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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 aims to analyze the effectiveness and economic feasibility of extending irrigation coverage in the Aek Sibundong area. Utilizing a quantitative approach, data were collected from 100 local farmers (both irrigation and non-irrigation users) 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 2.01 billion, Benefit-Cost Ratio (BCR) of 3.82, and an Internal Rate of Return (IRR) of 32.29%, indicating high viability of investment. These results suggest that upgrading irrigation infrastructure is not only economically feasible but also instrumental in regional agricultural development. The study highlights the need for integrated irrigation planning to address water distribution equity, infrastructure resilience, and broader rural development goals.
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I. INTRODUCTION
Irrigation systems are vital components of agricultural infrastructure, especially in rural economies dependent on crop production. In many developing nations, particularly in Southeast Asia, irrigation not only enhances land productivity but also stabilizes farmer income across seasons. In Indonesia, where agriculture employs over 29% of the labor force, irrigation plays a central role in national food security strategies (Tirtalistyani, 2022). However, disparities in irrigation access across regions often result in uneven development and productivity gaps. Thus, evaluating the impacts of regional irrigation projects becomes crucial for rural transformation.
Indonesia has invested significantly in irrigation since long ago, yet many rural areas continue to face suboptimal water distribution and declining infrastructure quality (Alaerts, 2020). This has implications not only for yield outputs but also for farmer motivation and agricultural land use trends. Empirical studies suggest that improved irrigation coverage correlates positively with paddy productivity and cropping intensity (Rusttinsyah, 2019). Therefore, a detailed case study on a local irrigation system can offer valuable micro-level insight. Aek Sibundong in North Sumatra represents one such under-analyzed system with development potential.
Regional development planning increasingly integrates agricultural performance as a lever for spatial equity and poverty alleviation. According to the National Development Planning Agency (Bappenas), irrigation-linked agriculture serves as a key pillar in accelerating development in remote and rural regencies (Bappenas, 2022). The district of Humbang Hasundutan, with its agro-climatic advantages, is seen as a strategic location for rice-based agriculture if supported by adequate irrigation. However, there remains limited empirical literature evaluating how specific irrigation projects like Aek Sibundong shape regional development. This study attempts to fill that gap.
Existing studies emphasize the technical and financial feasibility of irrigation projects, yet fewer delve into localized social and spatial outcomes (Rizaldy, 2023). In Doloksanggul and Pollung subdistricts, community reliance on rain-fed agriculture has historically limited productivity. As the Aek Sibundong irrigation expansion progresses, its influence on yield differentials and livelihood patterns needs critical assessment. Additionally, understanding economic indicators such as Net Present Value (NPV) and Internal Rate of Return (IRR) helps evaluate investment sustainability. These indicators are widely used in agro-economic evaluations across developing economies (World Bank, 2019).
Research on irrigation effectiveness also underscores the role of governance and community participation. Decentralized management, often through Water User Associations (WUAs), has shown to improve water-use efficiency and reduce conflict (Rustinsyah & Herdisman, 2023). However, implementation challenges persist, especially in hilly terrains and remote regencies like Humbang Hasundutan. Aek Sibundong's geographic profile and institutional capacity must be accounted for in any feasibility assessment. Without local stakeholder involvement, irrigation projects risk underperformance.
Climatic variability further complicates irrigation performance in tropical regions. In recent years, shifts in rainfall patterns have challenged conventional irrigation scheduling and water allocation (Pasandaran, 2001). In this context, gravity-based irrigation schemes such as Aek Sibundong require adaptive infrastructure and updated hydrological data to maintain consistency. This demands a dual focus on both physical rehabilitation and institutional strengthening. The success of such systems increasingly hinges on integrating climate-resilient planning (Yasa, 2022)).
From an economic standpoint, cost-benefit analysis (CBA) offers a robust framework for assessing the viability of irrigation investments. A meta-analysis of Indonesian irrigation projects shows that those with BCR values above 2.0 are generally sustainable under current market conditions (Bolan & Suryana, 2023; IWMI, 2007). In the case of Aek Sibundong, early estimates suggest a high BCR and IRR, warranting closer empirical verification. This study adopts the standard metrics of NPV, BCR, and IRR in line with international feasibility benchmarks. These findings aim to inform both local policymakers and national development planners.
Another research gap lies in the comparative productivity between irrigated and non-irrigated plots in a single agro-ecological region. Several studies in Java and Bali have highlighted productivity differentials of up to 30%, but few are available for Sumatra’s highland areas (Yasa, 2019). The Doloksanggul and Pollung areas present a natural experiment setting, where both irrigation and non-irrigation users operate under similar climatic and soil conditions. This comparison allows a more precise attribution of yield gains to irrigation effects. Such analysis strengthens the evidence base for further infrastructure investment.
In line with regional autonomy laws, districts are now expected to co-finance and co-manage irrigation projects. This decentralization model has yielded mixed results across Indonesia due to capacity asymmetries (Rejekiningrum, 2022). In Humbang Hasundutan, recent infrastructure initiatives suggest growing institutional readiness, though documentation remains sparse. By offering an in-depth case study of Aek Sibundong, this paper contributes to evaluating district-level development capacities. It also assesses whether irrigation investment serves as a feasible regional development tool beyond just yield enhancement.
Given these dynamics, this study sets out to assess the agricultural, financial, and planning impacts of the Aek Sibundong irrigation system. We evaluate how the project influences paddy productivity, farmer income, and cost-benefit ratios. Moreover, this research situates these outcomes within broader discussions of rural planning, decentralization, and sustainable development. Our findings aim to contribute to the empirical literature on irrigation planning and provide concrete recommendations for regional policymakers. In doing so, we bridge micro-level field data with macro-level development discourse.

II. METHODS
2.1 Study Area
This study was conducted in the subdistricts of Doloksanggul and Pollung in Humbang Hasundutan Regency, located in North Sumatra, Indonesia. These areas are characterized by their highland agro-ecology, moderate rainfall, and reliance on paddy cultivation. The Aek Sibundong irrigation system serves as the primary water source for agricultural land in the region, with varying coverage between the two subdistricts. The choice of these locations enables a natural comparative assessment between irrigation-access and non-access farming households. According to regional statistics, agriculture represents over 60% of local employment (BPS Humbang Hasundutan, 2023).
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Figure 1. Research area D.I. Aek Sibundong

2.2 Research Design
The research employs a quantitative comparative approach using survey-based field data. The study design involves evaluating differences in productivity and economic outcomes between farmers utilizing irrigation and those dependent on rainfall. Additionally, a feasibility study model was applied using standard indicators such as Net Present Value (NPV), Benefit-Cost Ratio (BCR), and Internal Rate of Return (IRR). This dual analytical design allows both technical-economic evaluation and impact assessment of irrigation.
2.3 Data Collection
Primary data were gathered through structured questionnaires and direct interviews with farmers. A total of 100 respondents were selected, with 50 from irrigated zones and 50 from non-irrigated plots, allowing proportional and balanced comparison. Questions addressed demographic profiles, land size, crop yields, input use, irrigation access, costs, and revenues. Secondary data sources included regional agricultural reports, technical documents from the local public works department, and official cost estimates from previous irrigation rehabilitation projects.
2.4 Sampling Technique
The study used purposive sampling to ensure respondents had direct involvement in rice farming and clear categorization regarding irrigation access. Village-level data from agricultural extension officers were used to identify representative farmers. The sampling ensured variation in land size and farming experience while maintaining geographical comparability within each subdistrict. This enhances the validity of conclusions drawn from productivity and income comparisons.
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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