 + ið Þ8 ½7�

where BAMB is the annual machine
benefits.

Results and discussion

COST SAVINGS BY INCREASING

APPLE HARVEST EFFICIENCY. Gallardo
and Galinato (2012) and Seavert et al.
(2007) estimated picking labor costs
of $1002/acre ($2476.0/ha) for an
orchard yielding 20.5 tons/acre. Us-
ing this yield in Eq. [5], the MCAwas
calculated as 7 ha. Using a harvest
efficiency increase of 29% by adopting
the harvest-assist device and picking
labor costs of $2475/ha, cost savings
based on various yields are shown in
Table 1.

COST SAVINGS BY DECREASING

OCCUPATIONAL INJURY. The partial
elimination of the back, neck, and
shoulder sprain/strain injuries by us-
ing the harvest-assist unit resulted in
an overall harvest productivity increase
of 0.11%, as calculated by Eq. [6].
Eliminating ladder fall accidents in-
creased the harvest efficiency by 0.6%
using Eq. [6]. Partially solving the
sprain/strain issue and fully solving
the ladder fall problem resulted in an
overall apple harvest efficiency increase
of 0.71%. In addition, considering the
limited data on the more serious
results of death caused by ladder
falls, the final harvest efficiency

Table 5. Orchard area threshold
based on apple yield. The orchard
area threshold is defined as the
orchard area below which
purchasing and operating the
harvest-assist unit would result in
a net cost rather than net savings.

Yield
(Mg�haL1)z

Orchard area
threshold (ha)z

45 4.2
40 4.8
35 5.5
30 6.4
25 7.6
z1 Mg�ha–1 = 0.4461 ton/acre, 1 ha = 2.4711 acres.

Fig. 3. Benefits for multiple harvest-assist units and benefits at different apple
orchard areas and yields. The dip in the curves from left to right show the addition
of another harvest-assist unit, starting from left with one unit and ending on the
right with five units. Average-sized Pennsylvania (PA) orchards would potentially
lose money using the harvest-assist unit, whereas average-sized Michigan (MI),
New York (NY), and Washington (WA) orchards would have a financial benefit
using the harvest-assist unit; 1 ha = 2.4711 acres, 1 Mg�haL1 = 0.4461 ton/acre.
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improvement through eliminating
ladder usage was determined as 2%
(Zhang et al., 2016c). The cost savings
based on these results by yield are
shown in Table 2.

COST SAVINGS BY IMPROVING

WORKING EFFICIENCY IN APPLE TREE

PTT. The platform increases worker
efficiency for the PTT tasks. Seavert
et al. (2007) reported PTT costs were
$1376/acre ($3400.2/ha), assuming
an orchard yield of 20.5 tons/acre.
Using the 50% efficiency improve-
ment figure, considerable potential
savings were determined as shown in
Table 3.

COST SAVINGS BY ELIMINATING

EXPENDITURES ON LADDER PURCHASE.
Using the mobile orchard platform
essentially eliminates the need for
ladders. The savings for different
yields were calculated and are shown
in Table 4.

NET BENEFIT BASED ON ORCHARD

AREA AND YIELDS. The benefits of one
unit with different area and yields
were calculated and are shown in
Fig. 2, based on the MC of 150 Mg
(165.3 tons) per harvest season. Since
few apple orchards in the United
States have an area smaller than 3 ha
or larger than 30 ha (Zhang et al.,
2016c), the apple orchard areas pre-
sented range from 3 to 30 ha in Fig. 2.

Orchard area thresholds for var-
ious yields are shown in Table 5. The
higher the orchard yield, the lower
the threshold. Considering a typical
orchard in one of the four top apple
producing states, if the orchard has an
area larger than 7.6 ha, a single har-
vest-assist unit results in positive ben-
efits. However, if the orchard area is
smaller than 4.2 ha, the result is
negative. Thus, the potential market
for this harvest-assist unit is an or-
chard larger than 4.2 ha. For one unit,
within the MC, the larger the farm
size (larger than 4.2 ha), the more
positive benefit the machine could
bring, and the maximum benefits are
about $5000 for a single unit.

UNIT QUANTITY NEEDED AND

BENEFITS FOR DIFFERENT ORCHARD

AREAS AND YIELDS. When orchard
yields ranged from 25 to 45 Mg�ha–1
(11.2 to 20.1 tons/acre), the MCA
ranged from 12 to 7 ha (29.7 to 17.3
acres). For larger apple orchards,
more than one unit would be needed.
The number of units needed was de-
termined by dividing the MC by the
orchard total yield. For example,

typical apple orchards in Washington
state are 24 ha with a yield of 45
Mg�ha–1, so four units would be
needed for orchards of these sizes.
Figure 3 shows the harvest-assist unit
quantity needed and benefits under
different orchard areas and yields.
The general trend demonstrated in
Fig. 3 shows that the larger the or-
chard area, the more benefits the unit
could bring. For an average-sized
orchard in Washington [yield at
19.9 tons/acre (44.70 Mg�ha–1)]
and farm size of 58.8 acre (23.80
ha) for a typical orchard, New York
[17.7 tons/acre (39.60 Mg�ha–1),
37.6 acre (15.20 ha)], Michigan
[17.3 tons/acre (38.70 Mg�ha–1),
28.2 acre (11.40 ha)], and Pennsylva-
nia [11.7 tons/acre (26.30 Mg�ha–1),
16.1 acre (6.50 ha)] (USDA,
2016; Zhang et al., 2016c), four
units, three units, two units, and
one unit are needed, respectively.
As shown in Fig. 3, the technology

brings negative benefit to an average-
sized Pennsylvania orchard because of
the smaller orchard size and lower
yields. Using 40 Mg�ha–1 as an exam-
ple, the economic analysis (Table 6)
shows that among the four benefits
provided by the harvest-assist device
and platform, the increase in harvest
and PTT efficiency improvement are
themajor contributors, which account
for 33% and 61% of the total benefits,
on a per hectare basis.

This analysis makes several as-
sumptions that affect actual costs
and benefits. For example, more plat-
forms may be required at one time for
harvest, whereas one or two platforms
may be needed for nonharvest tasks.
Another example is that during har-
vest, multiple shifts may be run in
a day (more than 8 h of use), or more
than one run through an orchard if
ripening is not uniform.

NET PRESENT VALUE. The NPV
analysis result is shown in Table 7. For

Table 7. Net present value analysis result. The initial purchase price (PM) of
$30,000 is based on cost of the platform plus the harvest-assist component. The
positive cash flow is based on savings compared with conventional harvest using
ladders and buckets for all picking activities. The analysis was based on the
following inputs: salvage value factor (Sv) is 0.1; machine useful life (L) is
8 years; annual machine benefits (BAMB) is $5250/year; annual interest rate (i) is
8%; ownership cost factor (K2) is 2%; accumulated yearly repair and maintenance
cost is $1211/year; yearly electricity cost is $401/year; the discount rate is 8%.

Yr Cash flow ($)z
Discount
factory

Present
value ($)

0 –30,000.00 –30,000.00
1 +5,093.00 0.93 +4,715.74
2 +5,093.00 0.86 +4,366.43
3 +5,093.00 0.79 +4,042.99
4 +5,093.00 0.74 +3,743.51
5 +5,093.00 0.68 +3,466.21
6 +5,093.00 0.63 +3,209.45
7 +5,093.00 0.58 +2,971.72
8 +8,093.00 0.54 +4,372.40

+888.44x

zCash flow was calculated based on one machine operating at its full capacity.
yDiscount factor was calculated based on the assumption of the discount rate being 8% (Julian and Seavert, 2011).
xNet present value.

Table 6. Harvest-assist device and platform adoption benefit sources and percent
of benefit per hectare [apple yields at 40 Mg�haL1 (17.8 tons/acre)].

Benefit sources Benefits ($/ha)z Percent of total

Harvest efficiency increase 482.4 33.3
Occupation injury decrease 42.1 2.9
PTT efficiency improvement 888.4 61.3
Cost elimination in purchasing
ladders

35.2 2.4

Total 1448.1 100

PPT = pruning, training, and thinning.
z$1/ha = $0.4047/acre.
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the example data, which are based on
values acquired from Washington
State, the NPV was calculated as
$888.44. Since the calculated NPV
is positive, it is worthwhile for owner-
operators to purchase the unit.

Conclusions
The results of the economic anal-

ysis show that purchase and utilization
of the low-cost apple harvest-assist de-
vice and platform can financially benefit
small orchards of sizes larger than 7.6
ha with yields larger than 25 Mg�ha–1.
For larger apple orchards, the unit is
also beneficial, but more than one unit
may need to be purchased. For or-
chards smaller than 4.2 ha, purchasing
the unit would not provide an eco-
nomic advantage. Among the U.S. top
four apple production states, typical
orchards in Washington, New York,
and Michigan, could benefit from this
technology, while an average-sized or-
chard in Pennsylvania may not benefit
positively. Benefits from harvest effi-
ciency increase and PTT improvement
are the major savings contributors. An
NPV analysis over the 8-year life of the
unit gave a positive value and therefore
suggests it is worthwhile for owner-
operators to purchase the harvest-assist
unit.
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