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Abstract: An increasing number of U.S. apple growers are now interested in using harvest platforms to increase harvest 

productivity, expand labor pool, and alleviate tough working conditions.  To maximize benefits, functions of thinning, pruning & 

training, and infield sorting have been or are to be incorporated into harvest platforms.  Though growers are most concerned with 

economic benefits, few cost-benefit studies had been conducted on different platforms.  In the meantime, economic analysis 

procedure is complex and each analysis is for one specific machine (not for general purposes).  No software has been developed 

as a general and ready-to-use tool for growers and researchers for the platform economic analysis.  In this study, platforms, both 

available on the marketplace and developed in lab as pilot trials, were reviewed.  Costs and benefits models were then established, 

based on which multi-purpose apple harvest platform economic evaluation software (iMPAHP) was developed (capable of 

evaluating a wide variety of apple harvest platforms).  A case study (machine cost of $100 000, accommodating    6 workers, 

processing apple incidence of 10% with 90% sort-out rate, and harvest, thinning, and pruning & training productivity increase by 

40%, 50%, and 60%, respectively) based on iMPAHP demonstrated that infield sorting, harvest, thinning, and pruning and  

training accounted for 48.4%, 23.9%, 14.3%, and 13.4% of the total benefits, respectively.  In the case that the platform was in 

all-four-purpose-application, the net present value (NPV) analysis of a 10-year investment showed a positive return of $60 547.  

However, without infield sorting function, the NPV resulted in a negative value, indicating a loss for the machine investment.  

Though incorporating the modular infield sorting system certainly increased the overall machine investment by $30 000, the 

benefits outweighed the costs. 
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1  Introduction

 

Apples rank the second most consumed fruit in the U.S., due to 

their health benefits, such as improving neurological health and 

lowering risks of diseases (e.g., diabetes and lung cancer)[1,2].  

Because of their susceptibility to bruising and lack of suitable 

technologies[3-6], apples are still manually harvested by workers, 

who wear a bushel bucket to temporarily hold harvested apples[7].  

After buckets are fully filled (approximately 19 kg), workers walk 

to a bin and then dump apples.  The current harvest approach 

exposes workers to safety hazards, such as strains/sprains and 
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ladders falls[8,9].  Since 1980s, harvest cost increased sharply as 

apple growers found it increasingly difficult to employ qualified 

labor[10-13].  Besides incurring occupational injuries, close 

dependence on seasonal workforce, decreasing availability of 

harvest workers and increasing labor cost put strains on the U.S. 

apple industry[14].  

Mechanical apple harvest is a solution to decreasing its high 

dependence on workforce and lower harvest cost[15].  Based on 

different fruit removal methods, harvest technologies can be 

categorized into bulk (mass) and selective[16,17].  Apple harvesters 

based on the bulk approach were developed and tested, but not 

commercialized because of high machine cost and unsatisfactory 

performance on bruising prevention[18-20].  Harvest robots based 

on the selective method could recognize and detach apples 

successfully without causing bruises, but the low productivity and 

high expenditure hindered their commercialization[21-23].  

Researchers therefore shifted focus on developing harvest-assist 

platforms[14,24].  To date, several fresh market apple harvest 

platforms have already been or will be soon to be commercially 

available.  A low-cost harvest-assist platform taking advantage of 

gravity to convey apples was developed and tested, with market 

potential demonstrated[6,25,26].  Jones[27] reported DBR and 

Pluk-O-Trak harvest platforms, which uses vacuum and conveyor 

belts to transport apples, respectively.  Apples are singulated since 
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being picked when adopting harvest platforms, resulting in less 

apple-to-apple collisions[27].  Consequently, apples harvested with 

the platforms have a higher quality compared with those harvested 

using ladders and buckets (conventional approach).  Apple harvest 

platforms are adopted quickly in recent years as they can: 1) 

increase worker’s productivity by eliminating time-wasting 

activities (e.g., moving and climbing up a ladder); 2) alleviate 

occupational injuries via preventing awkward activities (e.g., 

bending and dumping apples); and 3) expand labor pool by 

avoiding strength demanding activities (e.g., descending down a 

ladder while carrying a full bucket with apples)[28-30].   

Pruning & training and green fruit thinning are low in 

productivity due to intensive use of ladders, as activities (e.g., 

ladder moving and descending a ladder) are not directly related to 

work.  With the assistance of harvest platforms, however, work 

productivity could be improved significantly by eliminating time 

wasting activities (e.g., moving and climbing up a ladder) is 

saved[28,31].  Another recently developed technology is the 

modular apple infield sorting system, which could sort out low 

grade apples (processing and cull) from high quality ones (fresh 

market) and be incorporated into commercial harvest platforms 

without or with minor modifications[32-35].  Without infield sorting, 

low grade apples incur the same cost as fresh market ones during 

the postharvest handling (i.e., storage, grading and sorting).  The 

low grade apples, however, are sold at a fraction of the price of 

fresh market ones.  As a result, growers may see a negative 

earning from processing apples.  Moreover, the infield sorting 

technology prevents defective apples from spreading rot and 

microbial diseases to high quality ones during postharvest 

storage[36].  The in-field sorting system has been developed[32,33], 

but not been popularly incorporated into platforms, as apple 

growers concerning more on the system' economic performance.  

Baugher et al.[28] indicated that platform multiple uses (i.e., 

harvesting, infield sorting, tree pruning & training, and fruit 

thinning) could maximize benefits to apple growers.  

Development and commercialization of apple harvest 

platforms in the U.S. started several years ago, and research was 

mainly focused on designing and optimizing machines and 

lowering apple bruising incidence.  A few researchers conducted 

cost-benefit analysis on different harvest platforms[26,35,37,38], but 

these studies only focused on specific function of the platform, and 

none of the studies considered all four functions of pruning & 

training, thinning, harvest, and infield sorting.  Furthermore, 

existing studies do not allow an adjustable setting of the parameters.  

For example, Zhang and Heinemann[26] evaluated a harvest 

platform economically with a fixed productivity increase of 25% 

and a preset machine price of $30 000, but any changes in 

parameters of productivity improvement and machine price will 

lead to the repetition of the entire complicated calculation 

procedure.  

The objectives of this research are therefore to: (1) review 

currently available multi-purpose apple harvest platforms 

(MPAHP); (2) develop economic analysis models for MPAHP, 

based on which then to develop a parameter setting adjustable 

software program (iMPAHP); and (3) apply the iMPAHP to a case 

study. 

2  Review of multi-purpose apple harvest platforms  

There are mainly two types of harvest platforms: one requires 

the use of buckets to temporarily hold apples, and the other uses 

conveyors or vacuum for apple transportation from the picker to the 

bin.  Platforms improve labor productivity in harvest, pruning & 

training, and thinning by eliminating use of ladders – the time spent 

on moving/climbing up/descending ladders, which is not directly 

related to apple picking, is saved.  When working on platforms 

requiring use of buckets, the productivity is further improved due 

to significantly decreased distance between workers and bins; while 

working on platforms with conveyors, the productivity is even 

further increased because workers are not involved with apple 

transportation.  Ladder falls, as the most concerned safety issue in 

orchard work (e.g., harvest, pruning & training, and thinning), are 

also fully prevented by adopting platforms[9].  The apple infield 

sorting technology[32-35], which could sort low grade apples from 

high quality ones as a modular system, can be incorporated into 

commercial harvest platforms without or with minor modifications. 

Mainstream apple harvest platforms on the U.S. marketplace 

include DBR vacuum harvester, Pluk-O-Trak harvest platform, 

Huron harvest-assist machine, and Automated Ag harvest-assist 

system.  Researchers at USDA/ARS are developing and testing an 

apple harvest and infield sorting machine with a goal of 

commercialization[34,35,39,40]. 

DBR vacuum harvester (Phil Brown Welding Corp., Conklin, 

MI, USA) can accommodate a harvest crew of 4-6 workers[41] 

(Figure 1).  They stand on the platform, pick and place apples into 

vacuum tubes, which transport fruit to the bin automatically.  The 

reported machine price was $110 000, and productivities on harvest, 

pruning & training, and thinning could be increased by 30%, 50%, 

and 50%, respectively[28,42].  
 

 

Figure 1  DBR vacuum apple harvester[41] 

 

Pluk-O-Trak harvest platform (Machinefabriek, Horst, The 

Netherlands) uses conveyor belts to transport apples to the bin[43].  

A harvest crew of 4-6 workers, standing on the platform or on the 

ground, pick then place apples onto the conveyor belts, which 

deliver fruit to the bin automatically.  This harvest platform sells 

at around $90 000 and is able to increase productivities on harvest, 

pruning & training, and thinning by 30%, 20%, and 20%, 

respectively[28,42]. 
 

 

Figure 2  Pluk-O-Trak apple harvest platform[43] 
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Huron harvest-assist machine (also named Wafler-Cornell), not 

as radical as the DBR and Pluk-O-Trak harvesters in using 

innovative technologies for apple transportation, still requires 

workers to wear buckets[44,45].  Workers pick various heights of 

apples on the tree by standing on different elevations of the 

platform or on the ground, and when the bucket is full, they walk to 

the bins and dump apples (Figure 3b).  Figure 3a shows workers 

pruning trees by standing on the platform.  This $40 000 platform 

could improve productivities on harvest, pruning & training, and 

thinning by 40%, 40%, and 40%, respectively[28,42].  

 
a. Pruning 

 
b. Harvest 

Figure 3  Huron harvest-assist platform used for pruning and 

harvest[44,45] 
 

Automated Ag harvest-assist system (also called Bandit Xpress) 

(Figure 4) has a similar concept with the Huron system on using 

buckets to temporarily hold apples[46,47].  Each worker standing on 

the platform is attached to a vertical bar mounted at the machine 

center via a string, preventing them from falling off the platform.  

The machine, at the price of about $50 000, could improve 

productivities on harvest, pruning & training, and thinning by 35%, 

35%, and 35%, respectively[48]. 

 
a. Harvest                     b. Fruit thinning 

Figure 4  Automated Ag harvest system used for harvest and fruit 

thinning[46,47] 

 

USDA/ARS researchers initially developed a modular system 

to separate processing apples from fresh market ones, based on 

which an apple harvest and infield sorting machine was designed, 

constructed and preliminarily tested[34,35].  Standing on the ground 

or platform, workers pick and place apples onto conveyors.  While 

moving forward through innovative screw conveyors, apples are 

first graded into processing or fresh and then transported into 

corresponding bins.  The machine, with an estimated price of 

$100 000, could improve productivities on harvest, pruning & 

training, and thinning by 50%, 50%, and 50%, respectively[38].  

 
Figure 5  Apple harvest and in-field sorting prototype machine 

preliminarily tested in a commercial orchard in Michigan, during 

the 2016 harvest season[39] 
 

The infield sorting technology is developed as a modular 

system that can be readily incorporated into commercial platforms, 

and it is anticipated that this system would be incorporated into 

other harvest platforms in the foreseeable future[34,38].  Harvest 

platforms are summarized in Table 1 in terms of price, maximal 

number of pickers, and productivity increase in harvest, pruning & 

training, and thinning.  Despite the fact that harvest platforms 

could generate benefits via increasing labor productivity and 

sorting out low grade apples, a cost-benefit analysis is important – 

growers only accept platforms when their benefits outweigh costs.  
 

Table 1  Harvest platforms summary[28,38,41-43,48] 

Platform name Price/$ 
Maximal  

number of  

pickers 

Harvest  

PI
[b]

 

Pruning &  

training PI 

Thinning  

PI 

DBR 110 000 6 30% 50% 50% 

Pluk-O-Trak 90 000 6 30% 20% 20% 

Huron 40 000 6 40% 40% 40% 

Automated Ag 50 000 6 35% 35% 35% 

USDA/ARS 100 000
[a]

 6 50% 50% 50% 

Note: 
[a] 

Parameters are estimated; 
[b]

PI=Productivity Increase. 

3  Materials and methods 

Harvest platforms of different designs benefit apple growers in 

similar ways as increasing labor productivities in harvest, thinning, 

pruning & training, and decreasing postharvest handling cost for 

low grade apples (if sorting function added).  It is therefore 

possible to conduct platform economic evaluation by developing 

one general model, consisting of yearly costs and benefits.  Yearly 

costs include ownership and operational cost[49].  The ownership 

(or fixed) cost is not related with machine use; while the 

operational (or variable) cost is closely related to the amount of 

machine use.  The yearly benefits generate from the savings in 

harvest, pruning & training, thinning, and low grade apple 

postharvest handling.  Apple growers, based on their needs, could 

use partial or all the independent functions of the platform, and 

only those adopted functions could generate benefits in the 

cost-benefit analysis.   

Apple production cost is highly variable across the U.S., and in 

this study, key parameters were estimated based on studies by 
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Gallardo et al.[50], Gallardo and Galinato[51] and Zhang et al.[35] as 

below: orchard yield ranging 20-50 Mt/hm2; harvest cost of $50/Mt; 

harvest labor cost of $20/h; pruning, training, and thinning labor 

cost of $12/h; pruning and training cost at $1050/hm2 (yield at   

50 Mt/hm2) and $420/hm2 (yield at 20 Mt/hm2); hand thinning cost 

at $1330/hm2 (yield at 50 Mt/hm2) and $550/hm2 (yield at      

20 Mt/hm2); each picker’s harvest productivity as about 0.7 apple/s  

using conventional harvest method; a platform accommodating a 

maximum harvest crew of 6 pickers.  For a certain apple orchard, 

relationships are assumed as below: a linear relationship between 

pruning & training hours and harvest hours as Equation (1); a linear 

relationship between thinning hours and harvest hours as Equation 

(2); a linear relationship between pruning & training cost and 

harvest cost as Equation (3); and a linear relationship between 

thinning cost and harvest cost as Equation (4)[51].  

Hp&t = HCEp&t ×Hh                 (1) 

where, Hp&t = hours for pruning & training; HCEp&t = hour 

coefficient for pruning and training (0.625); Hh = hours for harvest. 

Ht = HCEt ×Hh                   (2) 

where, Ht = hours for thinning; HCEt = hour coefficient for 

thinning (0.8).                   

Cp&t = CCEp&t ×Ch                 (3) 

where,  Cp&t = cost for pruning & training ($/hm2); CCEp&t = cost 

coefficient for pruning & training (0.4); Ch = cost for harvest.                   

Ct = CCEt ×Ch                   (4) 

where, Ct = cost for thinning ($/hm2); CCEt = cost coefficient for 

thinning (0.5). 

Considering seasonal characteristics of apple orchard work (i.e., 

limited time window for harvest, pruning & training, and thinning), 

the machine could maximally work 40 d per season for harvest 

(400 h yearly with a 10 h/d working duration assumption)[32,35].  

From Equations (1) and (2), the yearly machine maximum running 

hours for pruning & training and thinning is therefore 250 h and 

320 h, respectively.  Consequently, the calculated total annual 

working hours is 970 h with all four functions applied (infield 

sorting system functions simultaneously with harvest).  However, 

if the platform is only used for one or two functions, annual 

working hour is determined by the operation hour of the specific 

functions.  For example, if used only for harvest and thinning, the 

annual working hour is 720 h. 

4  Model of yearly multi-purpose harvest platform 

costs 

4.1  Annual ownership cost 

Annual ownership cost mainly consists of depreciation, interest, 

and others (taxes, housing, and insurance).  A simple estimation 

of total annual ownership cost can be calculated by multiplying the 

platform purchase price by the ownership cost coefficient, with 

detailed calculation formulas given by the ASABE Standards[49] as 

below: 

CA = PM × C0                   (5) 

0 2

1 1

2

V VS S
C i K

L

 
                 (6) 

where, CA = annual ownership cost; PM = new machine purchase 

price ($40 000-$120 000); C0 = ownership cost coefficient; L = 

machine life (yr); Sv = salvage value factor at the end of the machine 

life (year L); i = annual interest rate; K2 = ownership cost factor, 

including taxes, housing, and insurance. 

After assuming machine life as 10 years following Edwards[52], 

machine salvage value factor, annual interest rate, and ownership 

cost factor are estimated to be 10%, 7%, and 2%, respectively[32,38].  

C0 is calculated as 0.1485, and then the annual ownership cost is 

exclusively determined by the new machine purchase price (PM).   

4.2  Annual operation cost 

Annual operation cost consists of repair and maintenance, 

energy, and lubrication.  Repair and maintenance cost is highly 

variable, and mainly related to routine maintenance, wear, tear, and 

possible accidents.  To reduce the variability, the repair and 

maintenance cost is estimated using accumulated machine use 

hours[32,49,53]: 

2

( 1)
1000

RF

tt
rm M

H
C RF P

 
    

 
             (7) 

where, Crm = accumulated annual repair and maintenance cost;  

RF1 = repair and maintenance factor one; RF2 = repair and 

maintenance factor two; Htt = machine annual total working hours.  

The values of RF1 and RF2 are assigned to be 0.3 and 1.6, 

respectively[32,49].  It is noted that the machine total working hours 

will not increase with the incorporation of the infield sorting 

system, which functions simultaneously with harvest.  Platform 

annual working hours with different functions is shown in Table 2. 
 

Table 2  Harvest platform annual working hours with 

different functions 

Function Annual working time/h 

H
[a]

 400 

T
[b]

 320 

P&T
[c]

 250 

H + IS
[d]

 400 

H + T 720 

H + P&T 650 

T + P&T 570 

H + T + P&T 970 

H + T + P&T + IS 970 

Note: 
[a] 

Harvest; 
[b] 

thinning; 
[c] 

pruning & training; 
[d] 

infield sorting. 
 

Energy cost is related to the engine power.  Usually, an 

engine ranging from 21 kW to 35 kW is used for a harvest 

platform[35,54].  In this study, the engine is assumed to be 30 kW; 

the diesel price is assumed to be $0.7/L[55].  Based on ASABE 

Standards[49] and Edwards[52], the average gasoline consumption 

(dollars/h) can be estimated with the following formula: 

Qfuel = 0.16×Ppto                  (8) 

where, Qfuel = hourly energy cost (dollars/h); Ppto = maximum PTO 

power. 

Edwards[52] indicated that the total lubrication cost for farm 

machines averaged approximately 15% of energy cost.  

Consequently, the lubrication cost is as below: 

Qlub = 0.02×Ppto                  (9) 

where, Qlub = hourly lubrication cost (dollars/h); Ppto = maximum 

PTO power. 

4.3  Model for yearly cost of the multi-purpose platform 

Given that the yearly cost of multi-purpose platform is the sum 

of the costs of annual ownership (Equation (6)), repair and 

maintenance (Equation (7)), energy (Equation (8)), and lubrication 

(Equation (9)), the yearly cost model can be expressed as: 

2

2

&

1 1
( 1)

2

        
1000

V V
y M M

RF

tt
e l pto tt

S S
C P i K RF P

L

H
CE P H

  
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 

 
   

 

   (10) 
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where, Cy = yearly total cost of the multi-purpose platform; Htt = 

machine annual total working hours (0-970 h); CEe&l = coefficient 

of energy and lubrication (0.18). 

The platform, with a basic harvest aid function, does not need 

to add any extra components to be used for pruning & training and 

thinning, which means that the machine price will not increase.  

The price of the modular infield sorting system, however, is 

assumed to be $30 000, indicating the machine price would be 

$30000 higher when this function is adopted[32].   

4.4  Model of multi-purpose platform yearly benefits  

The multi-purpose platform could benefit apple growers in 

terms of harvest, in-field sorting, thinning, and pruning & training.  

For harvesting, thinning, and pruning & training, the benefits can 

be attributed to improved productivity, while for in-field sorting, 

the benefits can be attributed to savings on postharvest handling of 

processing apples. 

4.5  Annual savings from apple harvest 

Based on the summary shown in Table 1 and the literature 

review[14,28,30,42,56], the harvest platform is assumed to increase 

productivity from 10% to 60%.  When the machine operates at its 

full capacity for harvest (400 h), the annual benefit is entirely 

determined by the extent to what the harvest productivity is 

improved.  Cost savings on apple harvest by adopting the platform 

could be estimated from Equation (11): 

CSh = Hh×CEcs×Pn×HPc×PIh             (11) 

where, CSh = cost savings on harvest; Hh = hours for harvest (400 h); 

CEcs = coefficient for cost savings (28.8)[50,51]; Pn = picker number 

(4-6 pickers); HPc = harvest productivity in conventional approach 

(0.7 apples/s-picker); PIh = productivity increase on apple harvest 

(10% to 60%). 

4.6  Annual savings from apple infield sorting 

Apple postharvest handling (i.e., storage/sorting/grading/ 

packing) accounts for 35% of the total production cost[57].  

Harvested apples of mixed grades are hauled to warehouses for 

postharvest handling, incurring the same cost for processing and 

fresh market apples.  Considering the low price of processing 

apples and high cost of postharvest handling, apple growers would 

even receive negative benefits when having a high percentage of 

low grade apples[58].  Based on personal communications with 

Riveridge Packing LLC in Sparta, Michigan and Elite Apple Co. 

LLC in Sparta, Michigan (Nov.23, 2016), the cost data shown in 

Table 3 are used in this study.  Processing apples are kept in cold 

storage and do not go through sorting/grading/packaging processes; 

fresh market apples and mixed grade apples (processing mixed 

with fresh market) would be kept in controlled atmospheric storage 

and go through sorting/grading/packaging processes.  
 

Table 3  Packinghouse costs for storing and sorting/grading/ 

packaging apples[32] 

Packinghouse service Cost /$·Mt
-1

 

CA storage* 80 

Cold storage** 30 

Sorting/grading/packaging 290 

Note: * CA: Controlled atmospheric storage used for long-term storage; ** Cold 

storage: refrigerated storage for short-term storage of processing apples. 
 

The sorting system could sort out 80%-95% of processing 

apples from the mixed grade apples.  The mixed grade apples are 

charged at the rate of $370/Mt (controlled atmospheric storage plus 

sorting/grading/packaging); the processing apples, on the other 

hand, are charged at the rate of $30/Mt (just cold storage without 

sorting/grading/packing).  For example, when 10 Mt of mixed 

apples with 20% processing grade are transported into the 

warehouse, the postharvest handling fee is $3700.  However, if 

processing apples are already 90% sorted out infield, the total 

postharvest handling fee is $3088, leading to a cost saving of $612.  

Cost savings on postharvest handling of processing apples by 

incorporating the infield sorting system could be estimated using 

Equation (12): 

CSs = Hh×Pn×HEc×(1+PIh)×PAi×Rs×CEis       (12) 

where, CSs = cost savings by apple in-field sorting system; PAi = 

processing apple incidence (0 to 20%); Rs = processing apple 

sort-out ratio (80% to 95%); CEis = coefficient for cost savings of 

infield sorting (185)[50,51]. 

4.7  Annual savings from thinning 

Multi-purpose harvest platform improves thinning productivity 

through saving time spent on moving, climbing up and descending 

ladders.  From Table 1 and the literature review[24,28,59-61], thinning 

productivity increased by adopting the platform ranges from 20% 

to 70%.  Benefits on thinning could be estimated as: 

CSt = Ht×PIt×CEt×Pn=HCEt×Hh×PIt×CEt×Pn      (13) 

where, CSt = cost savings on thinning; Ht = hours of harvest platform 

used for thinning (320 h); PIt = productivity increase on thinning 

(20% to 70%); CEt = coefficient for thinning (12). 

4.8  Annual savings from pruning & training 

Same as thinning, pruning & training productivity is also 

improved due to the avoidance of ladder use.  From Table 1 and 

literature review[24,28], the productivity improvement on pruning & 

training ranges from 20% to 70%, with the cost savings calculated 

via Equation (14): 

CSp&t = Hp&t×PIp&t×CEp&t×Pn=HCEp&t×Hh×PIp&t×CEp&t×Pn (14) 

where, CSp&t = cost savings on pruning & training; Hp&t = hours 

harvest platform used for pruning and training (250 h); PIp&t = 

productivity increase on pruning and training (20% to 70%);  

CEp&t = coefficient for pruning and training (12). 

4.9  Model of yearly multi-purpose platform benefits 

Total yearly benefits generated by the multi-purpose platform 

consists of savings on harvest, infield sorting, thinning, and 

pruning & training: 

Sy=Hh×CEcs×Pn×HEc×PIh+Hh×Pn×HEc×(1+PIh)×PAi×Rs×CEis+ 

HCEt×Hh×PIt×CEt×Pn+HCEp&t×Hh×PIp&t×CEp&t×Pn=Hh×Pn× 

(CEcs×HEc×PIh+HEc×PAi×Rs×CEis+HEc×PAi×Rs×CEis×PIh+ 

HCEt×EIt×CEt+HCEp&t×PIp&t×CEp&t)                   (15) 

where, Sy = total yearly savings by adopting the multi-purpose 

harvest platform. 

4.10  Net present value analysis 

Net present value (NPV), calculated by subtracting the present 

value of cost from the present value of benefits, is a widely used 

measurement of the profitability of an investment.  Determining 

the machine NPV helps apple growers with decision making on 

purchasing harvest platforms[37,62-66].  Apple growers anticipate 

the purchase of a harvest platform to lead to a positive NPV (profit) 

instead of a negative NPV (loss) throughout the machine life span.  

The harvest platform NPV could be calculated from Equation (16) 

(machine life of 10 years)[26,37]. 
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where, NPV = net present value; Ra = annual revenue. 

5  Development of software program (iMPAHP) 

Taking both costs (Equation (10)) and benefits (Equation (15)) 

into account, a cost-benefit analysis model (Equation (17)) is 

introduced, based on which a software program is developed to 

economically assess a harvest platform.  Tkinter (a standard GUI 

package) of Python 2.7 programming language is used to develop 

the software program (iMPAHP), including general introduction to 

the multi-purpose apple harvest platform and the economic 

evaluation.   

2

2

&

& & &

1 1
( 1)

2

(
1000

)

V V
a M M

RF

tt
e l pto tt h n cs c

h c i s is c i s is h

t t t p t p t p t

S S
ECO P i K RF P

L

H
CE P H H P CE HE

EI HE PA R CE HE PA R CE EI

HCE EI CE HCE EI CE

  
         

 

 
        

 

         

    

 (17) 

where, ECOa = overall annual economic analysis.    

Basic parameters required for conducting economic analysis 

are listed in Table 4.  Though recommended value range for each 

parameter is provided, users can assign any reasonable and valid 

values to parameters.  For example, PIh (productivity increase on 

harvest) would be 100%, if a newly developed platform could 

improve harvest productivity by 100%.  Flowchart of the 

economic analysis is shown in Figure 6. 
 

Table 4  Parameters needed to conduct harvest platform 

economic analysis using iMPAHP and recommended value 

range 

Parameters Recommended value range 

PM: machine purchase price $40 000-$120 000 

Pn: picker number 4-8 

PIh: productivity increase on apple harvest 10%-60% 

PAi: processing apple incidence 0-20% 

Rs: processing apple sort out rate 80%-95% 

PIt: productivity increase on thinning 20%-70% 

PIp&t: productivity increase on pruning and training 20%-70% 

 
Figure 6  Flowchart of the platform economic analysis 

 
 

6  A case study using iMPAHP 

A specific case study of the multi-purpose harvest platform 

application is conducted using the iMPAHP.  The value for each 

parameter is given in Table 5, and the machine maximum operating 

hours is 970 h (400 h for harvest and infield sorting, 250 h for 

pruning & training, and 320 h for thinning). 
 

Table 5  Parameters of a case study using iMPAHP software 

program 

Parameters Value 

Machine purchase price $100 000
*
 

Picker number 6 

Processing apple incidence 10% 

Processing apple sort out rate 90% 

Productivity increase on harvest 40% 

Productivity increase on thinning 50% 

Productivity increase on pruning and training 60% 

Note: 
* 

Including harvest platform ($70 000) and infield sorting system 

($30 000)
[32]

. 

7  Results and discussion 

7.1  iMPAHP software program 

The iMPAHP includes a platform introduction section and an 

economic analysis section (Figure 7).  The introduction provides 

general information about each function (harvest, thinning, pruning 

& training, and infield sorting); the other section assesses economic 

performance of the platform.  

 
Figure 7  Multi-purpose apple harvest platform economic analysis 

(iMPAHP) software program user interface 
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7.2  Multi-purpose apple harvest platform general introduction 

Each function is introduced with a figure for visual 

comprehension.  Figure 8 shows the harvest-assist function with a 

photo and detailed description.  All other three functions are 

introduced in the same approach. 

 
Figure 8  Harvest aid introduction of the multi-purpose platform 

 

7.3  Multi-purpose apple harvest platform economic analysis 

By inputting values of required parameters as listed in Table 5, 

the costs and benefits will be calculated and NPV analysis will be 

conducted (Figure 9).  Results could be acquired by clicking the 

corresponding buttons (Figure 10).  

 
Figure 9  Parameters input interface for multi-purpose harvest 

platform economic analysis 

 
Figure 10  Economic analysis results: costs, benefits, and net 

present value 

8  A case study via iMPAHP software program 

Applying parameter values given in Table 5, costs, benefits, 

and NPV for this case study will be obtained automatically from  

the iMPAHP. 

8.1  Multi-purpose harvest platform annual costs 

Figure 11 shows the detailed results when the machine only 

serves harvest purpose (400 h for annual use), with $70 000 

purchase price.  The total annual costs are $17 450, with repair 

and maintenance cost accounting for 28% ($4847).  With infield 

sorting system incorporated and all four functions used (970 h for 

annual use), the machine price increases to $100 000 (extra 

$30 000 for infield sorting system), and the machine annual costs 

are estimated as $48 777 (Figure 12), with the repair and 

maintenance cost accounting for 59% ($28 573).  Compared with 

only harvest use, the sharp increase in repair and maintenance cost 

(also energy and lubrication costs) is mainly due to the increased 

machine operating hours.   

 
Figure 11  Multi-purpose harvest platform annual costs when only 

used for harvest (parameters shown in Table 5) 

 
Figure 12  Multi-purpose harvest platform annual costs when used 

for harvest, infield sorting, pruning & training, and thinning 

(parameters shown in Table 5) 
 

8.2  Multi-purpose harvest platform annual benefits 

When four functions used, infield sorting, harvest, pruning & 

training, and thinning contribute 48.4%, 23.9%, 13.4%, and 14.3% 

of the total benefits, respectively (Figure 13).  Compared to 

harvest use only, multi-purpose applications of the platform 

generate more benefits to apple growers.  

 
Figure 13  Multi-purpose harvest platform benefit ratio from 

individual function 
 

Multi-purpose application increases the machine annual cost 

from infield sorting system incorporation and longer operation hour 
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(incurring more annual ownership and operation costs).  

Meanwhile, multi-purpose use brings more benefits to apple 

growers.  Figure 14 shows machine costs, benefits, and net 

benefits of platforms with different functions.  Though both costs 

and benefits increase with machine’s multiple applications, benefits 

increase way higher than costs and hence the net benefits increase 

with more functions applied (Figure 14).  When the platform is 

used for harvest only, the overall annual net benefit is $1900; for 

harvest and thinning, it is $4100; for harvest, thinning, pruning & 

training, it is $5900; and for harvest, thinning, pruning & training, 

and infield sorting, it increases sharply to $38 000.  Despite the 

fact that the infield sorting system increases machine prices and 

annual costs, the technology itself could bring significant benefits 

to apple growers (benefits outweigh costs).  

 
Note: H stands for harvest; P & T stands for pruning and training; T stands for 

thinning; IS stands for infield sorting; Net benefit equaling to benefits subtract 

costs. 

Figure 14  Multi-purpose harvest platform costs, benefits, and net 

benefits with different functions 
 

8.3  Multi-purpose harvest platform net present value analysis 

Despite the net benefit analysis provides information on the 

economic performance of the platform with difference functions, 

this method did not consider the time value of money.  Hence, the 

net present value analysis (NPV), which incorporates time value, is 

employed and the case study analysis result is shown in Table 6.  

When the platform is used for harvest only, harvest and thinning, 

and harvest, pruning & training, and thinning, the NPV analysis  
 

Table 6  Net present value (NPV) analysis for a case study* 

Yr 

(machine life) 

Cash flow ($) 

H
[a]

 H + T
[b]

 H + P&T + T
[c]

 H + P&T + T + IS
[d]

 

0 –70 000 –70 000 –70 000 –100 000
**

 

1 –2120 –8985 –15 620 21 515 

2 –1963 –8320 –14 463 19 921 

3 –1818 –7703 –13 392 18 445 

4 –1683 –7133 –12 400 17 079 

5 –1559 –6604 –11 481 15 814 

6 –1443 –6115 –10 631 14 643 

7 –1336 –5662 –9843 13 558 

8 –1237 –5243 –9114 12 554 

9 –1146 –4854 –8439 11 624 

10 2182 –1252 –4572 15 395 

NPV –82 124 –131 872 –179 957 60 547 

Note: * This case study was conducted based on a $70 000 platform assumption; 

platform accommodating 6 pickers; processing apple incidence of 10%; apple 

sorting out rate 90%; harvest, thinning and pruning & training productivity 

increase as 40%, 50% and 60%, respectively; ** infield sorting system was 

assumed to be $30 000; 
[a]

 platform only used for harvest; 
[b]

 platform used for 

harvest and thinning; 
[c]

 platform used for harvest, pruning & training, and 

thinning; 
[d]

 platform used for harvest, thinning, pruning and training, and infield 

sorting. 

results are all negative, indicating overall a loss for the investment 

in the machine.  However, when the infield sorting system is 

added, the NPV analysis result is positive, suggesting an overall 

profit of machine investment.  Therefore, to make the machine 

investment profitable, apple growers are suggested to incorporate 

the infield sorting system, and use all four functions of the machine.  

9  Conclusions 

A software package (iMPAHP) was developed for the 

economic evaluation of a multi-purpose apple harvest platform 

based on the developed cost and benefit models, after reviewing all 

current harvest platforms.  iMPAHP has two sections of platform 

introduction and economic evaluation.  Introduction section 

focuses on providing platform background knowledge while the 

other section aims at assessing the platform economically.  With a 

case study using iMPAHP, it is concluded that both costs and 

benefits increase with more functions applied, but benefits increase 

way higher than the costs, indicating platform with multi-purposes 

will bring more net benefits.  Of all the four functions in the case 

study, infield sorting, harvest, thinning, and pruning & training 

accounts for 48.4%, 23.9%, 14.3%, and 13.4% of the total benefits, 

respectively.  Despite the fact that the machine price is increased 

by $30 000, incorporating the infield sorting system is profitable as 

demonstrated in the NPV analysis.  Consequently, it is 

recommended for commercial platforms to add the modular infield 

sorting system.  Results for the case study using the developed 

program is conservative as labor cost increases sharply year by year 

and more labor cost will be saved.  Furthermore, insurance 

premium rate for workers will be lowered due to the elimination of 

ladder fall accidents.   
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