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Abstract

Water scarcity and climate change are posing new challenges to irrigation management.
Climate change increases water demand and decreases crop yields. The aim of this paper
is to propose a framework to select the most efficient irrigation strategy to mitigate the
impacts of climate change and achieve food security. Value engineering (VE) methodol-
ogy is utilized to assure the functionality of the strategy and add an element of creativity
while creating the value alternatives. The life cycle cost (LCC) technique is utilized to pro-
vide the optimum irrigation strategy from an economic perspective. The findings showed
three different value alternatives for different crops, soil types, and irrigation systems. This
paper contributes to the current state of knowledge by a) utilizing the Value Engineering
methodology in irrigation management studies; b) evaluating irrigation strategies to ensure
efficient irrigation water management; and c) providing policymakers with a tool to incor-
porate the added value and functionality into their policies regarding irrigation water.

Keywords Climate Change - Irrigation - Strategies - Food security - Value Engineering -
Life Cycle Cost

1 Introduction

As global warming continues, its negative impact on irrigation water is projected, perhaps
affecting food sufficiency. The rate of evaporation of land and oceans increases as the tempera-
ture rises. Precipitation will increase in the tropics and high latitudes while decreasing in the
arid and semi-arid mid-latitudes and within continents (FAO 2015). By 2100, it is predicted that
global temperatures will rise by 4 °C and annual precipitation will fall by 20% (Bradley et al.
2006; Mostafa et al. 2021a, b). Mitigating the impacts of climate change on irrigation water
will increase the need to evaluate the current irrigation strategies to maximize the utilization
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efficiency of available water. Value engineering (VE) is one of the tools that could potentially
be utilized to increase the efficiency of irrigation strategies.

VE is a systematic, interdisciplinary, problem-solving technique that focuses on maximiz-
ing the value of a product, process, or service through increasing the functionality of its ele-
ments. The VE technique’s goal is to perform the system’s basic function(s) at the lowest pos-
sible life cycle cost (LCC) while maintaining the required performance, safety, and effective
quality. The best results in VE are obtained when the goal is primarily to increase the value
rather than to reduce expenses. VE determines the best design alternative for projects. The
application of value engineering is supported by real-life applications that show a saving of
10-20% of the total cost of the project (Emami et al. 2017).

2 Research Background

Due to climate change, the irrigation water requirements and crop yield will be affected. It is
anticipated that seasonal irrigation needs for both current and future crops in countries such
as Portugal’s will increase by 7-13% and 13-70%, respectively (Rolim et al. 2017). By 2080,
the effects of climate change on irrigation water requirements may result in a 20% increase in
worldwide irrigation water demand and a 10% decline in agricultural production (Fischer et al.
2007; Esteve et al. 2015). Based on the results of a quantitative climate change risk analysis,
agricultural production losses due to climate change are expected to be 69%, 57%, and 45%
at 90%, 50%, and 10% confidence levels, respectively (El-Nashar and Elyamany 2022). With
climate change on the rise, irrigation water is becoming a more valuable resource around the
world. Low efficiency in using water and more people wanting to use the same amount of
water are forcing farmers to adopt more efficient irrigation strategies to save water and make
the most of the little water that is available (Belay et al. 2019).

There is a difference between irrigation planning and irrigation strategies. Irrigation strate-
gies serve as a guide to assist focus efforts, identify priorities and objectives, assign duties,
and estimate realistic funding. It also lays out the guiding principles for the activities being
undertaken to revive and extend irrigation projects in the nation. In general terms, a strategy
is defined as a plan of action designed to achieve a long-term aim. Therefore, a strategy could
be built out of multiple short-term plans of action. Irrigation planning is done in three steps:
(i) preliminary planning, which involves gathering and analyzing all available data; (ii) com-
prehensive planning of water and land use to find the best site; and (iii) design of irrigation
structures and canals.

The components of an irrigation strategy are irrigation method, crop pattern, and soil type.
To maximize yield and water productivity, irrigation strategy and water-saving technology
should be chosen carefully, as well as farm-level irrigation techniques, to increase the produc-
tion per unit of agricultural water. Irrigation scheduling is critical for achieving water con-
servation, improving irrigation performance, and minimizing percolation caused by excessive
water irrigation (ICID/FAO 1996).

3 Research Problem and Objective
VE was utilized in the field of water management to obtain the best design alternative for

some of the most annoying irrigation challenges, such as developing alternatives to miti-
gate the water shortage at the canal tail (El-Nashar and Elyamany 2018). VE was also used

@ Springer



Adapting Irrigation Strategies to Mitigate Climate Change... 2371

to choose the best alternative for drain covering to minimize the negative impact on the
environment (EI-Nashar 2017).

A few gaps regarding the application of irrigation strategies have been identified in the
literature. There is a lack of research on: 1) utilizing value engineering as a systematic,
interdisciplinary, problem-solving technique to compare different irrigation strategies;
2) comparing between cost and return for each irrigation strategy; and 3) identifying the
appropriate irrigation strategy in the presence of different conditions such as soil type,
salinity extent, water availability, and crop need.

The aim of this paper is to propose a framework to select the best irrigation strategy to
mitigate climate change impacts in the presence of different conditions such as soil type,
crop type, extent of salinity, and water availability. This aim is achieved using value engi-
neering (VE) methodology, first to generate multiple value alternatives for irrigation strate-
gies and second to identify the value of different alternatives to irrigation strategies using
life cycle costing (LCC). The LCC is used to integrate the cost and return of each irrigation
strategy into one quantitative measure.

The main contribution of this paper to the current state of knowledge is a framework
for selecting the best irrigation strategy under different conditions using VE methodology,
which is not commonly used in irrigation management research.

4 Current Applications of Irrigation Strategies

Irrigation strategies are considered an adaptive strategy to face climate change. Irriga-
tion strategies aim to save water and maximize yield and water productivity, resulting in
increased output per unit of water used in agriculture. Irrigation strategies are useful to
help manage the volume, rate, and timing of water application to match water holding
capacities and soil salinity. Irrigation strategies can be helpful in counteracting the harmful
effects of climate change.

There are many irrigation strategies relative to irrigation method, crop pattern, and soil
type. An irrigation strategy is used to save water and decrease evaporation and seepage
losses. Irrigation strategies include deficit irrigation, irrigation scheduling, effective irriga-
tion, irrigation monitoring, water reuse, changing crop patterns, and modeling agricultural
systems.

Sustainable agricultural water management and strategies for managing water sup-
ply and demand include the development and repair of the physical structure of the water
resources system of the irrigation network; the improvement of operation management and
maintenance of the water resources system; the management of wastewater; and the trans-
fer of water between basins in the irrigation network (Radmehr et al. 2022). The use of
deficit irrigation and irrigation scheduling solutions in conjunction with other strategies
helps to increase water productivity. Irrigation that applies less water than the crop needs
for complete growth is known as deficit irrigation. When solutions like mulching are added
to solutions like deficit irrigation, water use efficiency goes up (Mubarak and Hamdanm
2018). To achieve more efficient use of limited water supplies, deficit irrigation and mulch-
ing technologies could be implemented. Low-cost alternatives like mulch and deficit irriga-
tion maximize crop yields while lowering production costs (Mekonen et al. 2022).

A great range of models are available for computing the soil water balance and gen-
erating superior irrigation schedules, making computer models an accessible way to
develop and evaluate different irrigation strategies. Using weather data, the Root Zone
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Water Quality Model was utilized to examine different irrigation strategies for high
production and water use efficiency The model showed that maize and wheat need pre-
season irrigation to get the most out of the water they use (Fang et al. 2010).

Winter wheat response to irrigation scheduling simulations revealed that a greater
yield is required to sustain the amount of evapotranspiration and transpiration. When
compared to recommending irrigation with better grain production, single irrigation
at early spring growth stages had a similar water consumption efficiency (Zhang et al.
2018). The advice for minimal irrigation varies. According to several studies, irriga-
tion provided before planting under restrictive conditions boosts output (Li et al. 2005,
2001). Other research suggests that a single irrigation during jointing can boost grain
yield while also maximizing water efficiency (Wang et al. 2016; Xu et al. 2016).

Some irrigation strategies advocate increasing crop productivity per unit of water
consumed, such as replacing high-water-using crops with lower-water-using crops,
planting drought-tolerant cultivars, and implementing management and system
improvements (Evans and Sadler 2008). Water crop productivity can be improved in
a variety of ways, including replacing high-water-using crops with lower-water-using
crops. Water can be redirected from low-value crops to higher-value crops, increasing
their economic output (Evans and Sadler 2008).

Reduced agricultural water use while increasing required productivity necessitates
the innovation and integration of cultural, engineering, and managerial systems, as
well as institutional alternatives (Howell 2006). Agricultural systems modelling has
proven to be a useful method for examining the effects of climate variability and man-
agement strategies on crop productivity, resource efficiency, and environmental impli-
cations in farming systems (Zhao et al. 2015; Batchelor et al. 2002).

Other studies focus on cutting-edge methods for increasing horticultural yields
through water applications. Support systems deal with fertigation efficiency by making
decisions based on crop monitoring approaches (Incrocci et al. 2017). The importance
of molecular genetics in finding and describing genes involved in enhancing water use
efficiency and drought tolerance has been highlighted (Ruggiero et al. 2017).

Other irrigation strategies based on pan evaporation or soil water monitoring have
been tested in various research. Irrigation quantities of 50-100 mm, separated over
20-40 mm applications, were advised in these schemes (Wang et al. 2013; Liu et al.
2011). The use of remote sensing to manage irrigation and water resources was dem-
onstrated to solve the existing and future difficulties of agricultural water resource
management (Alvino and Marino 2017).

5 Value Engineering Methodology

As mentioned earlier, this paper aims to propose a framework to select the best irriga-
tion strategy in the presence of different conditions such as soil type, crop type, extent
of salinity, and water availability. This aim is achieved using the VE methodology to
generate multiple value alternatives for irrigation strategies and to identify the value of
different alternatives to irrigation strategies using LCC. There are five steps that need
to be taken to use VE for irrigation strategies. These steps are information, functional
analysis, creativity, evaluation, and development. (El-Nashar and Elyamany 2018).
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5.1 Information Phase

This phase examines and defines the system present conditions as well as the study’s objec-
tives. The irrigation strategy is used for one or more of the reasons listed below:

(i) Encourage regional-level efforts by the water regulator and farming firms to col-
laborate to mitigate the effects of drought on agriculture and the environment.
(i) Improve water management to maximize water efficiency and productivity.
(iii)) Enhance growers’ management capabilities and determine how and where agricul-
tural abstractors can participate in and contribute to local efforts.

5.2 Function Analysis Phase

The functions are defined in this phase using two words: "active verb" and "measurable
noun." These functions are examined and studied to see which ones are required to achieve
the objectives. Ensuring food security is the main function. Managing irrigation water and
enhancing crop output are secondary functions. A fast diagram is used to define the func-
tions of irrigation strategies. This diagram is useful for quickly identifying the objectives
and determining which resources are required to support economic growth and ensure food
security, as shown in Fig. 1.

5.3 Creativity Phase

Creative techniques are used to find additional ways to optimize irrigation water utilization.
To achieve the purpose, the following irrigation strategies can be used as shown in Table 1.

5.4 Evaluation Phase
A questionnaire was undertaken to identify the problem from the perspective of 45 engi-
neering professionals who are familiar with the nature of the area and its problems. The

questionnaire is based on the following strategies for screening steps:

(i) GO—NO GO: Scratch concepts that don’t pique your attention.

How Why
—> <—
Optimize
root zone | |Peliver water]
moisture
Increase Select
Optimize Increase Decrease Protect Selec Adopt
Secure food Yield water water use water water irrigation Irrigation
productivity [ [ efficiency losses method Strategies
Optimize Organize Select crop
water use Crop pattern

Fig. 1 Fast diagram to adopt irrigation strategies

@ Springer



W. El-Nashar, A. Elyamany

2374

SoUOo an[eA-I1oySIy 0) sdoId oN[eA-MO[ WOIJ PINQLISIPAI ST IOJBA\ uonnNqLISIPAI JSJeA 6lg
$s9] asn Jey) sdo1o £q are 19jem JO 10] B pasu Jey sdoio jo Suroedoy Surdueyo urayped doxn 8lg
[Te) [eURD 0 J9JeMm U} JOAI[OP PUE AJUSIOLJO UONEILLII 9SBaIOUl 0} Spoyjoul SULIdaUISuD JuIsn uonNeI LI ANOIYH Lig
sosodand
[erogeuaq Joy ureSe J1 SuIsn usy) pue )1 SuneaI) ‘S9dINOS SNOLIEA WOIJ JT SUTJOI[[0D SOAJOAUT IoJem SUISnoy 9SNAI IOJeA\ olg
yImoi13 Jo soSe)s snoLIeA Je ssaxs Jojem 0y Ajiqndaosns proik 0) uone[ar ur Aouonboiy uonesiir Surkrep Kouonbaiy uonesriy flg
[9AJ] Apea)s © e paurejurew sem ssans 1ajem doid ‘uoseas uonedLi oy Juring ssans 1a1em doi) vig
UONEILLIT JXOU 9} UO IPIS JO MOI JOYI0 ) PUB UOIRSLIII 9UO UO PI] B JO 9PIS JO MOI JUO JeTLL] W)SAS UONBILLIT ULIe,] g
uonesLLI
QoeJIns dre[n3a1 A[[njaIed o} sjeued Yy Surul] 10 JuLA0d Aq s9sso] a3edass pue uoneiodeAd aseaIdq SISBOIOP SISSO] tg
SUISOUOD Jojem PUe 9JewI[d 0}
amsodxa s, A1snpur o) USsa[ 0) SALNSNPUI JAYI0 YIIM JBIOR[[0I ABW J0JOIS AIMNILISE ) MOY SUIULINA SOLIISNPUI PUB 1093 AININOLITY g
uonedo[e pue uondwnsuod Iejem [exmnoLse aaroxdwr 0] sayoroidde paseq-juswyoled dofaadq Juowdo[oAdp BaIe JUSWYOIR) Olg
PpaIeys IO [enpIAIPUI JoYIoyM ‘pajroddns oq p[noys a3e1o0)s Iojem 9seaIour 0} syduo)je [9AS[-uwIe,] 95e101s 107RAN 6g
uone3ur uorstoaid Jonpuod o) ‘@ouasdijeur
[eIOYTIE PUE SYIOMIOU JOSUDS LIRS Se JUIPN]OUI ‘SAIS0[ouyd9) dANRIZ)UI MU Jo Juawdo[aadp ay) J1of Joddng S9130[0UYD9) QATIRITIU] 8¢
SISBOQIOJ JOUIBIM PIJURYUD SB YoNs
‘A3o10uyd9) pue s[00) mau jo uonidope a3 JurdeInoous YySnoayy juswadeurw A[NPIYds uonesLuI dao1dwy JuowageuLRW I[NPAYOS Lg
UOTEIOISAI JOALI YSNOIY) SWOISAS JOALI UT QOUSIJISAI [29150[099 Jursearour ySnoayy syoedwr JySnoip oonpay syoedwr JySnoIp oonpay 95
JUSWIYDILD UONESLLIT YY) Ul JUNSEIAI0) PUB JUSWASLURW PUBWIS(] JuowaSeurW JUSWYIIR)D) g
Wo)SAS UONBSLLIT S, 2INJeU SI PUNOIS 3Y) 03 AYS oy} woiy Jurffej 1ojem Io ‘uoneydioalg [rejures Aq uonegruy g
a3ueyd ayewo oy jdope 03 sayep Sunuerd doio SuiSuey) sajep Sunuerd dox) £g
13u9] pue Kouanbaiy
JO SuLId) UT 9[NPAYoOs SULIdJeMm [BIPI YY) 9S00UD 0) sIaSeuewl Wo)sAs uonesLur Aq pakojdwe poyjow oy st Surnpayos uoneSLLy g
Iorem
ySnous sorjddns [[ejurel popraoid papasuun UsAd IO [BWIUIW ST UOTEILLII ‘SOWI) 9SAY) JO 90UISqe ) U]
‘soseyd juawrdo[oasp aanIsuas-1y3noip s,do1d e Jnoy3noiy) uoneJLLIr sasn jey) anbruyos) uoneziundo ue s uonesLuI JYaq N
uondridsap £399ens JweN £391e1S apo)) £33jens

so1391ens uonesLL | a|qel

pringer

A s



2375

Adapting Irrigation Strategies to Mitigate Climate Change...

uononpoxd

[eIm[noLISe pue SISA[eUE dsn J9JeM ‘QIM)NoLISe PoJeSLIII 9jen[eAd 0} 9[qeud SWa)SAS 9say) "pasn SI Surjopouwr
SwA)sAs [ermynoride ‘A[qeure)sns 19jem asn jey) soonoeld fermnornide Sunowold jo syuswaimbar oy 0 an Surpepowt [RININOLISY (2N
uonerodeas ued 10 SurIO)IUOW J3YEM [IOS UO Paseq UOne3LL] Surioyuow uonesLLIy [N

BLINIO , 2Imisiow ojur jueld,, o) Suradmyoe s o[ym Sursouwr oyuefd oyy dooy ueod
Sunuerd 10yJe 3snf 10 03 J011d spoy SuneSLu ‘rejurer ygnoua j,ust 13y J ‘Sunuerd a10joq parjdde uonesLuy Sunuerd 19)je 10 210§0q UONESLLI] N
uondradsap £393ens JweN £391e1S apo)) £33jens

(ponunuod) | sjqer

pringer

As



2376 W. El-Nashar, A. Elyamany

(ii)) Champion: Someone is in favor of the strategy.

(iii)) Go for It: Discuss the advantages and disadvantages before voting. Strategies could be
combined, and new ones could be added.

(iv) Trade-Off Study: Quantify the aspects of performance, using pair-wise comparison to
select the best choices.

(v) Customer Acceptance: Determine and quantify the criteria for consumer acceptability,
compare the surviving concepts to the norm and the danger, and create scenarios for
the proposal.

The experts were provided with twenty-two strategies to vote on, as shown in
Table 2. Following the vote, fourteen strategies have been approved. These strategies
are examined and used to narrow down the final options and choose the best strategy as
shown in Table 3. Ten strategies resulted from the trade-off process.

5.5 Development Phase

The development of irrigation strategies into value alternatives is the goal of this phase.
The following section will discuss these value alternatives and the process to select the
best value alternative.

Table 2 Voting on irrigation

. Strategy Code Go or No-Go Champion
strategies

S, Go Yes
S, Go Yes
S; Go Yes
S,y No-Go -

Ss Go Yes
S¢ Go No
S, Go Yes
Sg Go Yes
S No-Go -

Sio No-Go -

S Go Yes
Sis Go Yes
Si3 No-Go -

Si4 Go No
Sis Go No
Sis Go Yes
Si7 Go Yes
Sis Go Yes
Sig No-Go -

Sy No-Go -

Sy Go No
S,y Go Yes
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Table 3 Trade-off study Code  Performance characteristics Voting

Optimization Increase water Easy
of Water Use  productivity application

Eliminated

Eliminated

&
A S N S S S N S
SUX X XL LX< L
XL X L LR X (X

5.5.1 Value Alternatives

Two methods were rejected after the voting because they failed to achieve more than one of
the performance characteristics, which leaves only ten strategies at hand. Three value alter-
natives were formed out of these strategies with the objective of saving water and securing
food. S, is considered a part of S,, and S, should be used with knowledge of the sensitive
times of the crop, which differ based on the agro-physiological characteristics of each crop.
Therefore, S, is neglected. Accordingly, nine strategies are used to propose the value alter-
native. The suggested value alternatives are:

5.5.2 Value Alternative 1 (VA-1)

VA-1 is working to increase climate and water risk resilience. This alternative incorpo-
rates; catchment demand management and forecasting in the irrigation (S5), schedule man-
agement to improve irrigation management through encouraging the adoption of new tools
and technology, such as enhanced weather forecasts (S,) and using of integrative technolo-
gies to support the development of new irrigation system such as smart sensor networks
and artificial intelligence, to conduct precision irrigation (Sg).

Irrigation demand is determined by the types of crops planted, soil water-holding prop-
erties, and local agro-climate conditions. Understanding where catchment demand exists
and recognizing climatic change will aid in predicting future irrigation requirements. When
compared to existing conditions, crop water consumption is anticipated to increase by
10% to 30% in 2100 (Hopmans and Maurer 2008). To deal with the rise in water demand
brought on by climate change, new integrative technologies such as smart sensor networks
and artificial intelligence must be deployed.

A Smart irrigation system consists of a microcontroller, which serves as the system’s
brain. The moisture sensor is attached to the microcontroller’s input ports. The control-
ler turns on and off the pump based on the soil’s needs. When the system is turned on, it
adjusts the soil moisture level to its default value and initializes all components. The soil
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moisture sensor was then attached to the soil moisture level. The sensor’s moisture content
data is analyzed, and a decision is made regarding whether to water the field. When the soil
is dry, water flows into the field, but when the soil is moist, the water flow is stopped. In
the end, this method guarantees that the moisture content and water availability in the field
are properly maintained (Pimpalkar et al 2021). This alternative includes using trickle irri-
gation system with microcontroller in sand soil with citrus, vegetables, and fruits as crop
pattern.

5.5.3 Value Alternative 2 (VA-2)

The second value alternative focuses on current irrigation techniques related to water scar-
city, with an emphasis on water quantity and quality. This alternative incorporates using
scheduled irrigation to choose the ideal watering schedule in terms of frequency and
length. (S,), reducing the evaporation and seepage losses by covering or lining the canals
to carefully regulate surface irrigation (S;,) and achieving effective irrigation by using
engineering methods to increase irrigation efficiency and deliver the water to the canal tail
(S1o)-

Water-use rights, including both costs and benefits, must be shared equally among peo-
ple, a concept known as equity of water sharing (Cai et al. 2003). This may be accom-
plished by supplying water at the correct time and in the proper quantity and quality, con-
sidering the need for water as well as the availability of water (Li et al. 2020).

The new irrigation schedules were created with two key goals in mind: water conser-
vation and percolation management. With limited irrigation resources, giving 80% of the
water to the most important stages of wheat growth and 20% to planting maize made the
best use of the water and caused the least water to run off (Fang et al. 2010).

Irrigation systems for agriculture employ bulk water from a variety of sources; there-
fore, water efficiency is crucial. Water for irrigation is delivered to farmlands via distribu-
tion canals or pipelines (Koech and Langat 2018). Water usage efficiency is the amount of
water given to fields through the canal system that is used by crops in a useful way.

Surface irrigation efficiency could be increased by lining open channels and using
the best engineering method to deliver the water to the canal tail. Water saved by lining
open channel represent only 30-40% (Swamee et al. 2002; Elyamany and El-Nashar
2016). Using separate pipes to irrigate branch and distribution canal tail-end property,
as well as PVC pipes for field canals, is the greatest value option for preventing water
shortages at canal tail. At the canal intake, a single pump pressurizes irrigation water
in pipes (El-Nashar and Elyamany 2018). This alternative includes a surface irrigation
system in clay soil with a major crop pattern of wheat, cotton, and maize.

5.5.4 Value Alternative 3 (VA-3)

The third value alternative is to encourage more adaptable collaborative techniques that
make the most of available resources. This alternative determines how the agriculture sec-
tor may collaborate with other industries to lessen the industry’s exposure to climate and
water concerns (S;;), changing crop patterns by replacing crops that need a lot of water
with crops that use less (S;g) and using agricultural systems modelling (S,,) which makes
it feasible to plant cash crops that pay better than typical crops to growers.
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Water crop productivity may be improved in several ways, including substituting high-
water-using crops with lower-water-using crops, planting drought-tolerant cultivars or
reducing inputs like fertilizers and water to reduce vegetative vigor, and upgrading man-
agement and systems to maximize production per unit of water consumed. The economic
productivity of water may be increased by reallocating water from low-value crops to
higher-value crops; hence, the most important sources of "new" water will be gains in pro-
ductivity per unit of water through the adoption of suitable management and water applica-
tion techniques. Each basin and watershed may have a different solution, depending on its
soil, water supply, climate, and other factors.

Energy crops such as Jojuba and palm are the best alternatives in saline soil with differ-
ent irrigation systems. Cultivating Jojuba using a trickle irrigation system for sand soil or a
surface irrigation system for clay soil are the best choices for salt soil and a water shortage
condition (Amer et al. 2021). This alternative includes trickle irrigation systems in clay or
sand soil with an energy crop pattern such as Jojuba, Jatropha and Palm.

5.5.5 Evaluation Criteria of Alternatives

As indicated in Table 4, there are nine key evaluation criteria to evaluate the value alter-
natives. Because each evaluation criterion has a unique weight, a comparison matrix is
used to establish the weights of the evaluation criteria. The relevance of each assessment
factor in relation to the others is expressed using a scale of 0 to 5. A score of 0 is assigned
for no significance of the chosen criterion over the other criterion, while a score of 5 is
assigned for major significance of the chosen criterion over the other criterion. In other
words, when both criteria are equally important, a score of 0 is assigned in the comparison
matrix, whereas a score of 5 is assigned in the comparison matrix when one criterion is
significantly more important than the other. The weighting scores of the comparison matrix
in Table 4 are added up for each evaluation criterion and divided by the total weighting
score of all evaluation criteria to calculate the relative weights of evaluation criteria shown
in column 2 of Table 5.

5.5.6 Value Alternative Scoring

The alternatives scores in columns 3, 4, and 5 of Table 5 are the average scores assigned
by a panel of 15 experts, with 5 to 15 years of experience in irrigation field consultancy.
The panel was asked to assign a score of 0 to 10 for each value alternative against each
evaluation criterion. The score of 0 indicates the least significance of the alternative in the
assessment criteria, while the score of 10 indicates the highest significance of the alterna-
tive in the assessment criteria. The alternatives’ scores in columns 3, 4, and 5 of Table 5 is
multiplied by the evaluation criteria weights in column 2 to calculate the weighted score in
columns 6, 7, and 8 of Table 5. The Technical Score (TS) of each value alternative shown
in the bottom row of Table 5 is calculated by summing all the weighted scores of the evalu-
ation criteria for the value alternative.

As reported by the panel of experts, Table 6 shows the average score for each assess-
ment category as well as the overall score for value alternatives. Based on the evaluation
criteria, the findings suggest that VA-1 has the greatest total score. To compute the Value
Index, the next step is to calculate the LCC of each value alternative.
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Table 5 Evaluation criteria weight and value alternatives score

Evaluation Weight Scores Weighted Scores
Criteria

VA-1 VA-2 VA-3 VA-1 VA-2 VA-3
A 0.168 8 6 7 1.344 1.008 1.176
B 0.158 9 6 7 1.422 0.948 1.106
C 0.074 6 7 5 0.444 0.518 0.37
D 0.084 5 6 6 0.420 0.504 0.504
E 0.063 8 7 8 0.504 0.441 0.504
F 0.084 9 8 8 0.756 0.672 0.672
G 0.105 8 9 7 0.840 0.945 0.735
H 0.084 8 8 8 0.672 0.672 0.672
1 0.179 7 8 7 1.253 1.432 1.253
Total 1.000 7.655 7.14 6.992

5.5.7 Life Cycle Cost Analysis

Using LCC Analysis, the three proposed value alternatives for irrigation strategies
are implemented on a study area in Egypt to select the best strategy. Egypt has been
selected as a case study for countries facing irrigation water challenges due to popula-
tion growth and limited or depleted water resources. Egypt’s agricultural sector obtains
more than 80% of its needed water from the Nile, so there is a possibility of a water
shortage, taking into consideration climate change and the construction of the Grand
Ethiopian Renaissance Dam (GERD). The traditional irrigation technology employed
in Egypt resulted in significant water loss. Therefore, it is important to focus on solving
the anticipated drought and salinity issues. It is necessary to use the irrigation strategies
in Egypt to face these problems. Each value alternative as an irrigation strategy is esti-
mated for Egypt using LCC.

Table 6 Crop cost and revenue (LE/m?)

Crop Present Value of Present Value of Crop NPV (LE/m?)
Crop Cost (LE/m?)  Revenue (LE/m?)

Citrus 1.61 11.88 10.27
Vegetables 1.82 13.1 11.28
Fruits 1.96 13.76 11.8
Wheat 1.37 10.2 8.83
Cotton 1.43 9.85 8.42
Maize 1.22 9.6 8.38
Jojuba 2.63 13.8 11.17
Jatropha 22 12.6 10.4
Palm 2.9 14.3 114

Total NPV of crop revenue for VA-1 11.12
Total NPV of crop revenue for VA-2 8.54
Total NPV of crop revenue for VA-3 10.99
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LCC is a method for estimating a system’s overall cost from design through disposal.
LCC is the total of all recurring and one-time costs, including the purchase price, setup,
running, maintaining, and upgrading. LCC is used to assess value alternatives using net
present value (NPV). The difference between the current value of cash inflows and out-
flows is what is known as net present value. To calculate NPV, the following equation is
utilized (Peterson 2005).

NPV=C;+R,—-S,+A, +M+E (1)

where: C;: investment costs; R,: replacement costs; S,: resale value towards the end of its
lifespan; A,: annually recurring operating, maintenance, and repair costs; M: non-annually
recurring operating, maintenance, and repair cost; E: energy costs.

The crop revenue is calculated from the crop yield, which is cultivated per m~ as a unit
area for each value alternative over 30 years. The total NPV of the crop revenue for each
value alternative is calculated as each crop represents a third of the unit area. These calcu-
lations are shown in Table 6. Equation (2) is used to calculate the Net Crop Benefit for each
of the three proposed value alternatives.

2

Net Crop Benefits = NPV of Crop Cost — NPV of Crop Revenue )

5.5.8 Alternatives Evaluation

Each value alternative is evaluated based on the calculated initial, annul operating, and
maintenance costs per m?. The calculations of net present value (NPV) for each value alter-
native are shown in Table 7. The Value Index (VI) is calculated using Eq. (3).
Value Index — —Lechnical Score 3)
Net Present Value
The higher the VI, the higher the value of the alternative. Accordingly, the most suitable
irrigation strategy indicated by the calculation in Table 7 is VA-3, which encourages more
adaptable collaborative techniques that make the most of available resources.

6 Discussion of Results
The main goals of different irrigation strategies are the ability of water use optimization,

increasing water productivity, and ease of application. The results showed that the VA-1
achieved these characteristics, while the VA-2 and VA-3 almost achieved these characteristics.

Table 7 Alternatives evaluation VA-1 VA-2 VA-3
Present value of Initial cost (LE/m?) 8.1 5.95 7.97
Present value of Operating and mainte- 0.56 0.4 0.6

nance cost (LE/m?)
Present value of Crop Revenue (LE/m?) 11.12 8.54 10.99

NPV (LE/m?) 2.46 2.19 242
Technical Score 7.655 7.14 6.992
Value Index (VI) 0.321  0.306  0.346
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The irrigation strategy can be evaluated using the following: i) Recognize present water
demands and potential supply—demand mismatches in the future; ii) Identify the environmen-
tal concerns posed by population increase and climate change; iii) Forge new relationships
and strengthen collaboration between water and all other sectors; iv) Address the impacts of
agriculture on the water environment; and v) Safety and health.

The results of the analysis showed that VA-1 achieves the highest score in all the evaluation
criteria except evaluation criteria (v). VA-3 achieves the second highest score in evaluation
criteria (i, ii, v), the highest score in (i), and the third highest score in (v), and VA-2 achieves
the third highest score in all the evaluation criteria except evaluation criteria (v), where it
achieves the highest score.

When LCC is used to calculate NPV for each value alternative, VA-1 achieves the highest
value of NPV, VA-3 is second, and VA-2 comes last. For the value index (VI) calculated using
Eq. (3), VA-3 achieves the highest value of VI, followed by VA-1 and then VA-2.

Although the highest VI refers to VA-3, each value alternative is suitable for different con-
ditions. Accordingly, the decision to select the best irrigation strategy may be different based
on the conditions of the soil and the environment, as will be discussed in the following 3 cases:

6.1 Case1

VA-1 is preferred to be used for new lands with sandy soil, smart irrigation system and high
revenue crops. The advantages of VA-1 include i) reducing human involvement, ii) possibility
of being changed to meet the irrigation needs of different crop, and iii) using smart irrigation
system can save up to 13% of the total water used for sprinkling, and iv) crops become health-
ier in the long term (Tyagi 2017). The disadvantages of VA-1 include 1) high initial construc-
tion cost, and ii) suitability for specific crops and soil types.

6.2 Case2

VA-2 is preferred to be used for old lands with clay soil, surface irrigation method, and usual
crops. The advantages of VA-2 include i) practicality and economy, ii) suitable to produce
major crops, iii) saving water lost by seepage, and iv) solving water shortage at canal tail.
The disadvantages of VA-2 include i) suitability for heavy soil only and ii) water losses by
evaporation.

6.3 Case3

VA-3 is preferred to be used for saline soil with a surface or modern irrigation system and
energy crops. The advantages of VA-3 include i) suitability for saline soil and ii) increased
revenue from growing energy crops. The disadvantages of VA-3 include i) suitability for high-
value crops that have a shorter growing season, and ii) high initial construction cost.

7 Conclusions
In order to mitigate the effects of climate change on irrigation water demand and crop

yield, irrigation strategies need to be further investigated. In this research, the VE method-
ology was utilized to evaluate the irrigation strategies. The goal of VE is to identify "best
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value," or the optimal balance between worth and cost, by examining the functions of the
strategy. VE aims to strike a balance between all the system’s requirements.

Irrigation strategies required to achieve food security are defined using a FAST dia-
gram. Twenty-two creative ideas related to irrigation strategies are proposed by experts.
Through a process of progressive evaluation, these ideas were shortlisted to 9 ideas, which
were then used to formulate three value alternatives for the irrigation strategy. VA-1 uses
a trickle irrigation system with a microcontroller in sand soil with citrus, vegetables, and
fruits as a crop pattern. VA-2 uses a surface irrigation system in clay soil with a major crop
pattern of wheat, cotton, and maize. VA-3 uses a trickle irrigation system in clay or sand
soil with an energy crop pattern such as Jojuba, Jatropha, and palm.

The three value alternatives were evaluated based on evaluation criteria related to irriga-
tion method, crop pattern, soil characteristics, climate change, and impacts on the environ-
ment. Water use optimization, water productivity, and ease of application are the perfor-
mance characteristics that were considered in the irrigation strategy evaluation.

The value alternative’s weight relative to each evaluation criterion is determined using
the VE and LCC techniques. The total costs, total benefits, and net present value are calcu-
lated for each alternative per unit area (m?). The Value Index (VI) was calculated for each
value alternative. Although the highest value index belongs to VA-3, the least value index
belongs to VA-2. However, the value index is convergent for the three value alternatives.
The conclusion is that VA-1 is preferred to be used for new lands with sandy soil, smart
irrigation system, and high revenue crops; VA-2 is preferred to be used for old lands with
clay soil, surface irrigation method, and usual crops; and VA-3 is preferred to be used for
saline soil with surface or modern irrigation system and energy crops.
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