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Abstract

Water crisis and escalating drought conditions have intensified the need to shift from conventional water
resource management toward the adoption of smart technologies in the agricultural sector of Kermanshah
Province. This study aimed to identify the key drivers and develop future scenarios for advancing smart
irrigation and agricultural water management technologies in Kermanshah Province. The novelty of this study
lay in its integration of qualitative expert analysis, MICMAC structural analysis, and scenario planning to
illuminate the future development of smart agricultural water management technologies within a socio-technical
framework. Research data were collected through 74 in-depth interviews with 50 experts, including experienced
farmers, specialists and managers of executing companies, and experts in the design and implementation of
water technology projects, and were analyzed by using conventional content analysis. Based on the qualitative
findings, 24 criteria influencing the future of smart water technologies were identified and their mutual influence
and dependence were subsequently examined by using MICMAC structural analysis. The results indicated that,
among the identified factors, governance and supportive regulations, energy and water costs, status of water
resources, drought and climate change, development of artificial intelligence, and the role of knowledge-based
companies were the most significant drivers shaping the future of this field. These six drivers were selected
based on their positions within the cross-impact structure and their importance in shaping future states. At the
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scenario-building stage, future states were defined for each key driver and their consistent combinations were
evaluated by using Scenario Wizard software, ultimately yielding 13 consistent scenarios. Among the resulting
scenarios, the scenario of "Cost Pressure and Ineffective Policies” exhibited the highest probability of
occurrence; in this scenario, rising water and energy costs, weak policy support, and resource constraints
impeded the effective expansion of smart technologies. By contrast, the findings revealed that the development
of artificial intelligence and knowledge-based companies, if accompanied by reforms in water governance,
supportive policies, and sustainable resource management, could establish the foundation for a transition to
smart and efficient agricultural water management. Accordingly, the future of smart irrigation technologies in
Kermanshah Province depended not merely on technological progress, but also on the degree of coordination
among technology, governance, the water—energy economy, and climatic conditions.

Keywords: Futures Studies, Smart Irrigation Technologies, Agricultural Water Management, Scenario Planning,
Water Governance, Artificial Intelligence.

Introduction

Water is the most critical input in agricultural production and its availability underpins food security, rural
livelihoods, and long-term sustainable development. Population growth, rising food demand, expanding
agricultural and industrial activity, and accelerating climate change have placed unprecedented pressure on
freshwater resources to the point that the demand now exceeds the capacity of available supply in many arid and
semi-arid regions. Projections indicate that global food demand will rise by roughly 50% and water demand by
more than 30% by 2030, making the water crisis one of the defining challenges of the present century. Against
this backdrop, digital agriculture—built on the Internet of Things (IoT), artificial intelligence, big data, smart
sensors, decision-support systems, and spatial data analytics—has opened new possibilities for real-time
monitoring of water resources, forecasting crop water requirements, and optimizing consumption, thereby
strengthening water-use efficiency and climate resilience in the agricultural sector.

Despite this potential, most existing research has concentrated on the technical and managerial dimensions of
smart irrigation technologies with comparatively little attention paid to their future trajectory under
compounding climatic, technological, and institutional uncertainty. The success of such technologies is not
merely a function of technical infrastructure; it also depends on the quality of water governance, adequacy of
supportive policy, access to reliable data, and willingness of farmers and operators to adopt new tools. The
present study addressed this gap by conceptualizing the future development of smart agricultural water
management technologies as a socio-technical system shaped by the dynamic interaction of water governance,
digital technology, and climate change. Accordingly, the study was designed to identify the key drivers shaping
this system and develop plausible future scenarios for the development of smart agricultural water management
technologies in western Iran with a specific empirical focus on Kermanshah Province—a region whose economy
is heavily dependent on agriculture, while being increasingly exposed to climate-related risk.

Materials & Methods

In terms of approach, this study was qualitative; in terms of purpose, it was applied; and in terms of orientation,
it was futures-oriented thus being situated within an interpretive paradigm. This positioning stemmed from the
premise that understanding the forces shaping the future of smart water management technologies requires in-
depth engagement with the experience, perceptions, and judgments of experts and stakeholders in the water and
agricultural sectors. The research was carried out in two integrated phases. In the first phase, directed qualitative
content analysis was used to extract the factors, challenges, and drivers influencing the development of smart
agricultural water management technologies. In the second phase, futures-studies techniques, namely, cross-
impact structural analysis and scenario planning, were applied to examine the relationships among the identified
factors and construct plausible future scenarios.

Participants were purposively selected to represent 3 principal groups: expert farmers, specialists and
managers of implementing companies, and designers and implementers of water-related technology projects. In
total, 50 experts took part and because several participants were interviewed more than once to complete the
data, 74 in-depth interviews totaling 1,820 minutes were conducted, continuing until theoretical saturation was
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reached. Data were analyzed in MAXQDA through open, axial, and selective coding, yielding 24 variables
organized under 9 core themes. These 24 variables were then entered into a cross-impact matrix and processed
with MICMAC software to generate influence—dependence maps of the variables. In the final stage, based on 6
principal drivers—namely, artificial intelligence, energy and water costs, drought and climate change, water
resources, supportive regulations, and knowledge-based companies—each defined by optimistic, probable,
and pessimistic states, Scenario Wizard software was used to construct and analyze 13 internally consistent
future scenarios. The trustworthiness of the findings was supported through member checking, independent
coding by two researchers, and an assessment of the internal consistency of the resulting scenarios. Analysis
of direct and indirect effects showed that governance and energy and water costs respectively ranked first and
second in overall influence, while awareness-raising and organization of exhibitions and farm visits ranked
highest in dependence. The influence-dependence map placed energy and water costs, drought and climate
change, surface and groundwater constraints, supportive regulations, and knowledge-based companies in the
high-influence, low-dependence zone, identifying them as the principal strategic drivers of the system.
Acrtificial intelligence, by contrast, currently showed limited direct influence and dependence, but analysis of
potential effects suggested that it carried substantial long-term capacity to drive change once infrastructural
and institutional conditions matured.

Research Findings

The coding process yielded 9 core themes—social-cultural, technological, economic, environmental, policy,
planning, managerial, infrastructural, and educational-research factors—which together encompassed 24 key
criteria. The direct relation matrix built from these criteria had a filling degree of 90.1% and contained 519
non-zero relationships, indicating substantial interconnection among the factors. Analysis of direct and
indirect effects showed that governance and energy and water costs respectively ranked first and second in
overall influence, while awareness-raising and organization of exhibitions and farm visits ranked highest in
dependence. The influence—dependence map placed energy and water costs, drought and climate change,
surface and groundwater constraints, supportive regulations, and knowledge-based companies in the high-
influence, low-dependence zone, identifying them as the principal strategic drivers of the system. Artificial
intelligence, by contrast, currently showed limited direct influence and dependence, but analysis of potential
effects suggested that it carried substantial long-term capacity to drive change once infrastructural and
institutional conditions matured.

At the scenario level, of 18 possible driver states, 14 appeared across the internally consistent scenarios,
corresponding to a presence ratio of 77.8%, from which 13 distinct scenarios were derived. Frequency analysis
of the six key drivers showed that artificial intelligence appeared in a pessimistic state in more than 92% of
scenarios, reflecting persistent barriers of underinvestment, weak infrastructure, and structural resistance; energy
and water costs were concentrated in the probable state in about 69% of scenarios, implying a gradual rather than
abrupt rise in costs; drought and climate change leaned pessimistic in roughly 46% of cases, signaling a serious
ongoing threat; water resource constraints leaned optimistic in about 77% of cases, suggesting that sound
management could partially restore surface and groundwater reserves; supportive regulations were pessimistic in
over 92% of scenarios, pointing to weak policy implementation as a key barrier; and knowledge-based
companies appeared optimistic in about 61% of scenarios, underscoring their promise as innovation agents.
Among the resulting pathways, the scenario of "Cost-Pressure and Inefficient-Policy” emerged as the most
probable future, while the scenario of "Moderate Drought with Limited Support" represented the most likely
near-term transition pathway, given the region's current semi-modern technology level and farmers' moderate
financial capacity.

Discussion of Results & Conclusion

The structural analysis confirmed that water governance and energy and water costs functioned as the pivotal
strategic drivers of the system, occupying a position of high influence and low dependence that gave them the
capacity to generate widespread systemic change—a finding consistent with prior research on the driving role of
economic policy and resource constraints and with international assessments emphasizing smart water
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governance as a precondition for digital agriculture. Although artificial intelligence currently exerted limited
direct influence, its substantial potential effect indicated that it might become an increasingly important driver as
adoption barriers were addressed.

In the scenario-planning phase, 5 pathways—cost pressure with inefficient policy, moderate drought with
limited support, cost crisis under unstable climate, persistent drought with high costs, and institutional and
energy constraints—were identified as the most plausible futures. The scenario of "Cost-Pressure and Inefficient-
Policy" stood out as the most probable outcome, while the pathway of "Moderate Drought with Limited
Support" offered the most realistic near-term transition since semi-centralized smart irrigation based on low-cost
sensors and localized Internet-of-Things infrastructure could achieve water savings of up to 40% without
requiring large-scale investment. This is broadly consistent with prior international evidence; yet a distinguishing
feature of the Iranian context is that institutional, economic, and policy constraints exert a stronger influence on
the future of water management than the underlying technology itself.

Overall, the future of agricultural water management in Kermanshah and in comparable arid and semi-arid
regions depends less on isolated irrigation equipment than on a successful transition to digital agriculture,
expansion of Internet-of-Things and artificial-intelligence-based systems, and establishment of smart water
governance. Future strategy should therefore move beyond a narrow focus on irrigation hardware toward
building an integrated, climate-smart digital agriculture ecosystem grounded in data and stakeholder
participation. Achieving this transition requires reforming water governance structures, creating economic
incentives, developing data infrastructure, supporting knowledge-based companies, and improving farmers'
access to financial resources so that the success of smart irrigation technologies ultimately rests on the quality of
governance and the depth of digital agricultural integration rather than on equipment development alone.
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Table 3. Final List of Key Drivers and Themes
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Table 4. Direct Relation Matrix among Research Criteria
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Table 5. Initial Data Analysis of the Cross-Impact Matrix
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Table 6: Direct and Indirect Effects of Criteria
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Classify variables according to theirinfluences

Rank| Variable Variable
1 | 13-c13 13-C13
2 | 6-C6 6-C6
3 | 7-C7 ¢ L 5-C5
4 | 5-c5 .§» 19-C19
5 | 19-C194 L 7-c7
6 | 12-C12 12-C12
7 | 9-co 9-C9
8 | 17-C174 11
9 | 20-cC20 L 97 -c17
10 | 22-c22 L 20-C20
1| 1-c1 4 22-C22
12 | 11-C114 [ s-cs
13 | s-cs «><» 11-c11
14| 2-c2 2-c2
15 | 18-C184 21-C21
16 21-c21.:><» 18-ci8
17 | 23-C23 23-C23
18 | 15-C154 L 40-c10
19 | 3-C3 4 L 15-c15|2
20 | 10-C104 L 16-Cc16|3
21 | 16-C16{ b 3-C3 |
22 | 24-C24 24-C24 3
23 | 14-C14 14-C14§
24 | 4-c4 4-c4 |2

POF-RURCH S P PRPSN Lg% - (I P PRI FE. i L

Figure 3: Ranking of Criteria Based on Influence
(Driving Power) in the Direct and Indirect Effects
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Classement pardépendance

Rank| Variable Variable
1 | 23-c23 23-C23
2 | 24-c24 24 - C24
3 | 22-c22 22-C22
4 | 14-c1a 14-Cl4
5 | 18-C18 18-C18
6 | 21-c21 21-C21
7 2-C2 2-C2
8 | 15-C154 L 16-C16
9 16—C16t><» 15-C15
10 | 7-C7 4 L 20-c20
11 | 20-C204 11
12 | 1-C1 4 41 -c11
13 | 11-C114 "7 _c7
14 | 13-C13 13-C13
15 | 17-C174 " 3_c3
16 | 3-c3 .&. 5-C5
17 | 5-C5 4 L 47 -c17
18 | 8-cC8 8-cs
19 | 10-C104 " 6-c6 |2
20 | 6-C6 .><. 10-c10|3
21 | 12-c12 12-C12|#
22 | 4-ca a-ca |¢
23 | 19-Cc19 19-c19§
24 | 9-co 9-co |z
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Figure 2: Ranking of Criteria Based on Dependence
(Influenceability) in the Direct and Indirect Effects

Matrix
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Table 7: Stability of the Direct Effects Matrix
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Indirectinfluence/dependence map
Directinfluence/dependence map
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Figure 5: Influence-Dependence Map of Indirect Effects  Figure 4: Influence-Dependence Map of Direct Effects
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Figure 9: Analysis of the Impact of Uncertainties in Water-Centric Smart Agricultural Water Management
Technology Development Scenarios
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Table 12: Features of a semi-centralized smart irrigation system
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