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Evaluating the Role of Aek Sibundong Irrigation Development in Agricultural Productivity and Regional Growth (Case Study: Humbang Hasundutan Region in Indonesia)


Abstract
This study examines the contribution of the Aek Sibundong irrigation system to agricultural productivity and regional development in the subdistricts of Doloksanggul and Pollung, Humbang Hasundutan Regency, North Sumatra, Indonesia. As irrigation is a critical infrastructure component in enhancing paddy productivity and rural livelihoods, this research analyzes the effectiveness and economic feasibility of extending irrigation coverage in the Aek Sibundong area. Utilizing a quantitative approach, data were collected in 2024 from 100 local farmers—50 irrigated and 50 non-irrigated—using purposive sampling through structured interviews and questionnaires. The findings show a statistically significant increase in paddy yield per hectare in irrigated farms compared to non-irrigated plots, with a productivity gap of 0.26 tons/ha annually. Economic feasibility analysis reveals a Net Present Value (NPV) of IDR 1.47 billion, Benefit-Cost Ratio (BCR) of 3.82, and an Internal Rate of Return (IRR) of 32.29%, indicating high investment viability. These results suggest that upgrading irrigation infrastructure is not only economically feasible but also instrumental in regional agricultural development. The study recommends strengthening local Water User Associations (WUAs), expanding irrigation coverage to underserved areas, and integrating irrigation development into district-level planning to enhance rural equity and climate resilience.
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I. INTRODUCTION
Irrigation systems are vital components of agricultural infrastructure, particularly in rural economies reliant on crop production. In many developing nations, especially in Southeast Asia, irrigation enhances land productivity, stabilizes income, and supports food security across fluctuating seasonal patterns. In Indonesia, where agriculture employs over 29% of the labor force, irrigation has become a central pillar in national food strategies (Tirtalistyani, 2022). However, significant disparities in irrigation access across regions have led to uneven agricultural development and entrenched productivity gaps. As a result, evaluating the real impacts of regional irrigation projects is essential for supporting rural transformation and inclusive growth.
Indonesia’s long history of irrigation investment has not fully resolved issues of suboptimal water distribution or deteriorating infrastructure (Alaerts, 2020). These inefficiencies affect not only yield outputs but also farmer motivation and land use patterns. Empirical research shows that improved irrigation correlates positively with both paddy productivity and cropping intensity (Rusttinsyah, 2019). A focused case study of local irrigation systems—such as Aek Sibundong in North Sumatra—can offer critical micro-level insights into this linkage. Furthermore, integrating these insights into spatial development frameworks is increasingly necessary to ensure equitable and sustainable planning.
Recent studies in other parts of North Sumatra reinforce the importance of infrastructure and localized governance in enhancing agricultural outcomes. For instance, infrastructure development and strong farmer institutions have been shown to significantly raise coffee farmers’ incomes in Pematang Sidamanik District, while the effects of general government policy remained limited (Tiurma et al., 2024). This highlights that tangible outcomes are most often achieved through capacity-building and targeted institutional support, rather than top-down interventions alone. Similarly, spatial development in Kisaran City has faced setbacks due to poor land-use alignment and inadequate infrastructure planning, underscoring the urgency of decentralized growth models and inclusive community engagement (Abdul et al., 2024).
In this context, Aek Sibundong represents a locally significant yet under-analyzed irrigation project with strategic implications for regional development. According to Bappenas (2022), integrated irrigation development is a key strategy for rural advancement and poverty reduction, especially in regencies with strong agro-climatic potential. Humbang Hasundutan Regency exemplifies such potential—its rice-based agricultural system could flourish under a well-functioning and equitably distributed irrigation network. However, empirical evaluations of localized irrigation impacts in this area remain limited.
Existing literature often focuses on technical feasibility or financial modeling, while overlooking localized institutional or spatial outcomes (Rizaldy, 2023). The communities in Doloksanggul and Pollung, where agriculture remains largely rain-fed, offer a natural comparative site to evaluate yield differences and livelihood shifts. By applying economic indicators such as Net Present Value (NPV), Benefit-Cost Ratio (BCR), and Internal Rate of Return (IRR), this study provides a holistic picture of both technical viability and policy relevance, echoing the World Bank’s approach to agro-infrastructure assessments (World Bank, 2019).
Effective irrigation management also depends on governance structures such as Water User Associations (WUAs). While decentralized models have shown promise in increasing efficiency and reducing conflict (Rustinsyah & Herdisman, 2023), many rural and highland areas still face institutional weaknesses. Aek Sibundong's geographic challenges, including its upland topography and limited institutional resources, necessitate critical evaluation of both infrastructure and governance capacity to ensure long-term sustainability.
Additionally, climatic variability complicates irrigation reliability. Shifts in rainfall timing and volume have rendered many traditional irrigation schemes insufficient without adaptive mechanisms (Pasandaran, 2001). For Aek Sibundong, long-term success will depend on upgrading physical systems alongside climate-resilient planning tools such as hydrological monitoring and flow regulation (Yasa, 2022).
From an economic evaluation perspective, cost-benefit analysis remains the gold standard for irrigation investment decisions. Meta-analyses show that projects with BCRs above 2.0 are generally viable (Bolan & Suryana, 2023; IWMI, 2007). Preliminary assessments suggest Aek Sibundong surpasses these thresholds, but empirical validation is necessary, especially in light of potential externalities and regional development synergies.
Moreover, comparative productivity data from Sumatra’s highlands is sparse. While studies in Java and Bali report irrigation-driven yield improvements of up to 30%, analogous studies in Doloksanggul and Pollung remain scarce (Yasa, 2019). By analyzing yield and income differences under similar agro-climatic conditions, this research isolates the effect of irrigation more accurately and adds regional diversity to the national discourse on infrastructure-led development.
Under Indonesia’s decentralization framework, local governments are expected to co-manage and co-finance irrigation systems. Yet, capacity gaps often undermine implementation success (Rejekiningrum, 2022). Documenting Humbang Hasundutan’s evolving infrastructure capabilities can inform both regional and national planning efforts. This study positions irrigation not merely as a productivity enhancer but as a potential catalyst for broader spatial equity and development transformation.
Given these contextual dynamics, this paper aims to evaluate the agricultural, economic, and institutional impacts of the Aek Sibundong irrigation system. Specifically, we assess its influence on paddy productivity, farm-level profitability, and long-term investment feasibility. In doing so, the research contributes to evidence-based policymaking and promotes a deeper understanding of how localized irrigation development can align with Indonesia’s broader decentralization and sustainable development goals.

II. METHODS
2.1 Study Area
This study was conducted in 2024 in the subdistricts of Doloksanggul and Pollung in Humbang Hasundutan Regency, North Sumatra, Indonesia. These regions are situated in highland agro-ecological zones, characterized by moderate rainfall and paddy-dominant agricultural activity. The Aek Sibundong irrigation system is the primary water source for farmland in the area, with partial coverage across villages. The study area was selected due to the natural distribution of irrigated and non-irrigated land, offering a comparative research setting. According to the regional statistical office (BPS Humbang Hasundutan, 2023), over 60% of the local population is engaged in agricultural activities, primarily rice cultivation.
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Figure 1. Research area D.I. Aek Sibundong

2.2 Research Design
The study utilized a quantitative comparative approach, supported by an embedded economic feasibility analysis. This dual design allowed for evaluation of both productivity and financial returns associated with irrigation investment. Farmers were grouped into two categories—those with access to the Aek Sibundong irrigation system (irrigated) and those relying on rainfall (non-irrigated)—to allow comparative analysis of yield, income, and cost structures. Economic indicators such as Net Present Value (NPV), Benefit-Cost Ratio (BCR), and Internal Rate of Return (IRR) were used to assess the long-term feasibility of the irrigation system.
2.3 Data Collection
Primary data were collected through structured questionnaires and in-person interviews with rice farmers across the selected villages. The survey was conducted between Januari and November 2024. The questionnaire included items on land size, yield quantity, input usage, labor, irrigation access, production costs, and revenues. Additional qualitative data were gathered from irrigation engineers, village heads, and agricultural extension officers to understand governance and operational issues.
Secondary data were obtained from official district agricultural reports, cost estimates from the local public works agency, and previous technical documents related to irrigation infrastructure.
2.4 Sampling Technique
The population in this study comprises all rice farmers affiliated with 17 Water User Associations (P3A) operating in the Aek Sibundong Irrigation Area, as well as farmers cultivating land within the same region, whether using irrigation or not. A purposive sampling approach was used to ensure that the selected respondents had active involvement in rice cultivation and were clearly identifiable by their access to irrigation services.
To implement sampling, a Cluster Sampling method was applied. Specifically, from the 17 existing P3A groups, a total of 75 farmers who actively use water from the Aek Sibundong irrigation network were selected. Additionally, 25 farmers who do not utilize irrigation from the same network but farm within the geographical coverage area were included to form a comparative group. This results in a total sample size of 100 farmers.
Cluster Sampling was chosen because it allowed sampling by defined groups (P3As), with all members within the selected clusters being included as respondents. This technique is effective for studies that focus on geographically or institutionally defined populations, such as irrigation-based farmer groups.
The survey was conducted during the August–September 2024 period. The total land area represented by the sampled farmers covers approximately 1,202 hectares, ensuring a robust and representative foundation for analysis of productivity and economic viability across irrigation conditions.
2.5 Analytical Framework
The productivity analysis used a yield-per-hectare comparison, calculated as the average tonnage of paddy produced per hectare during the main planting season. The results were tested using descriptive statistics and inferential methods to establish significance in differences between irrigated and non-irrigated farms. For economic feasibility, a discounted cash flow analysis was conducted based on the projected life cycle of the irrigation infrastructure, set at 10 years. Assumptions included a bank interest rate of 11.05% as the discount rate, in line with Indonesian agricultural loan rates (Bank Indonesia, 2024).
2.6 Feasibility Indicators
Three primary indicators were calculated:
· NPV was computed by subtracting the present value of costs from the present value of benefits over a 10-year period.
· BCR was obtained by dividing total discounted benefits by total discounted costs. A BCR > 1 was considered acceptable.
· IRR was derived through internal iteration until the discount rate equaled zero NPV, representing the return on investment.
These calculations followed the standard agricultural investment evaluation models used in Indonesian irrigation studies. 
2.7 Data Validation and Triangulation
To strengthen the validity of the findings, triangulation was employed through comparison of field data with district agricultural records and historical yield reports. Interviews with irrigation engineers and village heads supplemented survey results, providing technical and socio-political context. Discrepancies in self-reported yield and revenue data were cross-checked against cooperative records when available.

III. Results and Discussions

3.1 Agricultural Productivity Enhancement
Field data demonstrate a meaningful productivity differential between irrigated and non-irrigated paddy fields in the study area. Farmers with access to the Aek Sibundong irrigation system achieved an average yield of 5.51 tons/ha, compared to 5.25 tons/ha on rain-fed plots. The 0.26 tons/ha difference, representing a 4.95% improvement, suggests that irrigation contributes directly to higher crop yields under otherwise comparable agro-climatic conditions.
This finding corroborates results, who reported that irrigation increases yield by stabilizing water availability during sensitive crop growth phases. Table 1 summarizes the yield comparison:
Table 1. Productivity Comparison between Farming Systems
	Farming Type
	Average Yield (tons/ha)
	Yield Difference (tons/ha)

	Irrigated
	5.51
	0.26

	Non-Irrigated
	5.25
	–


This table illustrates the yield advantage observed among farmers with access to the Aek Sibundong irrigation system, reflecting a 4.95% increase in productivity.
3.2 Financial Performance of Irrigation Investment
The financial feasibility of the Aek Sibundong irrigation initiative was evaluated using standard economic indicators: Net Present Value (NPV), Benefit-Cost Ratio (BCR), and Internal Rate of Return (IRR). These are calculated using discounted cash flow (DCF) analysis with a project life of 10 years and a discount rate of 11.05%, matching prevailing agricultural loan rates in Indonesia. 
Net Present Value (NPV)
[image: ]
Where:
· Bt ​ = Benefit in year t
· Ct ​ = Cost in year t
· r = Discount rate = 0.1105
· n = Project lifespan = 10 years
Using annual projected benefits of IDR 350 million and costs of IDR 100 million:
NPV= =IDR 1,469,226,277.28
This positive NPV confirms that the investment generates returns exceeding its costs.
Benefit-Cost Ratio (BCR)
[image: A mathematical equation with numbers and symbols]
BCR = 3.82, implying that every IDR 1 invested yields IDR 3.82 in benefit—well above the feasibility benchmark of 1.0.
Internal Rate of Return (IRR)
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IRR = 32.29%, indicating excellent investment viability, exceeding the opportunity cost of capital.

Table 2. Economic Feasibility Indicators Summary
	Indicator
	Value
	Feasibility Threshold
	Feasibility Status

	Net Present Value (NPV)
	IDR 1,469,226,277.28
	> 0
	Feasible

	Benefit-Cost Ratio (BCR)
	3.82
	> 1
	Feasible

	Internal Rate of Return (IRR)
	32.29%
	> 11.05% (interest rate)
	Feasible



These results confirm the project’s profitability and economic soundness, surpassing standard evaluation benchmarks used for rural infrastructure investment in Indonesia. These results are consistent with benchmarks set in Putra & Setyawan (2021), who found IRRs above 20% and BCRs above 2.5 to be indicative of high-return irrigation infrastructure in rural Indonesia.
3.3 Institutional Challenges and Sustainability Risks
Despite the robust economic feasibility, infrastructure sustainability is dependent on governance and maintenance. Interviews with key stakeholders revealed periodic sedimentation, inconsistent tertiary canal clearing, and weak local ownership of irrigation management. These findings echo concerns in Irianti et al. (2020), which emphasized the role of functional Water User Associations (WUAs) in reducing infrastructure degradation. 
Without strengthening institutional capacity and ensuring community participation in maintenance, the financial viability of irrigation systems can erode over time.

4.4 Spatial Equity and Regional Impacts
From a spatial planning perspective, the irrigated zones experienced not only better yields but also increased seasonal employment and stronger engagement with local cooperatives. This suggests that irrigation indirectly stimulates rural development. However, if expansion is not inclusive, it could exacerbate development disparities within the regency. This supports Bappenas (2022), which advocated for irrigation to be included in regional equity strategies.
Targeted expansion into currently unserved areas could yield broader socio-economic benefits while preventing intra-district inequality.

4.5 Climate Resilience and Environmental Considerations
Although Aek Sibundong functions adequately under current rainfall patterns, the system lacks embedded climate adaptation mechanisms such as automated flow regulation or integrated watershed monitoring. Climate anomalies—especially delayed monsoons—can impair irrigation reliability in upland regions. Without adjustments, such as flow modulation or buffer reservoirs, prolonged dry periods may threaten yield sustainability.
Future planning should consider adding climate-resilient features and conducting periodic hydrological reviews.

4.6 Policy Implications
The high returns and productivity impacts from this irrigation initiative point to a need for replication in other rural districts. However, infrastructure development must be accompanied by local government readiness. Many regencies lack the technical, fiscal, or administrative capacity to manage decentralized irrigation. Humbang Hasundutan appears relatively prepared, but scaling success requires multi-agency coordination and community-led oversight.
Embedding irrigation into local spatial plans and annual development budgets can institutionalize its role in regional transformation While the study confirms the technical and economic feasibility of the Aek Sibundong irrigation system, it is important to recognize the inherent uncertainties in infrastructure planning. Economic indicators such as NPV are sensitive to assumptions about future benefits and discount rates. Fluctuations in rainfall, pest outbreaks, or market volatility could alter projected outcomes.
To address this, a sensitivity analysis was conducted by simulating reductions in annual benefits (0%, 10%, 20%) and applying varying discount rates (9%, 11%, 13%). The results, presented in Table 3, demonstrate that while NPV remains positive under all tested scenarios, it declines considerably as benefit assumptions decrease or discount rates increase. This highlights the need for risk mitigation strategies and adaptive financial planning in future irrigation projects.
Table 3. Sensitivity Analysis of NPV (in IDR)
	Benefit Reduction
	Discount 9%
	Discount 11%
	Discount 13%

	0%
	1,604,414,000
	1,472,308,000
	1,356,561,000

	10%
	1,379,796,000
	1,266,185,000
	1,166,642,000

	20%
	1,155,178,000
	1,060,062,000
	976,723,800



These results confirm that the project remains economically sound under conservative assumptions, although lower margins may reduce attractiveness for private investment. Future studies could further strengthen risk analysis using dynamic simulation models (e.g., Monte Carlo analysis) and include broader environmental or social impact scenarios.

IV. Conclusion and Recommendation
4.1 Conclusion
This study provides empirical evidence on the positive role of the Aek Sibundong irrigation system in enhancing rice productivity and supporting regional development in Humbang Hasundutan, Indonesia. Farmers with irrigation access experienced a yield advantage of 0.26 tons/ha over those relying solely on rainfall, representing a measurable productivity increase under similar agroecological conditions.
From an economic standpoint, the project achieved a Net Present Value (NPV) of IDR 1.47 billion, a Benefit-Cost Ratio (BCR) of 3.82, and an Internal Rate of Return (IRR) of 32.29%, confirming its financial viability under standard feasibility benchmarks. These outcomes highlight irrigation as a high-return infrastructure investment with significant rural development potential.
Nevertheless, sustainability challenges persist. Institutional capacity, particularly in water user associations, remains underdeveloped, and environmental risks such as climate variability pose long-term threats. Therefore, while the technical and financial feasibility is established, project continuity depends on governance, maintenance, and adaptation strategies.

4.2 Recommendations
1. Further development should prioritize underserved villages to prevent intra-regional inequality, aligning with inclusive planning goals under national development strategies.
2. Water User Associations (WUAs) should receive targeted training in operation and maintenance. District governments must facilitate participatory irrigation governance to ensure sustainability.
3. Incorporate hydrological forecasting, adaptive flow management, and periodic infrastructure audits to improve resilience against environmental shocks.
4. Regional planning offices should routinely apply sensitivity analysis and cost-benefit modeling in the evaluation of future irrigation projects, using the methodology outlined in this study.
5. Link irrigation investment with agricultural extension, market access programs, and cooperative strengthening to maximize multiplier effects on rural development.
In conclusion, the Aek Sibundong irrigation project represents not only a viable agricultural intervention but a strategic regional development tool. Its replication, supported by sound planning and inclusive governance, could serve as a model for sustainable rural transformation across similar contexts in Indonesia
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