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Introduction

Various methods have been used to dry grapes. The main purpose is to increase shelf life, produce high-
quality dried grapes, and also produce raisins to reduce post-harvest losses. Different methods can be used to dry
grapes. Sun drying is the method traditionally used to dry commercial raisins. However, this process is very slow
and depends mainly on weather conditions, which can cause microbial and insect contamination in dried fruits
and hence, reduce their quality. Recently, advanced vacuum drying techniques have been used in order to
increase the amount of water removal and ensure better quality of raisins. Vacuum drying (VD) is a process in
which wet materials are dried under subatmospheric pressure. Vacuum pressure reduction increases the mass of
water between the fruit and its surroundings, thereby reducing the heat needed for rapid drying. Therefore,
vacuum drying is a promising technology for drying grapes and has been used in current works. Preserving the
quality of raisins and maintaining their essential nutritional indicators is a vital aspect of effective management
strategies aimed at enhancing product quality. This improvement boosts demand for raisins in both domestic and
international markets. Finding new methods of drying while maintaining the desired quality and preventing
contamination are other factors that determine the quality of raisins. On the other hand, it is very important to
determine the right time to harvest grapes according to the climatic conditions of each region and its effect on the
quality of raisins. For this purpose, in this study, some quantitative, qualitative, and nutritional indicators related
to raisins were compared between the sun-dried and vacuum drying methods for the white Quchan cultivar,
evaluating the potential of each method in this field.

Materials and Methods

This research was conducted in 2021-2023 in one of the vineyards of the Quchan region in Iran. Quchan city
is located within the geographical coordinates of 36 to 37 degrees north latitude and 58 degrees 10 minutes to 58
degrees 58 minutes east longitude. The relative humidity of this city is 40% in summer, 65% in spring, and 60%
in autumn. Based on 10-year statistics, the average annual rainfall in this area is 274 mm. This research project
was done in the form of a split plot, based on a randomized complete block design with four replications.
Experimental factors include three harvesting times (August 27", September 6, and 16™) and four modes of

©2025 The author(s). This is an open access article distributed under Creative Commons Attribution 4.0
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drying (sun drying, and vacuum drying at 60, 70, and 80°C). Fruits were harvested at three different stages, with
time intervals of 10 days from August 27 to September 16, based on the sugar content in the pods and the ratio of
total soluble solids (TSS) to titratable acidity (TA). At each harvest time, the grapes were dried in four different
ways. In the first method, the grapes were dried traditionally in the open environment and in front of the
sunlight. In the second method, the grapes were dried using a vacuum system at three different temperatures of
60, 70, and 80°C.

Results and Discussion

In general, the interaction of harvesting time and drying method had a significant effect on most of the
studied traits. The grape drying methods employed in this research significantly influenced the levels of phenolic
compounds, flavonoids, and the antioxidant capacity of the resulting white seedless raisins. The amount of these
compounds in sun-dried raisins was lower than the raisins produced using the vacuum drying method. The
interaction effect of harvesting time and drying method on the production raisin yield was significant at the 1%
probability level. The highest yield was related to the third harvest under the vacuum dryer at 60°C (305.52
g kgl), and the lowest yield was related to the first and second harvests with an average of 270.29 g kg in the
sun-dried method. In general, the highest amount of TSS was related to the treatments of the third harvest, which
was observed in vacuum drying at 60°C. After that, no significant difference was observed in temperatures of 70
and 80°C. The amount of antioxidant, phenol, flavonoid, and total sugar content in the vacuum drying treatment
was higher than the sun drying method. The total soluble sugars in sun-dried raisins were, on average, 22.68%
lower compared to those dried using the vacuum method. In terms of total microbial count, the highest microbial
load (126.51 Cfu g?) was related to sun-dried raisins. The treatments under vacuum drying at all three
temperatures of 60, 70, and 80 °C showed the lowest amount of microbial load (almost zero). The low level of
microbial contamination in raisins produced by the vacuum method in this research can be attributed to the short
drying time and also the lack of contact with the surrounding environment.

Conclusion

Vacuum drying is a new technology that has been developed in recent years, employing a lower pressure in
the chamber to increase the moisture transfer during the drying process. In this method, due to the lack of oxygen
in the environment, some undesirable biochemical reactions such as browning, oxidation, and degradation
reactions are reduced. In addition, the periodic pressure change can create fissured and porous structures in the
skin of the sample, thereby increasing the mass transfer through the pores. Overall, the results of this research
showed that the raisins produced in the third harvest and using vacuum drying at 60°C had better quality than
other treatments in terms of biochemical and sensory characteristics, including flavor, texture, and color. It can
also be concluded that the vacuum drying method is a good alternative to traditional drying methods.

Keywords: Antioxidant, Flavonoid, Microbial load, Phenol content, Vacuum dryer
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Fig. 2. The vacuum dryer: 1. Drying chamber, 2. Condenser, 3. Controller, and 4. Vacuum pump
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Table 1- ANOVA for effect of grape harvest time and vacuum drying on yield, moisture, rehydration, TSS, TA, and pH

of white seedless raisins

Slape e
Mean square
a0 . Sols [EQF{EXW]
Oyt 2ile ;' 5 Sos Cagb, <l cdajl P S , o LR
S.0V & Yield Moisture  Rehydration b= O pH
Df TSS TA
S
ot 3 0.040m 1.325m 0.081" 0.197ms 0.000051" 0.002"s
Block
by ol o o o o o
J)J'_ ol 2 2.204 1.046m 4.899 8.910 0.004429 0.094
Harvest time (H)
| Jole ollas
L;Lf Sl s 6 0.064 0.350 0.258 0.073 0.000049 0.006
Main plot error
ua)f 0 3 2.881™ 19.875™ 0.671" 4.179™ 0.000148™ 0.124™
Drying method (D)
gy X by ple
o) Suis 6 23.812™ 1.503™ 2.320™ 4.298™ 0.0000215™ 0.012m
HxD
oA e sl 27 0.048 0.798 0.269 0.256 0.000031 0.012

Sub plot error

400
350
300
250
200
150
100

50

Yield (g kg?)

Loy 0 9 ) Jleis] e 50 (6510 gz ()0 gine pis s g #x NS
ns, *, **: Non-significant difference and significant differences at 5 and 1% of probability levels, respectively.
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Fig.3. Means comparison of interaction between harvest time and drying method on yield of raisins
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Fig.4. Means comparison of effect of drying method on moisture of raisins
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Fig.5. Means comparison of interaction between harvest time and drying method on rehydration
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Fig.6. Means comparison of interaction between harvest time and drying method on TSS of raisins
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Fig.7. Means comparison of interaction between harvest time and drying method on TA of raisins

455 a

4.5

a
445
44
435 b b
43
4.25

4.2
Sun-dried 60°C 70°C 80°C

OhedS PH (3,5 K23 o) o3k 31 -A S8
Fig.8. Means comparison of effect of drying method on the pH of raisins

pH




VFeF lmo F o loid IO oo (55y9bis s ilo s pits OV Y

)‘..\B.A u,»)wf 9 L)"?“'“"L” > Ve M o Pow ml.))g prowiS e;b yad b
9 St oLl gy o gl ety oy byye sk pasld 2 b sl p 0,8 SS hg gty loj blize |
D92 g 23 5o Mo LS (S SuiS s (mypr (Y J9is) Sg1 sl sine b duoyd V Jloin] g

a bayye pab (e ld iy a S ob gl (1 JSS) sl

(29,50 )b g (S b el (a3l (VD) Mo g, 4 (19,8 SdS g )s50l el loj 3l il )y 4528 =Y Jgua

Table 2- ANOVA for effect of grape harvest time and vacuum drying on taste index, total phenalic, flavonoid,
microbial load, antioxidant activity, and total soluble sugars of white seedless raisin

©lape 5nSbe
Mean square

GHE s ey ST e

St il @l s b Total ; Microbial s s
S.oV Df .. Flavonoid Antioxidant  Total soluble
TSS/TA  Phenolic load N
activity sugars
S - .
Blofk 3 32.367™ 43.404" 56.860™  48017.503 3.005™ 247606.401
by olej 2 543.913" 1174.327"  8.829™  106.307™  109.279"  8040442.884"
Harvest time (H)
| :
whol Jele sl 6 33252 12427 21906  106.307 6.720 58298.886
Main plot error
O SIS g 3 86578  1277.709" 258.843" 48017.503"  206.201"  2187496.496"
Drying method (D)
S gy x sl oyloj
95 6 494.510™  727.360"  595.202" 106.307 27.940™ 395028.197"
HxD
o2 Jele et 27 32.964 17.68 31.344 16076.7 8.197 78782

Sub plot error

o) B g ) Jleis] pdaw )0 (g)ld gime (g )l gxe pas TSy g i NS
ns, *, **: Non-significant difference and significant differences at 5 and 1% of probability levels, respectively.
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Fig.9. Means comparison of interaction between harvest time and drying method on taste index of raisins
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Introduction

The cooperative system for agricultural mechanization services holds significant potential to boost
agricultural production. Key benefits include providing services during crop cultivation to reduce labor demands,
delivering centralized and specialized services to lower production costs, facilitating the adoption of new
technologies, and improving productivity in agricultural processes and supply chains. However, in Gilan
Province, Iran, over 198 of the 260 registered mechanization service cooperatives, approximately 76%, are
currently inactive. This significant decline highlights an urgent need to assess the performance of the
mechanization service system to ensure its sustainability. Therefore, this study aims to identify the main
challenges underlying the inactivity of these cooperatives in Gilan Province.

Materials and Methods

This study aims to evaluate the performance of mechanization service cooperatives in Gilan Province. To
achieve this objective, a combined methodology incorporating Delphi methods, hierarchical analysis process,
and the SWOT (strengths, weaknesses, opportunities, and threats) analysis was employed. Initially, factors
influencing the performance of agricultural service cooperatives were identified through a review of existing
literature concerning the performance pathology of agricultural cooperatives, as well as the specific factors
impacting mechanization cooperatives and the associated challenges they face. The Delphi method was utilized
to align the identified factors with the operational conditions of agricultural mechanization service cooperatives
in Gilan Province. The Delphi process was conducted over three rounds, culminating in the identification and
prioritization of the primary factors. Subsequently, the SWOT matrix was applied to assess the strengths,
weaknesses, opportunities, and threats related to the mechanization service cooperatives, with input from a panel
of experts for ranking purposes. Ultimately, strategies to address the performance challenges were developed
based on the SWOT results and prioritized using AHP.

Results and Discussion

The findings of this research indicate that the lack of capital in the cooperative company, coupled with
financial and credit difficulties, insufficient tools and equipment needed for generating income for members,
stringent bank policies regarding the provision of financial aid, and the presence of discrepancies in the selection
of cooperative members constitute the primary obstacles faced by these companies. The most important
recommended strategies are as follows: Leverage internal investment from cooperative members. Attract capital

©2025 The author(s). This is an open access article distributed under Creative Commons Attribution 4.0
oY International License (CC BY 4.0).
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from entrepreneurs. Organize tours to visit successful cooperatives for information exchange and learning.
Reduce service fees. Increase access to financial assistance. Lower guarantee requirements for newly established
cooperatives and entrepreneurs seeking financial support

Conclusion

In this study, a comprehensive review of existing literature was conducted to identify the challenges affecting
cooperative performance. These challenges were categorized into six main groups: financial, operational,
organizational, structural, social, and environmental. The Delphi method, involving a panel of nine field experts,
was used to evaluate these issues. Additionally, a SWOT analysis, based on previous research, was carried out to
assess the strengths, weaknesses, opportunities, and threats related to cooperatives. To determine the relative
importance of each challenge, a hierarchical analysis was performed to rank them accordingly.

The results revealed that the most pressing challenges are primarily financial or have a significant financial
impact on cooperative operations. Key issues include strict bank loan requirements, internal financial and credit
difficulties, limited capital resources, and a lack of necessary tools and equipment to generate income for
members. Moreover, the member selection process was identified as a critical concern, as it can lead to reduced
motivation and inadequate fulfillment of responsibilities among cooperative members.

Keywords: Cooperative members, Delphi, Facilities, Mechanization services, Troubleshooting
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Delphi method

U Jal 590 dalidiayy (o1 b0
&lie glas 15 3l sslinl
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N i N Collecting opinions and
questionnaire using
statements extracted
from sources
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designing the second round
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less important propositions

factors on the
performance of
mechanization service
cooperatives

designing the third
round questionnaire
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Fig. 4. Research methodology
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1- Estimate-Talk-Estimate (ETE)

2- Homogeneous

3- Heterogeneous

4- SWOT- Strengths, Weaknesses, Opportunities, and
Threats
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Table 2- SWOT matrix

Ol sy lo [F- Y29 Lgd
SWOT Matrix Weaknesses Strengths
oo 3 o syl o2l syl
Opportunities Offensive strategies Aggressive strategies
by aes B sl yl, 4By glad el
Threats Defensive strategies Competitive strategies

295 Slanlie gl (N gloc)le il Y Joua
Table 3- Range of verbal expressions for paired comparisons

8das Hlade Cuod] oyl a0
Numerical value Importance
9 Pt olS
Absolute importance
7 oo )l
Very strong importance
5 R
Strong importance
Moderate importance
| Oy St
Equal importance
ilo polie
2,4,6,8 o 2
Intermediate values
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Sleas alse S 1 S0s (S Liaslaelys sl (IS
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Table 4- Identified problems of agricultural mechanization service cooperatives in Gilan province using the Delphi
method

(SIawd Sl
Grouping Problems

Sy > sl g o Mt 392 5 (JglF CI 8 wlojw (392 52l
The insignificance of the capital of the cooperative company and the presence of financial and credit problems in
the company

S Sy s 3305 o9 Y1
Financial High bank facility fees
ey )b Bl )y Cluisl pas g anole )3 39290 )95
Inflation in society and not including inflation in the presentation of explanatory plans

Lasl sel)s canS el LBST Slgol 5 134
Inadequate tools and equipment to earn income for members
RRY SRESEONERWE EER L

& bhos Equipment maintenance problems

Operational o3lituldyg0 il 5o (Sgu )
Wear and tear of used equipment

paasdie (Sl (5950 395
Lack of specialized labor

Mg &) ogas 3 Sl g S e
Strictness of banks regarding the provision of financial facilities
o] (S Candy a2 (g o Ggles ol a8 ]38
Sl Increase the number of cooperatives regardless of their quality
Organizational Sl slacdld jlcoles b b ye (lsd Cans
Weakness of laws related to supporting cooperative activities
Lo ighs >,Slas J,58 (el i ol

Absence of a transparent system to control the operation of cooperatives

Sl o pie 5 byl ool 5l eMbl pas
Not knowing the principles of marketing and financial management
(ofy aalal y3 il puail g Mg 51 (6 )10y95 1 (sly 00lgils S Ll bawgs Jglad JuSuis) Soles slel Glsesl > GBlyol 344
Disparity in the selection of cooperative members (formation of cooperatives primarily by family members for
personal gain, followed by subsequent withdrawal from participation)
SIS aloy g clled lposl (sl Lasl 13 03501 395
Lack of motivation among members to continue their activity and investment
whiwgy bl » culld oy (lanss o o (B 055 laas
Lack of sufficient motivation among professionals to work in rural areas
el slasl OMuass (9 bsye p 5 39 ol

Structural

Low and irrelevant education of cooperative members

Lasl & dgome iyllg (ol 2l > 908
Failure to perform duties assigned to members
S9l Jsol padl sl g el pae
Lack of information and incomplete implementation of cooperative principles
sloia! S b lag] (Sinlean 5 (6)lam pas g Lasl )5 (b 0niSTy
Social The gradual dispersal of members and their lack of cooperation and coordination with each other

12035 49y e 4 g pie
Not paying attention to the excessive consumption of inputs
S b luen gl (Jaee (Sogll 4 drgi pac
Not paying attention to environmental pollution for the company's neighbors
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250 gl ol 3, Slas a5 Wilod S0, Ll b Sglei )3 Lamasie
Gholami & Rahmani, 2021; Sikalumbi, & ) 5,li5 .
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2 Ll jomad g (i ale s g cdld el gl Lasl >
3y Shos 1 e Bluo 5l 3T s gl & s il (o]
i alie Gldllas )3 48 coul (65)5lis Gloa s la Syl
(Rahimi & Mardani, 2021; Zare & <l o i yo)lS
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098 cogar b Bolas a5 039y WAL BTV sla Jl oy bises
4ol gy LSS cpl owds p3ye 2985 sl ply Bl g (9l
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355 ol ede (Bl Mg gy )Ll pas
Ansari, Jourablou, ) L Ses 5 5)l—ail .cwln ol
23,8 35,155 yeb ! 3 (Pourafkari, & Hashemianfar, 2015
i g (39 Vb g S Hsbtngs (oloial Ly, Cind oS
CS)lie & (Sl slael (e )3 (oo (B (g 4y il
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Table 5- Weaknesses, strengths, opportunities, and threats of cooperatives ranked according to the hierarchical analysis

process
SN ahwd Flwo 039
Grouping Problems Weight
S b alopw (39 52U g (Sl <S8 )3 yliel g (Jlo SISe 392
The existence of financial and credit problems in the cooperative company and the insignificance of the 0.321
company's capital
Lasl 4 dgme iyllg (ol 2 > 908 0246
i Failure to perform duties assigned to members
e (5005 b a ] (Sinlan g 6,am pis g Lis] )5 s 0niST,y 0200
Weaknesses The gradual dispersal of members and their lack of cooperation and coordination with each other ’
IS ale s o cllad ezl gl Lasl )5 0350 355 0.143
Lack of motivation among members to continue their activity and investment
lib Jyel jl Xl pas 0.081
Lack of knowledge of marketing principles
S35 S b 4 gl (S35 9 St L by @)gle 0253
The proximity of the villages to each other and their proximity to the cooperative company
o 3 8es p Lael cllai s 4 053 5 sl cdly 9 (SSB0906 Sl xS ole (IS
The possibility of preventing law-breaking and rent-seeking and bribery due to the supervision of 0.220
members on cooperative performance
e oS el S5 o 4 gl (sl 5 (s pscalstann il IS
The possibility of increasing the responsibility of the cooperative members due to the supervision of the 0.186
Strengths
members on each other
@5@' dLa‘.;l » OLL:&Jo\ 9 slezel sl "JKAI 0.180
The possibility of creating trust and confidence in cooperative members
2555 Slosos L) lany (ISl s & shs sl (5 Sens, 15
Increasing the risk tolerance of cooperative members due to the possibility of members supporting group ~ 0.161
decisions
S35 & el Byl Loy slaply 9 SMigens (glosl 0.420
Granting facilities and low-interest loans with long-term repayment to the cooperative
ol S b Cudlad 039dze |z ) 13 el j1Se Slodd druwgr Sl 0.279
The possibility of developing mechanization services outside the scope of the cooperative company
. (9 sl s pslis Jl I8 12) bayisd slaglejls (o slag b jl S Sl
b ,d The possibility of benefiting from the support plans of relevant organizations (in the form of technology 0.152
Opportunities transfer, innovation, etc.)
1503 b gl Sy oo 3l eslizal 0.075
Using the experiences of other cooperatives
b sl 4 5isel 33T0m sl 5 ol US o)) g5 j1 3jpel 1))
Providing training to the cooperatives by the General Administration of Cooperatives and other 0.074
educational centers
S 0935y sladinja g dnelx )3 39250 £ 0.402
Inflation in the society and ever-increasing current costs
S g 350)8 390 Y 0215
High bank facility fees
Wy oo Sl G955 395 0.178
Threats Lack of specialized labor
SN @) poguad > LSIL (6 pS o 0.150
Strictness of banks regarding the provision of facilities
! lolKiwy (g)Ken pac 0.055

Non-cooperation of executive bodies
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Table 6- SWOT strategies

ENILwd s !,
Grouping Strategies

039
Weight

$3xaltS Sbless Jl3ale s (gillely (sl oy pamass 5 blik sl (silore sbad  eslizl b0l
Teaching how to use virtual space for marketing and capital allocation for launching agricultural service
finder software
920995 2Ll 5l o3kl L yolore (slaliwg, & (pgml jlfie Closs (S5l (slocS p loss (b s
Expanding the services of cooperative mechanization services to nearby villages using face-to-face
marketing
o2l B e > Geles SlaeS b oldlyie Gidg 0je> il Banly (1ol Bodio bawg wdr (65)5LiS Slaprdle 4y 5 s 1))
Aggressive Providing facilities for the purchase of new agricultural machines by the cooperative fund with the aim of
increasing the geographical coverage of cooperative companies in the working season
b i el gisles 51 a8 oy 4 b sles @l o JWal g 5,935k (ol 6YVLo sy ()l 5
Holding an annual event for feedback and transferring the experiences of cooperatives along with
recognition of the best cooperatives of the year
hgel Blaal b SleMol ol gl Jleb (slaggls lo 135k sl (2]
Carrying out visits to other active cooperatives to exchange information with educational purposes

0.290

0.282

0.214

0.135

0.079

ol ol Bl g ol 036 sla ol (gl Mg 8l a1 y3 53 ol Sl il g Mg e yiol58l 50,8 inlS’
S50S 5 gl S SIL awsgs coje>
Reducing the fee, increasing the amount of facilities and reducing the guarantee requirements in the
process of receiving facilities for newly established cooperatives and entrepreneurs in this field, by
cooperative and agricultural banks

Grold Bualy by gglss jo )5 Laylyis d)‘bdb’l 5 d9m (8l (£yglid sele STl g olKishy 5l s g (63,8 (sl gyl Jls]
Cllad ol (gly Lael

Transfer of applied and new technologies from universities and science and technology parks to improve

and facilitate working conditions in cooperatives with the aim of encouraging members to continue their

Sk activities
conservative 3 Jlo Cupdo slaldle s il odlitl (cly 5295 g gl S b Lasl g pde 4 slules 5 Jlo psle 5 bk (sl bjsel 1)
U
Providing marketing and financial science and accounting training to managers and members of the
cooperative company and encouraging them to use financial and property management software

Llgy b 5l 6 xSl g (5)an jlpoiaal Caz > (Sglws Jub (slael oy (I8l (sl (l3E Blge o3 (slapsS g o s )
Providing financial facilities and food purchase coupons to increase the well-being of the active members
.of the cooperative in order to continue cooperation and prevent the disconnection of relations

Lael )3 ol Jool b (Uil 5 (0B a9y (5SSl ca (el sy sl

Conducting educational tours to stimulate the competitive spirit and familiarize the members with the
principles of cooperation

0.501

0.169

0.149

0.129

0.051

‘_é‘u@) Qti)éi)lfn_é)]o)'l Wloyu o g (8 b Lasl) (B ()38l pu | (350500
) Taking advantage of internal investment (company members) and attracting capital from entrepreneurs

0.345
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Forming a powerful union to facilitate administrative relations to support and monitor the activities of 0.292
member companies
5 Syao ) elKishy 5 balojls 3 pols Glulis,lS 48,5 S (gl pladl 5 K0S 5 Sloe p Lael o)l
Monitoring each other's performance and taking action to get help from experts in organizations and 0.201
universities if needed
uww5wb))u¢w)éfl.ﬁ.§ld‘))d§9b uau)g)lo.)lnwl 0.085
Using a legal expert to take action regarding receiving and allocating facilities ]

b smobe @y b olelis)ls 1 eslal

0.077

Using financial experts to forecast the market

l.tbujsbu" A)Sla.c Dok dl).g L;)‘”LJZ'S dum, O\.i:&,oiui;}b 9 @mla dlmu..ﬁ)]o )'l o3l

0.262

Using university capacities and agricultural graduates to improve the performance of cooperatives
SRS e | xSl il S b apldl o)llas g Lacl e il o)l sl
Establishing management supervision over members and union supervision over companies to prevent 0.229

il

Defensive

evasion of responsibility
Sgw dudls iul38l g Juad |z ) 0 Lael g)San bais gl eVl el)5 Jods I eolazul
Using the annual crop table to maintain members' cooperation in the off-season and increase profit 0.224
margins

Lhob\.@é A0 b u....zzl.f ‘5‘)_3 d“éP d\.ma.u}l) )l o3l 0.186
Using professional drivers to reduce input costs
658 5 (8 B e 1D dgge YES 0355 g sbiwly pd Gl )8 50 0550 sl (ol o sladsl y amass
Allocation of financial programs to motivate experts in order to fill the gap in the field of technical and 0.098
applied knowledge

Olries GBI S5t Gln P o2led glodynl) Sl S
JLd laglss b jlassil slaygs sll b gl slasl
OIS (65505 Gaind sl oBjael Cilual b leMbl Jols gl
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Introduction

Walnut (Juglans regia L.) is a highly valued horticultural product, and significant efforts are underway to
enhance its production in Iran. Despite the development of various tools aimed at increasing productivity and
improving harvesting efficiency, over 90% of walnuts in Iran are still harvested manually, often with the aid of
specialized tools or by striking the trees with sticks. Although numerous mechanical devices have been introduced,
the considerable height of walnut trees and the asynchronous ripening of the nuts continue to make traditional
harvesting methods predominant. In this research, a novel walnut peeling system incorporating a horizontally
rotating cutting plate was developed and evaluated. The cutting plate, designed with specific grooves and
curvature, aims to enhance the mechanical efficiency of the peeling process. This analysis investigates the
influence of rotational speed and groove depth on system performance. In addition, the life cycle assessment is
conducted to evaluate the environmental and operational impacts of the proposed system, with comparative
analysis against conventional peeling methods.

Materials and Methods

The designed and constructed system consists of three main parts: the container, the rotating disk, and the
power system, which includes the electric motor. The rotating disk, as the heart of the system, is made from a 1.5
mm thick steel sheet with a diameter of 640 mm. It has been laser-cut with sufficient precision to cut and transfer
walnuts. The third part of the system is the power unit, which includes a 3-hp, 1400 rpm electric motor. Power
transmission is carried out using a V-shaped belt. In this system, the product is first collected from the designated
garden and stored in equally weighted bags. The rotating plate is the most important component of the walnut
peeler, essentially the heart of the system. On this plate, there are 12 oval grooves, each 5 mm in diameter and 150
mm in length. One side of each groove is raised, with a depth that can be varied. Increasing the groove depth
increases the amount of peel removed and exposes a larger surface of the walnut. The plate is connected to the
driven pulley and then to the electric motor via a shaft. In this research, a life cycle assessment was also used to
evaluate the impact of various parameters of the walnut peeling system on the environment and its pollution level.

Results and Discussion

The findings from the variance analysis regarding the impact of groove depth and rotation speed on peeling
percentage indicate that variations in plate groove depth and electric motor rotation speed during walnut peeling
are significant at the 1% level. Furthermore, the impact of changes in the groove depth of the cutting plate on
machine performance and the reduction of walnut losses is substantial, showing significance at the 1% probability

©2025 The author(s). This is an open access article distributed under Creative Commons Attribution 4.0
BY International License (CC BY 4.0).
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level. The effect of this factor on the amount of damage to walnuts is significant at the 5% level. By increasing the
groove depth from 1.5 to 3 mm and from 3 to 5 mm, changes of 6.99% and 5.12% in walnut skin removal were
observed. By reducing the elevation of the groove, the amount of cutting removed from the walnut surface is also
reduced, and the peeling process becomes more abrasive. In this case, for proper peeling, the cycle duration and
retention time in the machine should be increased. By increasing the rotational speed from 218 to 275 rpm, the
momentum and linear velocity increase, resulting in more green shell removal. Conversely, reducing the rotational
speed decreases the impact, leaving more green skin on the product. The interaction between rotational speed and
groove depth is also significant in the amount of peeled product at the 1% level. The results of the life cycle
assessment showed that the human health index has the highest value due to the use of electric power, iron profile
(in the system chassis and container), and copper wire in the electric motor armature. Optimizing the system and
using clean energy can help improve system efficiency and reduce environmental impact.

Conclusion

Utilizing a walnut peeling machine achieves an impressive 94% efficiency in walnut peeling while ensuring
less than 5% damage. The results of the life cycle assessment showed that the use of a walnut peeling machine has
less environmental damage than the traditional method and is highly cost-effective.

Keywords: Damage, Life cycle assessment, Effective productivity, Rotary cutting plate, Walnut quality
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Table 1- Components details of the designed and constructed walnut dehuller
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Fig. 1. Force-Deformation graph for walnut green shell
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Fig. 2. The main components of the walnut peeling system designed and built for research include: 1- Machine chassis,
2- Product container, 3- Electro-motor, 4- Driving pulley, 5- Moving pulley, 6- Product outlet valve, 7- Wheels for
moving the system, 8- Rotary cutting disk, 9- Pressure paddle, 10- Transferring handle, 11- Walnut peels outlet, 12-

Lower paddle (for peels), 13- Disk curvature, 14- Disk grooves, and 15- Bag hookers
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A part of the walnut kernel that has turned black due to
the penetration of walnut shell juice.
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Fig. 4. Walnut with a healthy nut and with a damaged nut due to the penetration of walnut shell juice to the inside
section (both were peeled with a machine)
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Table 2- The coded levels of the test variables, considering the actual values
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Table 3- The results of analysis of variance of the effect of cutting depth and rotational speed of the plate on the
percentage of walnut peeling

o] S5 Cowgr Ol
Damage (%) Peeling amount (%)
s ol &350 as o ©la e nbe ©lapo (ko
Vari e Degree of F (ms) F (mS)
ariation sources
Freedom Mean squares Mean squares
a LN . *
A 2 17.14%* 69.72 154,;16 295.32
Cutting depth (mm)
‘] -
(09 ey 2 5.21% 29.04 49.26** 105.11
Rotational speed (rpm)
e el 4 128.29** 4.01 11.26** 1.87
Depth *Speed
s
18 - 0.029 - 0.179
Error

20y O e )3 Hb xe * g do)d S a3y gixe
**Significant at the level of 1%, and *Significant at the level of 5%
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Table 4- The average percentage of the peeled walnut product related to the measured variables (groove depth of the
cutting plate and rotational speed)
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Source Groove depth (mm) Rotational speed (rpm)
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product
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Table 5- Comparison of the average percentage of peeled product with the interaction between the depth of the plate
groove and the rotational speed
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& Mean percentage of peeled walnuts (%)
Source o Hlyed s g
Rotational speed (rpm)

07 40 el o 218 275 322
Groove depth (mm)

15 81.43" 83.959 85.05f
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5 90.15¢ 93.24° 95.712
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Table 6- The average damage of product related to the measured variables (groove depth and rotational speed)
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Table 7- Comparison of the average walnut peeling damage due to the mutual effect of groove depth and rotational
speed of the cutting blade
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Rotational speed (rpm)
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Table 8- Limitations and ranges for optimization

(8 3ointe by JEXp 239:5%
Optimization condition Parameter Data range
- S Ges 5 15
Cutting depth (mm)
- e e 322 218
Rotational speed (rpm)
- o L2 95 80
Maximize Peeling percentage (%)
e ool plosl e 72 40
Minimize Experiment duration (s)
aieS sl deaml Joaxo 50 1
Minimize Amount of the damaged product (%)
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Table 9- Comparison of the present device with three walnut peelers

) )9"3"’"’ M olKiwd M, olwd ).’Zl} R
P (Zhong etal., ls,5  (Karimiet  (Hussain et
Present
Parameter 2018) al., 2008) _al., 2016) system
Centrifugal Net peeler Cage peeler Finger peeler
5 900 800 750 1200
Capacity (kg h'%)
S 25 90 85 86 935
Peeling efficiency (%)
w]
P e 5 10 8 18
Damage (%)
S5 Spae
Energy consumption 32 35 4.0 2.5

(kw)
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Fig. 5. The share of each input in the results of the Life Cycle Impact Assessment (LCIA) of the walnut peeler, in
percentage points
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Fig. 6. Comparison of the main normalized LCIA indices for the walnut peeling machine
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Introduction

Soil surface roughness is an important factor in determining the intensity and quality of tillage operations,
and obtaining accurate information essential for precision tillage. Using an inappropriate technique due to the
lack of precise discrepancy detection can lead to increased time spent on analysis and potential damage.
Generally, there are two methods for measuring soil surface roughness: contact and non-contact. Contact
methods are less accurate for measuring the roughness of soft soil because they involve physical contact, which
can partially disturb the soil. Most non-contact measurement methods are also performed in stop-and-go
conditions, which increases measurement time and related analysis. The aim of this study is to measure soil
surface roughness in real-time using optical sensors in the field. The accuracy and precision of two non-contact
measurement methods will be compared to determine the best approach for precision tillage operations.

Materials and Methods

In the current research, a real-time soil surface roughness measurement system consisting of mechanical and
electrical modules, data collection, and processing was built. The system performance was evaluated at different
forward speeds and roughness categories, with two types of infrared and laser sensors. To assess the sensors’
accuracy, the collected data was compared against the pin gauge method, which served as the reference standard.
The method exhibiting the least variation from this reference is considered to provide the most reliable data.
Also, to further examine the accuracy of the sensors, the roughness data obtained from the sensor at various
frequencies was compared against the roughness data obtained from the pin measuring device at the same level,
resulting in a suitable curve plot. The interpretation of the obtained mathematical relationship indicates the
precision of the sensor data.

Results and Discussion

The results obtained from the optical sensors were compared to the pin meter, used as the reference method,
in both stationary and moving conditions. It was demonstrated that the optical sensors detect distance in the
static state similarly to the reference pin meter. The calibration curve interpretation factor was 0.99 for the
infrared sensor and 1 for the laser sensor, indicating a strong correlation between the sensor signals and their

©2025 The author(s). This is an open access article distributed under Creative Commons Attribution 4.0
oY International License (CC BY 4.0).
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distance from the soil surface. The random roughness index was significant for different roughness classes at the
1% probability level, showing that this index effectively distinguishes between the resulting roughness classes.
Analysis of variance results revealed that the measurement method had a significant effect at the 1% level. The
method with the smallest difference from the reference method is considered the most appropriate measurement
technique. The effect of forward speed was also significant at the 1% level; the speed at which the sensor’s
performance did not significantly differ from the reference method was identified as the optimal speed for the
system. Additionally, the effect of roughness class was significant at the 1% level, confirming that the created
roughness classes had meaningful differences. The results of the sensor accuracy evaluation showed that the data
obtained from the laser sensor at speeds of 1 and 2.6 km h had no significant difference with the reference
method. Therefore, it is appropriate to use the laser sensor at speeds of 1 and 2.6 km h’. At speeds higher than
3.5 km h, the laser sensor successfully detected smooth surfaces, but did not correctly distinguish uneven
surfaces. In general, the laser sensor was able to detect all categories of roughness at a speed of 2.6 km h1. One
reason the laser sensor did not perform well at speeds above 2.6 km h'* was its low data acquisition rate. By
using laser sensors with a higher data collection rate, the soil height profile can be plotted similarly to a pin
scale. The infrared sensor was successful only in detecting smooth surfaces but failed to detect other types of
surfaces.

Conclusion

Due to limited accuracy and the risk of damaging or altering the surface roughness, the contact method is not
recommended for use on soft soil surfaces. Among non-contact methods, the most suitable technique is the one
that provides the highest accuracy and precision while minimizing cost and time for data collection and analysis.
In this study, two types of sensors including laser and infrared ranging were selected based on their reasonable
price, ease of operation, compatibility with a mobile system, and ability to deliver real-time roughness
measurements in the shortest possible time. The results demonstrated that real-time measurement of soil surface
roughness can effectively replace traditional, tedious, and time-consuming methods.

Keywords: Infrared sensor, Laser sensor, Precision, Real-Time measurement, Surface roughness
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Fig.1. Schematics and components of the soil surface roughness online measurement system: 1) Laptop, 2) IR sensor, 3)

Arduino board, 4) Laser sensor, 5) Adapter driver for electromotor, 6) Speed controller for electromotor, 7) Power
transmission gears, 8) Electromotor, 9) Encoder, and 10) Adapter feeding the infrared sensor and Arduino board
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Table 1- Specifications of sensors utilized for real-time soil surface roughness measurement
&y
Slasuin Type
Specification 308 9ok 35
IR (GP2Y0A02YKOF) Laser (L1-40)

Sles W/ Gl
Operational voltage (V) / current (mA)
SpSoilul alols

45t05.5/33t050 3.7t05.2/86 to 122

T 20 to 150 5 to 4000
Measuring distance (cm)
&k Ol 39 30
Response time (ms)
Lj)ﬁfo)‘lv\}l ‘_',Lo)’ 44 33
Measuring time (ms)
- .". S e Reflective Reflective
Sensing method
o3 5.03 158
Weight (g)
> 135,
. gk X o X £ 216x189x442 143 x 36,61 x 54.33
Height (mm) x Width (mm) x Length (mm)
9> &7 Analogue Analogue
Output type
Slos sl 70 -10t0 50

Operating temperature (°C)
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Fig.2. Calibration system for sensors: 1) Guide rail, 2) IR sensor, 3) Laser sensor, 4) Soil surface, 5) Arduino board, and
6) Laptop and LabVIEW software
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Fig.4. Roughness classes created in the field: a) Disc, b) Chisel, and ¢) Moldboard plow
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Fig.5. Schematic of moving system for real-time soil roughness measurement: 1) Laptop, 2) Arduino board, 3) Laser
sensor, 4) IR sensor, 5) Speed controller for the electromotor, and 6) Electromotor
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Fig.6. Pin metering for reading the height data of rough surfaces in the field
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Fig.7. The soil surface roughness measurement system
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Fig.8. Calibration diagram for a) Infrared sensor, and b) Laser sensor
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Table 2- Variance analysis of roughness classes on random roughness index
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) 3 2 66.083"
Roughness class
k> 9 0.046
Error
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Table 3- Variance analysis for effective parameters on random roughness index

Ol S glio @il arys Ol (Sle
SOV df (MS)
o9 wox
2 105.29
Method
e 3 49"
Velocity
25 K 2 466.4™
Roughness class
S5 oIS X by, 4 15"
Method x Roughness class
P92 X S 6 142"
Method x Velocity
S5 oM X Ce 6 43
Velocity x Roughness class
PINEE juX (6 ) IS 12 2.3
Method x Velocity x Roughness class
- 108 0.6
Error
S 143
Total

R
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*and ™ Significant at 1% and 5% level, respectively, and "™ Nonsignificant
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Table 4- Variance analysis of the interaction effect (method x level) separately at each speed
09y % S oW
Method x Roughness class

o ot . O G o
- 53 P value
Velocity (km h't) @ Ol o (55ke R?
833! MS
df
1 8 53.67 p<.0001 0.95
2.6 8 41.47 <.0001 0.94
35 8 38.17 <.0001 0.93
4.8 8 34.54 <.0001 0.91
7N daw 3 s gme M3 349 P<.01
p<.01 significant at 1% level
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Introduction

Proper lighting and safety equipment on roads are essential for the optimal use of roadside services and the
timely, safe transportation of goods. Supplying electricity for road lighting, especially in remote and hard-to-
reach areas via the power grid, involves high costs for building power transmission infrastructure. Using
renewable energy enables electricity generation directly at the point of use and on a local scale. This approach
reduces transmission and distribution costs and significantly lowers the environmental impact associated with
fossil fuel-based electricity generation. Kermanshah province plays a key role in road transportation, yet most of
its roads lack lighting systems. The province has significant wind energy potential, but wind power has not been
utilized to supply electricity for road lighting. This suggests that installing small-scale wind turbines along the
roads could be a promising solution. This study aims to assess the wind energy potential for powering road
lighting and to prioritize the counties of Kermanshah province for installing small-scale wind turbines to supply
electricity to road lighting systems.

Materials and Methods

The main steps of the study include data collection, preparation of the wind atlas, identification of locations
with high wind potential, determination of effective factors and indicators for siting wind turbines, weighting of
these factors and indicators, scoring counties based on them, and finally ranking the counties for installing wind
turbines to supply electricity for the road lighting system using multi-criteria decision-making models. Using the
wind atlas, we evaluated wind energy potential within a 3 km buffer zone around roads and identified 46 points
with high wind potential. Based on these points, the counties of Kermanshah province were assessed and ranked
for installing small-scale turbines to power the road lighting system. The indicators considered to determine
suitable turbine locations included wind energy potential, distance from roads, traffic volume, distance from
high-voltage power lines, distance from protected areas, distance from rivers and flood-prone zones, distance
from faults, distance from residential areas, and land slope. Counties were scored on these indicators based on
previous studies and expert opinions. A decision-making matrix was created using these scores, and indicator
weights were calculated using Shannon entropy combined with expert evaluation. The SAW, TOPSIS,
ELECTRE, and VIKOR methods were then applied to rank and prioritize the counties.

Results and Discussion

The energy potential of wind, with a weight of 0.360, was the most important indicator for selecting locations

©2025 The author(s). This is an open access article distributed under Creative Commons Attribution 4.0
oY International License (CC BY 4.0).
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for wind turbine installation and road lighting systems. Traffic and distance from the road were the next most
significant factors, with weights of 0.228 and 0.151, respectively. Kermanshah County had the highest wind
energy potential, featuring seven high-potential sites, while Sarpole Zahab and Qasr Shirin counties each had
only one suitable site, indicating lower wind potential. The top three counties in terms of wind energy potential
were Kermanshah, Ravansar, and Paveh. Kermanshah County also had the highest traffic volume, carrying the
greatest weight in that category. For distance from the road, Sanghar and Sahneh ranked first and second, with
unscaled weights of 0.094 and 0.070, respectively, and Kermanshah ranked third with 0.047. Kermanshah
County scored highest on all indicators except distance from faults and protected areas. Across all decision-
making methods, Kermanshah and Sanghar consistently ranked first and second. Overall, Kermanshah, Sanghar,
and Ravansar were prioritized as the top three counties for installing wind turbines to supply electricity for road
lighting systems.

Conclusion

According to the wind atlas, 46 points with suitable wind potential for the road lighting system were
determined. Based on multi-criteria decision-making methods, Kermanshah, Sanghar, and Ravansar counties
were prioritized for installing road lighting systems powered by wind turbines.
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1- Simple Additive Weighting (SAW)

2- Technique for Order Preference by Similarity to Ideal
Solution (TOPSIS)

3- Elimination et Choice Translating Reality
(ELECTRE)

4- Vlse Kriterijumsk Optimizacija Kompromisno
Resenje (VIKOR)
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Table 2- Scoring based on distance from roads
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Table 3- Scoring based on distance from residential areas
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Table 4- Scoring based on distance to protected areas
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Table 5- Scoring based on distance from river and flood-prone areas
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Table 6- Scoring based on distance from high voltage power lines
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Table 7- Scoring in terms of distance from faults
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Table 8- Scoring based on terrain slope
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Table 10- Weight of counties in terms of distance from roads
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Fig.1. Score of counties in terms of wind energy potential
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Table 12- Scale-free weighted matrix
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Table 13- Final weight and priority of counties in terms of installing road lighting systems using wind energy
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Introduction

One of the key structural factors in agricultural mechanization is the selection of appropriate technology.
Today, examining the effects of technology application and development on agricultural production remains of
highly importance. Innovative technologies, such as spraying drones, play a critical role in advancing agriculture
and ensuring food security. Without these technologies and proper input management, environmental impacts are
likely to intensify. Achieving sustainable production and ensuring food security is a major challenge for
researchers and global policymakers. This study evaluates and compares the performance of spraying drones and
boom sprayers in controlling weeds and yellow rust disease in wheat fields. The aim of this study is to optimize
pesticide use and achieve sustainable agriculture.

Materials and Methods

This research was conducted to evaluate the field performance and economic feasibility of using spraying
drones compared to boom sprayers for controlling weeds and yellow rust disease in wheat fields. Experiments
were carried out in regional Khorramabad, Iran, using a DJI Agras MG-1P spraying drone and a 400-liter 400B8
TF boom sprayer. The aim was to investigate the impact of modern technology, specifically spraying drones,
compared to traditional methods, such as boom sprayers, for managing weeds and yellow rust disease.
Additionally, the study assessed the profitability of these technologies. The experiments followed a randomized
complete block design with three treatments: boom sprayer, spraying drone, and control. They were conducted in
two separate, independent fields to examine treatment effects on weeds and yellow rust in wheat. For weeds
control, 2-4-D herbicide was applied at 1.5 L ha*, and for yellow rust control, Tilt fungicide was used at 0.5 L
ha.

Results and Discussion

Results showed that the deposition rate of pesticides in boom sprayers (82.8%) was higher than with drone
spraying (69.9%). Furthermore, the average dry weight of weeds in boom sprayer was 172 g m=, and in drone
spraying, it was 163 g m, which was not statistically significant. Additionally, the average weed density was 25
plants per square meter for boom sprayers and 29.3 plants per square meter for drone spraying, with no
statistically significant difference. The average harvest index in weed control experiments was 44% for boom
sprayer and 41% for drone spraying, which was statistically significant at the 1% level. The average severity of

©2025 The author(s). This is an open access article distributed under Creative Commons Attribution 4.0
oY International License (CC BY 4.0).
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yellow rust infection in wheat fields was 30.7% for boom sprayer and 25.3% for drone spraying, which was not
statistically significant at the 1% level, but both treatments were significantly different from the control (68.3%).
The harvest index in yellow rust experiments was better in drone spraying (43.8%) compared to boom sprayer
(41.9%). The total annual cost for drone owners in the studied region (2980.3 million rials) was higher than the
total cost for boom sprayer owners (513.48 million rials). However, the benefit-cost ratio for drone owners
(1.215) exceeded that of boom sprayer owners (1.030), demonstrating economic viability for both sprayers.
Overall, drones are found to be more economical for spraying than boom sprayers due to their higher efficiency
and profitability. The use of drones can significantly increase the efficiency and profitability of spraying
operations.

Conclusion

The results of this study showed that both drone and boom sprayer were effective in reducing the dry weight
of weeds, but there was no statistically significant difference between them. Weed density was higher with drone
spraying, and the harvest index was better with drone spraying compared to boom sprayer. The costs of using
drones were higher than boom sprayers, but despite the higher costs, drones are superior option for spraying due
to their increased efficiency and profitability.

Keywords: Boom Sprayer, Cost-Benefit, Drone, Effectiveness, Spray Deposition
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Specifications of the spraying drone
DJI Agras MG-1P : Jue 4 S,ls
Brand and Model: DJI Agras MG-1P
dde £ ygige dlis
The number of motors: 6
488> Ve i gilgy Cuoglie
Flight time: 20 Min
BN
Tank volume: 10 Liter
Fobighdly o
Spray width: 5 meters
dae ) :(dlA]é.’?J .xi.s) FPV 90
Number of FPV cameras: 1
b yd jlg cas 2ae Y LED slaws
Number of LED: 2
Co gt ¥ ol g Jib gg
Number and type of nozzles: 4 TeeJet
w5 3 il g il byl Shs
Maximum spray capacity: 5 L Min
M3pgr e Slasuiie
Specifications of the boom sprayer
B8 TF400 : s 5 Sl
Brand and Model: B8 TF400
AT el
Tank volume: 400 Liter
Ol e i
Material of the tank: Polyethylene
As ogily iy Joo
Pump model: Raton 80
Fe Vil by
Spraying width: 16 meters
(cos) bt psl b g5
Nozzle type: Flat fan (TeeJet)
8 W] i
Power train system: PTO
(s b A 108U £ g
Pressure relief valve: Manual, three valves
L0 LY £Lid aubas B 0dgamce
Pressure range: 1-5 bar

L
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Fig.1l. Technical specifications of the two sprayers (boom sprayer and drone sprayer)
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Equivalent Uniform Annual Cost (EUAC)
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Table 1- Analysis of variance (ANOVA) for the effect of sprayer type on pesticide deposition amount in spraying

b 5l Oyt gibe @l 0 9000 ©lasyo (Sl F Sig.
Parameters Source of variation Sum of squares Mean square
(255 Ont 748.845 748.845 128321  0.000%
Between Groups
“ a5 oe0t S a4
Sl e 295 09) 93.371 5.836
Deposition amount Within Groups ' '
S 842.216
Total )

Mo gze pue NS > Sxe Juo > O g jd # > gime do)d V xlaws jd s
ns: Not significant, *Significant at the probability level of 5%, and **Significant at the probability level of 1%
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Fig. 3. Effect of sprayer type on technical spraying parameters: settlement rate diagram
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Table 2- Analysis of Variance (ANOVA) of the effects of boom and drone spraying treatments compared to the
control treatment on weed control in wheat fields

%l Ol yds 2l Oluge ggome  Olupe (iile Sig.
Parameters Source of variation Sum of squares Mean square
B9 O 324.22 162.11 4.17 0.073m
Between groups
jpsladile slass 295090 233.33 38.89
Number of weeds Within groups ' '
5 557.55

Total '

s 97068.22 48538.11 23.99 0.001*

sladils i3 osle 55 Between groups ' ' '
» 29,509, 12135.33 2022.55
Dry matter weight Within groups
of weeds S 109203.55

Total

P55 O 40.93 20.46 1126 0.009*

Between groups
il el P95 092
10. 1.81
Harvest Index Within groups 09 8
S 51.83
Total '

M sze 20y B prdaw )3 # Yy xe loyd Y e )d i e e 1 NS
ns: Not significant, *Significant at the probability level of 5%, and **Significant at the probability level of 1%
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Fig. 4. Effect of spraying methods compared to control on harvest index and dry weight of weeds in wheat fields
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Table 3- Analysis of Variance (ANOVA) of the effects of boom and drone spraying treatments compared
to control on yellow rust disease in wheat fields

1 ol e gl G 0T e il .
; - Sum of F Sig.
Parameters Source of variation Mean square
squares
PSSO 1.56 0.78 0.101 0.905m™
: Between groups
035” dl.mcby Joyd gm; 5
Infected plants IO 46 7.67
Within groups
percentage
o 47.56
Total
P5SO 3296.22 1648.11 69.63 0.000%
Between groups
2 ead 297092 142 23.66
Infection severity Within groups
£ 3438.22
Total
P90 88.14 44.07 10171 0.000%
Between groups
Harvest Index Within groups
£ 90.7
Total

M sxe doyd B el 3 > e doyd N mlaw ) i > dxe puE NS
ns: Not significant, *Significant at the probability level of 5%, and **Significant at the probability level of 1%
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Fig.5. Effect of spraying methods compared to control on the percentage of infected plants, infection intensity, and
harvest index in controlling yellow rust disease in wheat fields
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Table 4- Total annual costs of wheat field spraying using drone and conventional sprayers

oolow Sl

Drone sprayer
(Million rials per

Menoilew
Boom sprayer
(Million rials per year)

year)
[EXIRTY A Eg - . . -
" - - towbom Sllas glai 32 pbow |
Costs Cost type Js) 29515 o M e u‘i f: . )2925;-' T
e (el (Cos v S st
Drone  Generator Tractor (Cost share of spraying
Tra((::tgsrts()t otal operations: 13.4% of total sBrc');rZr
operations) pray
adgl wlo
b “ - 6700 300 6000 897.8 700
aJgl g sm Initial capital
Initial cost &> 2000 1597 8
Sum
< 603 20.7 415 55.61 63
Depreciation
Loy o
ey o 847.55 37.95 795 101.7 88.55
Interest
SIS oSl
b claanja oile 50.25 2.25 45 6.03 5.25
Fixed costs Housing
o 16.75 0.75 15 2.01 1.75
Insurance
b sloayin ze>  1517.55 61.65 165.35 158.55
Total Fixed 1579.2 323.9
costs
N 670 21 420 56.28 49
Repaire
g 0 3.6 18 0.24 0
Fuel
9 0 15 9 1.2 0
v elas s Qil
e (SBAG -
costs Service and 100.5 4.5 90 12.06 10.5
maintenance
oy 2> 600 0 450 60.3 0
Labor
yaie lBdl ia xe> 1370.5 30.6 130.08 59.5
Total Variable 14011 189.58
costs
2888.05 92.25 295.43 218.05
Allls clrds;
'I:OtafannIJ:I isétj 29803 (MR yr) 513.48 (MR yrt)
4.846 (MR hal) 3.789 (MR hal)
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Fig. 6. The annual fixed and variable costs percentage in drone spraying
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Fig. 7. The annual fixed and variable costs percentage in boom spraying
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Table 5- Summary of Average Labor Information, Wages, and Benefit-Cost Ratio in Sprayers
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Introduction

The increasing global population has intensified the demand for sustainable energy solutions. Meeting this
need requires leveraging renewable energy sources that also address pollution management and reduce
greenhouse gas emissions. Plant microbial fuel cells (PMFCs) have gained attention as innovative systems that
produce electricity by decomposing organic matter in their anodic chambers, providing a dual benefit of clean
energy generation and environmental remediation. These systems align closely with global sustainable
development goals and represent a novel approach to energy production from organic materials.

Materials and Methods

This research focused on a plant microbial fuel cell system designed to contribute to sustainable development
objectives. The system employed Cyperus plant and Shewanella oneidensis microorganisms to decompose
organic substrates, including carbohydrates secreted by plant roots or other external sources, within the anodic
chamber. Voltage output was measured using a voltage sensor connected to an Arduino UNO board, with data
collected at two-hour intervals. The experiment investigated the effects of two parameters: oxygenation rate in
the cathodic chamber and sodium acetate concentration in the anodic chamber, on the system performance.

Results and Discussion

The results revealed significant effects of both oxygenation and sodium acetate concentrations on the voltage
output of the PMFC system. Increasing the oxygenation rate from 0 to 1 liter per minute enhanced the voltage
output from 103 mV to 185 mV. Similarly, increasing sodium acetate concentration from 0 to 10 g L™ raised the
voltage from 103 mV to 170 mV. Furthermore, pollution removal efficiency was evaluated using chemical and
biological oxygen demand (COD and BOD) measurements. At the highest levels of sodium acetate concentration
(20 g L) and oxygenation rate (3 L min't), the pollution removal rate reached 90%. These findings underscore
the capability of PMFCs to combine energy production with effective environmental cleanup.

Conclusion

©2025 The author(s). This is an open access article distributed under Creative Commons Attribution 4.0
oY International License (CC BY 4.0).
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The microbial-plant fuel cell system demonstrates considerable potential as a dual-purpose solution for
renewable energy generation and pollution removal. Its high efficiency in utilizing microorganisms and plants
for these tasks suggests that it could play a critical role in sustainable development. Future research should focus
on addressing the system’s limitations and enhancing its scalability and reliability to support broader
applications in renewable energy and environmental remediation.

Keywords: Cyperus plant, Plant microbial fuel cell, Phytoremediation, Pollution removal, Renewable
energy, Shewanella oneidensis
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Fig. 1. Plant microbial fuel cell startup: A- 9 loaded treatments, B(1)- Anodic half-cell, B(2)- Cathodic half-cell, C-
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Fig. 2. Voltage measurement module and Arduino board used to measure voltage of the plant microbial fuel cell
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Table 2- Results of analysis of variance Voltage data at the 1% level

Source Variable Sumofsquares df Mean square F Sig
Oxegen
Current 114.000 2 57/000 3819 0041
Voltage 15743185 2 7871593 5198 0017
Acetate
Current 164.667 2 82/333 5516 0014
. Voltage 26042593 4 6510648 4299 0013
Oxegen™Acetate o ront 249333 4 62333 1764 0014
Voltage 27259.333 18 1514407
Error Current 268,667 18 1429
Total
Current 8948.000 26
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Fig. 4. Mutual effects of sodium acetate and Oxygen concentration variables on plant microbial fuel cell voltage
(ewithout acetate, eacetate 10 g L%, and ~acetate 20 g L'l)
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Fig. 7. Chemical oxygen demand (COD) and biological Oxygen demand (BOD) graphs related to two treatments with
the highest levels of sodium acetate (treatments no. 23 and 33)
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