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Abstract: Water represents a crucial resource to support agricultural production and the world’s
rising food needs. However, the intervention of various factors intricates the proper water alloca-
tion, adding uncertainty and increasing risk in the decision-making process. Multistage Stochastic
Programming (MSP) is a widely used programming technique for supporting water allocation prob-
lems governed by uncertainty. Therefore, this study performs a literature review on agricultural
water allocation based on MSP, identifying crop yield as the principal farmers’ benefits of proper
water allocation, four main water allocation problem concerns, and four different uncertain sources.
Besides, the study exhibits the advantages of Multistage Stochastic, Interval, and Fuzzy Program-
ming mixtures to provide better water allocation schemes.

Keywords: Water allocation; Agriculture; Uncertainty; Multistage Stochastic Programming; Inter-
val Programming; Fuzzy Programming; Literature Review.

1. Introduction

There is significant pressure for proper irrigation water management planning since
irrigated agriculture is currently the primary user of freshwater worldwide [1,2], and wa-
ter represents a central input for crop production and agriculture development [3]. How-
ever, due to the increase in human activities and user demands, the availability of water
resources quality and quantity decrease [4,5], which causes conflicts between users in var-
ious locations worldwide [6-8]. Such situations induce multiple uncertainties that interact
and lead to a complex water allocation and scheduling decision-making process. Inexact
optimization techniques under uncertainty collect a set of strategies that allow to face
these problems on agricultural water allocation [9]. Multistage programming is a highly
used technique that provides stage-structured decision-making schemes for supporting
water decision-making based on scenario analysis, modelling uncertain parameters as
random variables [10]. MSP establishes an optimization procedure comprising two or
more stages. The first stage corresponds to crucial decisions at the beginning of the plan-
ning horizon. Other stages incorporated scenario-dependent decisions that let planning
corrections reduce the system’s total cost [11], allowing proper allocation schemes. There-
fore, this work performs a literature review that discloses the primary considerations in
water allocation in agriculture and supports a description of agricultural water allocation
addressed through MSP, answering the following guiding questions:

1. What are the implications of proper water resources allocation in improving farmers’
benefits?
What are the main challenges faced in the water allocation decision-making process?

What are the main uncertain modelling strategies related to MSP?
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2. Material and methods

This study uses the Scopus and Web of Science databases since they support explor-
ing and selecting high-impact and peer-reviewed papers with extended coverage [12,13].
The search equation includes three layers. The first and second layers contain stochastic
modelling and stage stochastic programming schemes. The third layer includes the study
object. The equation avoids the agriculture term due to its effect of about 78% reduction
in documents obtained. We used a hybrid methodology between Preferred Reporting
Items for Systematic Reviews and Meta-Analyzes (PRISMA) and Snowball Sampling
Methodology for the final retrieved papers (Figure 1). On October the 8th, 2021, the search
equation retrieves 379 documents identifying 62 article-type documents in the 2000-2021
timeline through inclusion-exclusion criteria. The selected articles section follows a con-
cept-matrix review [14] using the three guiding questions answers.

Search Equation: TITLE( "stochastic” ) AND TITLE-ABS-KEY("imgation” OR "water™") AND TITLE-
ABS-KEY ("two-stage” OR "mul-stage” OR "twostage” OR "multistage”)

Records identified in
Scopus and WOS
(n=379 documents)

Additional records
{n="0 documents)

Identification
: Duplicated Records
Ricg.érgd: screem;d | e excluded
(n ?cumen ) (n= 149 documents)
[ ; Records excluded
Available re?rds L _ e Unavailable in institution supported
_ screene databases
Screening (n= 179 documents) (n=41 documents)
Inclusion criteria:
*English
Full-text articles Full-text articles * Studies included: Agricultural water
i ) t
excluded ® - assessed :anlagernen iteria:
(n=133 documents) (n=46 documents) =Xelusion enteria.
* Studies deleted: Energy planning, il
production, Waste management, Air
iqibili uality control among others
Eligibility quality g
Studies included in Snowball sampling
concept-centric review [---®  additional records
Included (n=62 documents) (n=16 documents)

Figure 1. Search equation and flow chart for article extraction

3. Results

A broad description shows China as the country with the most agricultural water
allocation research, probably due to the resource scarcity and the high demand from users
in the region [15]. Environmental sciences, engineering, and agricultural sciences com-
prise the main subareas, grouping 66% of the works. The primary authors related to the
problem of water allocation using the MSP technique are Huang G. H, Li Y. P, and Luocks
D. P. Besides, Zhang et al. state a categorization for water decision-makers considering their
role in the allocation and their impact on the entire supply chain [16]. 1. The water man-
agers decide the allocation between the primary water users in the region, i.e., industry,
municipality, agriculture, and ecological users. 2. The reservoir managers must determine
the proper water allocation regarding different zones, farms, districts. 3. The farmers must
decide the water distribution strategy among different crops. If the farmers grow more
than one crop, they might face a water allocation and scheduling problem, but they might
face a water scheduling problem if they grow a single crop [17,18]. For simplicity, Appen-
dix A the Table A1 contains a summary of the retrieved works.
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3.1. First guiding-question answer

The decision-makers dependency relationship for water allocation establishes a
scheme where lower decision-makers demands ascend to the first decision-maker, which
must decide the water quota to fulfil all the requirements. However, each decision-maker
seeks different objectives. The first decision-maker pursues the highest system maximum
benefit and environmental sustainability. The second decision-maker protects all lower-
level users’ rights and supports distribution efficiency. Finally, the final decision-makers
(farmers) focus on obtaining the most significant benefit possible. Therefore, farmers have
the highest risk levels in the system [16]. Considering that most of the works address first
and second-level decision-makers, significant effects of proper water allocation plan on
the farmer’s benefits are rarely with only [9,19-21] retrieved works. Therefore, an appro-
priate allocation of upper levels allows the farmer: 1. To satisfy his water demands pri-
marily and crop yield goals. 2. To prioritize the most flexible crops with maximum net
benefits through less water consumption. 3. To plan future production and address proper
crop-pattern schemes. 4. To avoid excessive farmers’ investments in irrigation and pro-
duction systems, incurring high costs since a lower water release occur. 5. To promote
water-saving and reuse processed water sources. Such implications ensure the agricul-
tural region’s development, support the farmer’s benefits, maximize the system benefit,
assure food, and conserve the natural resources available in the area.

3.2. Second guiding-question answer

Multiple researchers agree that the main problems faced by decision-makers regard-
ing water allocation vary and are inherent to the region where the problem occurs. How-
ever, the different case studies stand out four main problems: 1. The multiples users water
demands. 2. The water available resources scarcity. 3. The climate change effects. 4. The
detriment of the quality of water sources to fulfil water users needs [20,22-24]. At the same
time, these problems associate factors governed by uncertainty classified into four main
classes. The hydrological factors relate to the life cycle parameters of water and the avail-
ability of water resources. Climatic factors are associated with elements that characterize
climatic weather. Socio-economic factors link the behaviour of prices and the social envi-
ronment of the region. The productive factors are related to the productive capacities,
production schemes, and decision-makers infrastructure. Hydrological and climatic fac-
tors represent the primary uncertain sources in the reviewed works (Figure 2). Water flow
levels from available sources are the main uncertain parameter. However, these levels are
strongly associated with climatic conditions [25,26], implying the criticality importance of
applying techniques for climatic conditions modelling, then allows deducing the availa-
bility of future resources. Nevertheless, parameters modelling also lies in the volume of
data available, the quality and reliability, and the vagueness and ambiguity [27,28]. Alt-
hough in different magnitudes, all decision-makers must face these situations to generate
proper water allocation plans.

[ Water demands ][ Water scarcity J[ Climate change ][ Quality of water ]

[ Water allocation challenges J

|{ Socio-economic parameters Hydrological parameters \
1+ Water demand, Imrigation target, Imigation quota, Surface and Groundwater supply, Precipitation, :
: Benefit coefficient, Penalty coefficient, Crop prices, Evapotranspiration, Water flow (river, lake, !
1 Population growth basin), Water shortage, Soil moisture :
|

: Climatic parameters Productive parameters :
! Temperature, Solar Radiation, Wind speed, Planting areas, Yield, Production costs, Canal :
" Humidity capacities !

[ Available data ][ Quality of data }[ Vagueness ][ Ambiguity ]

Figure 2. Agricultural water allocation challenges

O 0 N O Ul s W N

e e e T e T e T = S S e S Y
O & NI O U & W N = O

20

21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39

40
41



Chem. Proc. 2022, 4, x FOR PEER REVIEW

4 of4

3.3. Third guiding-question answer

Proper allocation of water resources at the agricultural level presents various com-
plexness that requires careful treatment of the case studies’ situations. The problem defi-
nition allows specifying aspects of the modelling process as required data, the available
strategies for parameters modelling, and the suitable types of mathematical programming
for every case study. According to the uncertain parameters modelling strategies used,
two programming strategies under uncertainty are linked to MSP: Interval Parameter Pro-
gramming (IPP) and Fuzzy Programming (FP). The IPP allows water resource allocation
considering intervals to express inherent uncertainty, while FP uses fuzzy set theory. Each
optimization strategy relates to different application situations according to the most suit-
able method to tackle uncertain parameters. However, due to the complexity of water
allocation systems, these techniques have been integrated, exploiting their benefits in re-
flecting the complexities and multiple uncertainties in the model, allowing for higher and
efficient water allocation schemes [29,30]. Additionally, there are difficulties such as non-
linearity behavior in the model [31] and the number of objectives to fulfil [32] that provide
a more reasonably realistic model. Figure 3 summarizes all the optimization techniques
used in the studies.

Interval Programming  FulLinfinite programming
-~ Semi-infinite programming

N
-

Programming
4

*\  Interval Stochastic

1
1
7 N
Fuzzy Interval e ) Y Risk control measures

+ Chance constraint programming
« Joint-probabilistic left-hand-side
chance-constraint programming

) L, Fuzzy Interval \\‘ Programming + Condltional value at risk
L Stochastic ‘\ * Robust programming
‘ -w\ Programming \ ineari
- Linearity
Fuzzy - Y : _
P ing T~ = S \ « Linear programming
rogramming TT--._ TS N \‘ *  Quadratic programming
Fuzzy Chance constraint " TT=~__ Sy
programming Fuzzy Stochastic Ty Objectives
Programming Stochastic

= Mono-objective

Programming + Multiobjective

Multistage, Two-stage

Figure 3. Main strategies related to MSP

4. Conclusions

This study addresses a literature review to identify the works that use MSP tech-
niques for proper water allocation through an agricultural emphasis. The general findings
disclose the complexity of water allocation processes in agriculture, the significant effects
of adequate water allocation systems on farmers’ benefits, and the matter of implementing
advanced modelling techniques that provide suitable water planning schemes. At the
same time, the study allows identifying a less use of MSP techniques aimed at the final
decision-maker without considering the significance of supporting a proper allocation at
the farm scale. Even if proper allocation represents reducing water needs at the upper
levels, the errors decreasing on setting water requirements, and systems penalties reduc-
tions, more studies should be done because this is not a topic under intense research.
Therefore, future studies should evaluate the interactions in the crop production processes
to define the water requirements, allowing to scale reliable information to higher levels.
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Data Availability Statement: Not applicable.

Appendix A

The appendix contains the distribution of the articles selected in the literature review
process regarding the decision-maker involved, the type of study, and the optimization
strategy used.

References

1.

10.

11.

12.

13.

14.

15.

16.

FAO. Water for Sustainable Food and Agriculture [Internet]. A report produced for the G20 Presidency of Germany. 2017.
1-33 p.

Bjornlund V, Bjornlund H. Understanding agricultural water management in a historical context using a socioeconomic and
biophysical framework. Agricultural Water Management. 2019; 454—67. doi:10.1016/j.agwat.2018.10.037.

Storm H, Heckelei T, Heidecke C. Estimating irrigation water demand in the Moroccan Draa Valley using contingent
valuation. Journal of Environmental Management. 2011; 2803-9. doi:10.1016/j.jenvman.2011.06.027.

Li YP, Huang GH. Interval-parameter Two-stage Stochastic Nonlinear Programming for Water Resources Management
under Uncertainty. Water Resources Management. 2008; 681-98. doi:10.1007/s11269-007-9186-8.

Magsood I, Huang GH, Scott Yeomans J. An interval-parameter fuzzy two-stage stochastic program for water resources
management under uncertainty. European Journal of Operational Research. 2005; 208-25. doi:10.1016/j.ejor.2003.08.068.
Meng C, Li W, Cheng R, Zhou S. An Improved Inexact Two-Stage Stochastic with Downside Risk-Control Programming
Model for Water Resource Allocation under the Dual Constraints of Water Pollution and Water Scarcity in Northern China.
Water. 2021; . doi:10.3390/w13091318.

Bekri E, Disse M, Yannopoulos P. Optimizing water allocation under uncertain system conditions in Alfeios River Basin
(Greece), Part A: Two-stage stochastic programming model with deterministic boundary intervals. Water (Switzerland). 2015;
5305—44. doi:10.3390/w7105305.

Zhang M, Xi K. A New Interval Two-stage Stochastic Programming with CVaR for Water Resources Management. Water
Resources Management. 2020; 3795-807. doi:10.1007/s11269-020-02633-1.

Magsood I, Huang G, Huang Y, Chen B. ITOM: An interval-parameter two-stage optimization model for stochastic planning
of water resources systems. Stochastic Environmental Research and Risk Assessment. 2005; 125-33. doi:10.1007/s00477-004-
0220-6.

Jamal A, Linker R, Housh M. Comparison of Various Stochastic Approaches for Irrigation Scheduling Using Seasonal Climate
Forecasts. Journal of Water Resources Planning and Management. 2018; 04018028. do0i:10.1061/(asce)wr.1943-5452.0000951.
Li M, Guo P, Fang SQ, Zhang LD. An inexact fuzzy parameter two-stage stochastic programming model for irrigation water
allocation under uncertainty. Stochastic Environmental Research and Risk Assessment. 2013; 1441-52. doi:10.1007/s00477-
012-0681-y.

Harzing AW, Alakangas S. Google Scholar, Scopus and the Web of Science: a longitudinal and cross-disciplinary comparison.
Scientometrics. 2016; 787-804. d0i:10.1007/s11192-015-1798-9.

Falagas ME, Pitsouni EI, Malietzis GA, Pappas G. Comparison of PubMed, Scopus, Web of Science, and Google Scholar:
strengths and weaknesses. The FASEB Journal. 2008; 338—42. doi:10.1096/£j.07-94921sf.

Webster J, Watson RT. Analyzing the Past to Prepare for the Future: Writing a Literature Review. MIS Quarterly. 2002; xiii--
xxiii.

Chen S, Shao D, Gu W, Xu B, Li H, Fang L. An interval multistage water allocation model for crop different growth stages
under inputs uncertainty. Agricultural Water Management. 2017; 86-97. doi:10.1016/j.agwat.2017.03.001.

Zhang F, Guo S, Liu X, Wang Y, Engel BA, Guo P. Towards sustainable water management in an arid agricultural region: A

multi-level multi-objective stochastic approach. Agricultural Systems. 2020; 102848. doi:10.1016/j.agsy.2020.102848.

g o= W N

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40

42



Chem. Proc. 2022, 4, x FOR PEER REVIEW 6 of4

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Zeleke K, Raes D. Optimal irrigation water allocation and scheduling under a multiple cropping system. Ethiopian Journal
of Natural Resources. 2000; 11.

Li Q, Hu G. Multistage stochastic programming modeling for farmland irrigation management under uncertainty. PLoS ONE.
2020; 1-21. doi:10.1371/journal.pone.0233723.

Liu J, Li YP, Huang GH, Zhuang XW, Fu HY. Assessment of uncertainty effects on crop planning and irrigation water supply
using a Monte Carlo simulation based dual-interval stochastic programming method. Journal of Cleaner Production. 2017;
945-67. d0i:10.1016/j.jclepro.2017.02.100.

Dai ZY, Li YP. A multistage irrigation water allocation model for agricultural land-use planning under uncertainty.
Agricultural Water Management. 2013; 69-79. doi:10.1016/j.agwat.2013.07.013.

Li X, Lu H, He L, Shi B. An inexact stochastic optimization model for agricultural irrigation management with a case study
in China. Stochastic Environmental Research and Risk Assessment. 2014; 281-95. doi:10.1007/s00477-013-0748-4.

JiL, Zhang B, Huang G, Lu Y. Multi-stage stochastic fuzzy random programming for food-water-energy nexus management
under uncertainties. Resources, Conservation and Recycling. 2020; . doi:10.1016/j.resconrec.2019.104665.

JiL, Wu T, Xie Y, Huang G, Sun L. A novel two-stage fuzzy stochastic model for water supply management from a water-
energy nexus perspective. Journal of Cleaner Production. 2020; 123386. d0i:10.1016/j.jclepro.2020.123386.

Li QQ, Li YP, Huang GH, Wang CX. Risk aversion based interval stochastic programming approach for agricultural water
management under uncertainty. Stochastic Environmental Research and Risk Assessment. 2018; 715-32. doi:10.1007/s00477-
017-1490-0.

FuQ LiL, LiM, LiT, Liu D, Hou R, et al. An interval parameter conditional value-at-risk two-stage stochastic programming
model for sustainable regional water allocation under different representative concentration pathways scenarios. Journal of
Hydrology. 2018; 115-24. d0i:10.1016/j.jhydrol.2018.07.008.

Wang Y, Li Z, Guo S, Zhang F, Guo P. A risk-based fuzzy boundary interval two-stage stochastic water resources
management programming approach under  uncertainty. Journal of  Hydrology. 2020; 124553.
doi:10.1016/j.jhydrol.2020.124553.

Suo MQ, Li YP, Huang GH. An inventory-theory-based interval-parameter two-stage stochastic programming model for
water resources management. Engineering Optimization. 2011; 999-1018. doi:10.1080/0305215X.2010.528412.

Li YP, Huang GH, Huang YF, Zhou HD. A multistage fuzzy-stochastic programming model for supporting sustainable
water-resources  allocation and management. Environmental Modelling and Software. 2009; 786-97.
doi:10.1016/j.envsoft.2008.11.008.

Niu G, Li YP, Huang GH, Liu J, Fan YR. Crop planning and water resource allocation for sustainable development of an
irrigation region in China under multiple uncertainties. Agricultural Water Management. 2016; 53-69.
doi:10.1016/j.agwat.2015.12.011.

Wang Y, Guo P. Irrigation water resources optimization with consideration of the regional agro-hydrological process of crop
growth and multiple uncertainties. Agricultural Water Management. 2021; 106630. doi:10.1016/j.agwat.2020.106630.
Marques GF, Lund JR, Howitt RE. Modeling Conjunctive Use Operations and Farm Decisions with Two-Stage Stochastic
Quadratic Programming. Journal of Water Resources Planning and Management. 2010; 386-94. doi:10.1061/(asce)wr.1943-
5452.0000045.

Zhang F, Guo P, Engel BA, Guo S, Zhang C, Tang Y. Planning seasonal irrigation water allocation based on an interval
multiobjective multi-stage stochastic programming approach. Agricultural Water Management. 2019; 105692.
doi:10.1016/j.agwat.2019.105692.

N g ks WwWN

39

40
41



