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Abstract: Limited irrigation water availability constrains irrigation management and
reduces agricultural profitability. This study aims to maximize agricultural profit by
optimizing irrigation water distribution using a deterministic dynamic programming
model in the Ameroro Irrigation Area, Konawe Regency, Indonesia. The model was
structured with planting seasons as stages, irrigation water availability as the state
variable, and water allocation as the decision variable. The objective function maximized
total profit based on cultivated land area under a rice-rice-secondary crops cropping
pattern across a total irrigated area of 2,100 ha. Model constraints included dependable
discharge, seasonal water availability, crop water requirements, and land area
limitations. In the existing condition, agricultural profit reached IDR 37.4 billion in
planting season I, IDR 37.4 billion in planting season II, and IDR 8.6 billion in planting
season III, totaling IDR 83.4 billion annually. After optimization, profits increased to IDR
42.03 billion, IDR 44.07 billion, and IDR 12.90 billion, respectively, resulting in a total
annual profit of IDR 99.00 billion. The results indicate that deterministic dynamic
programming improves water allocation efficiency and increases agricultural profit
without additional water resources, supporting sustainable irrigation management.
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Introduction water users (X. Zhang et al.,, 2021). Therefore, efficient

and adaptive irrigation management is key to

Water is a strategic resource in supporting
sustainable development and national food security. In
Indonesia, the agricultural sector accounts for more than
70% of total water use, so the sustainability of food
production is highly dependent on the efficiency of
irrigation systems (Babba et al., 2021). Increased water
demand due to population growth, agricultural
expansion, and climate variability has increased
pressure on water availability (Kurniasari et al., 2021).
The spatial and temporal imbalance in water
distribution causes deficits in the dry season and
surpluses in the rainy season, which has an impact on
reduced productivity and potential conflicts b between
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maintaining the stability of agricultural production. The
Ameroro Irrigation Area (DI) in Konawe Regency faces
an imbalance between water availability and demand
sourced from the Ameroro Dam. Under the Q80
discharge condition, the average water availability is
around 2.10 m3/sec, which is lower than the irrigation
demand of 2.8 m3/sec, resulting in a deficit of 0.7-1.0
m?3/sec. As a result, the functional area irrigated is only
around 1,700 ha out of a potential area of 2,100 ha.
Conversely, under Q20 conditions, there is a surplus
discharge of up to 520 m3/sec that has not been
optimally utilized due to limitations in the distribution
system. Conventional water distribution management
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has not been able to systematically adjust water
allocation to seasonal discharge variations.

Various studies show that optimization models are
effective in improving irrigation efficiency. Nalurita et
al. (2017) reported an increase in distribution efficiency
from 86.52% to 97.27% through a stochastic dynamic
program. Babba et al. (2021) found an increase in rice
production from 3.90 tons/ha to 4.29 tons/ha using a
deterministic approach. Palupi et al. (2024) showed an
increase in profits of up to 64.39% in three growing
seasons through deterministic dynamic optimization.
Internationally, Linker (2021) emphasized that the
multistage optimization approach can improve the
efficiency and resilience of risk-based irrigation systems.

However, most previous studies have focused on
the Java region and have not developed a multiseasonal
deterministic dynamic model based on actual data on
reliable discharge and crop water requirements in the
Ameroro irrigation district. In addition, they have not
fully integrated optimal planting area, seasonal
discharge allocation, and economic benefits into a single
recursive model framework. Therefore, this study offers
novelty through the development of a multistage
Deterministic Dynamic Program model based on local
data that integrates reliable discharge limits, crop water
requirements, and functional area to produce optimal
water distribution patterns per planting season.

This study aims to optimize irrigation water
distribution in DI Ameroro using the Deterministic
Dynamic Program to determine efficient water
allocation patterns between planting seasons, increase
functional planting area, and maximize sustainable
agricultural profits.

Method

This study was conducted in the Ameroro
Irrigation Area (DI Ameroro), Konawe Regency,
Southeast Sulawesi Province, which covers a potential
irrigation area of 2,100 hectares.

This study uses secondary data from BWS Sulawesi
IV Kendari and the Konawe District Agriculture Office,
as applied in studies on the optimization of irrigation
water distribution based on dynamic programs (Nuf'a et
al., 2016; Shafiya et al., 2023). The data used included
daily rainfall for the period 2015-2024 from the Abuki,
Lambuya, and Mowewe stations, climatological data,
Ameroro Irrigation Area intake discharge data, as well
as the 2024/2025 RTTG, irrigation network schemes, and
crop yield data.

Data processing includes calculating reliable and
effective rainfall using the Basic Month Method,
analyzing reliable discharge Q80, and processing
climatological data for calculating evaporation and crop
water requirements using the Van de Goor-Ziljstra and
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Modified Penman methods (Limantara, 2018). Next, a
water balance is compiled as the basis for evaluating
irrigation water availability and requirements. The final
stage involves optimizing irrigation water allocation
using a deterministic dynamic program with step-by-
step decision making between planting seasons (Babba
et al,, 2021; Linker, 2021).

—

Figure 1. Study location

The objective function of this model is to maximize
total profits over three growing seasons, which is
expressed as follows:

xfr=F {»}vm} + F, {»}VITII} + F {*;\/ITIII} @)
Explanation:

if : Total profit

Furx  : Profit on First Planting Season

Furi*  : Profit on Second Planting Season
Furur  : Profits in the Third Planting Season

Forward recursive equation for each growing season:

F*(S;) = max[R; + F*(S;-1)] @)

Explanation:

F*(S;) : The goal to be achieved in terms of total profit
from allocating water to each stage/building
during one planting season (in rupiah)

R; : Dbenefits from allocating water to buildings (in
rupiah units)

F*(S;_1): total profit from allocation to previous
stages/buildings (in rupiah units)

Deterministic dynamic programming is a mathem
atical programming technique used to allocate resources
to multiple targets with the aim of optimizing profits.

This approach breaks down the problem into several
605
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sequential and interconnected stages (multistage), wher
e each stage contains specific decision variables (C
Zhang et al., 2023).

In an irrigation network system, the stages of a
dynamic program are represented as sequentially
arranged irrigation structures, such as distribution
structures, tapping structures, and tapping structures,
which are interdependent in water distribution. A
deterministic dynamic program has the characteristic
that the conditions at the next stage are completely
determined by the decisions at the previous stage,
making it suitable for wuse in the analysis and
optimization of irrigation networks (Limantara et al.,
2020).
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The model formulation is expressed in the form of
an objective function and a recursive equation. Equation
(1) states that the optimal total profit is obtained from
the accumulation of optimal profits in each planting
season, while Equation (2) is a forward recursive
equation to determine the optimal profit at each stage by
maximizing the profit of the current stage and the profit
from the previous stage based on the water volume
allocation decision. This approach allows for the
determination of optimal water allocation at each stage
of the irrigation network on an ongoing basis (Zhang et
al., 2023).
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Figure 2. Optimization stage

The figure shows a schematic of the deterministic
dynamic program modeling of the Ameroro Irrigation
Area irrigation network (X. Zhang et al.,, 2021). The
system begins with the Ameroro Dam as the water
source, then is divided into several stages representing
the main irrigation structures in the network. Each stage
describes the decision-making process for allocating
available water discharge (Si) to the associated irrigation
structures, taking into account the interrelationships
between the structures sequentially from upstream to
downstream (Lake et al., 2025; Li et al., 2025; Shu et al.,
2025; Yang et al., 2024).

At each stage, there is a decision variable in the
form of water discharge allocated (di) to irrigation
structures, such as the main distribution structure
(B.AM.1), distribution and tapping structures (B.AM.5,
B.AM.6, B.AM.8), as well as tapping structures and other
tertiary channels (B.L.2, B.L.4, B.L.5, and B.L.7). Each

water allocation decision produces a profit (ri) recorded
as a stage return, while the remaining discharge
becomes a condition or status for the next stage in the
irrigation network system (Hoesein et al., 2010; Nalurita
etal., 2017).

Through this scheme, the optimization process is
carried out gradually using recursive principles,
whereby water allocation decisions at one stage affect
water availability and profits at the next stage. Thus, the
deterministic dynamic programming model is able to
describe the cause-and-effect relationship between
irrigation structures and support the determination of
optimal water allocation strategies to maximize total
profits in a single growing season. This approach allows
for systematic evaluation of state-decision-return
through forward recursion and backtracking to ensure
that global solutions remain consistent with system
constraints (Gebrewold et al., 2023; Palupi et al., 2023).
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Result and Discussion

Irrigation Water Requirements

Irrigation water requirements are influenced by the
cropping pattern applied (Taheri et al., 2024). In the
Ameroro Irrigation Area, the cropping pattern refers to
the Groundwater Supply (RTTG) for the 2024-2025
period, namely rice-rice-secondary crops and
sugarcane. The results of the water balance analysis,
based on the comparison between water demand and
availability, indicate a water deficit in several growing
seasons (Li et al., 2025; F. Zhang et al., 2023). Water
requirements  calculations = were carried out
comprehensively, assuming uniform planting times.
Therefore, the water requirements for each irrigation
structure were assumed to be the same and were
subsequently used in the construction phase analysis
(Yang et al., 2024).
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Figure 3. Water balance before optimization

Based on the water balance graph and the water
balance table before optimization, it can be seen that the
relationship between the 80% mainstay discharge and
the existing irrigation water needs has not been balanced
throughout the year. Of the total 24 semi-monthly
periods, only 13 periods (54.17%) were in a fulfilled
condition, while the other 11 periods experienced a
deficit. The deficit condition mainly occurred in the
period of November II (deficit —2,624 m?/s), December 1
and II (respectively -0.558 m3/s and -1,686 m3/s),
February II (-1,436 m3/s), and April II to May I which
showed high fluctuations in water needs and
availability.

A significant water deficit was also observed in
March II, where water demand reached 6,296 m3/s while
the mainstay discharge was only 5,554 m?/s, resulting in
a shortfall of -0.742 m3/s. Conversely, the largest surplus
occurred in May I, with a difference of +7,964 m3/s,
when the mainstay discharge increased significantly to
9,482 m*/s while water demand was relatively low, at
1,518 m3/s. This indicates that water availability is
temporally uneven and does not always coincide with
peak demand periods.
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Figure 4. Water balance before optimization

This situation confirms that the existing irrigation
system is unable to ensure sustainable water supply
throughout the growing season, particularly during the
initial planting and land preparation phases. This
mismatch between water availability and irrigation
needs underscores the need for water distribution
optimization to utilize available water flow more
efficiently during critical periods.

Awvailable Water Volume

In the deterministic dynamic method, the average
discharge value for each growing season is used as
input. This discharge is then converted to water volume
units, for example, 1 unit = 2,000,000 m?, depending on
the required calculation accuracy. The goal is to simplify
water allocation calculations. The calculation results
show that the available unit volume in Planting Seasons
IT and III is generally greater due to higher discharge or
the addition of additional water supplies such as pumps.
In the model, the state variable (Sn) is the number of
available unit volumes used to optimize the profitability
of the cropping pattern.

Table 1. Available Water Volume at Each Planting
Season
Planting Season

Available Water Volume Unit

I 9
1T 22
1 8
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Required Water Volume

The volume of water required is calculated from the
total irrigation water requirement in the Ameroro
Irrigation Area. This value is then used to determine the
area of land that can be planted and the profit for each
planting season. Calculations are performed for each
irrigation structure studied, such as tapping structures
and distribution structures, by calculating the water
requirement for a 15-day period during one planting
season.

In this study, water requirements are calculated
comprehensively because the planting period for all
areas is assumed to be the same, thus ensuring a uniform
volume requirement for each structure. The results of
these calculations are then used to determine the
maximum area of land that can be irrigated and the
maximum profit based on water availability during each
planting season.

Table 2. Water Volume Requirements for Each Planting
Season

Planting Season Required Water Volume (m3/ha)

I 8,232.19
II 14,344.34
111 16,968.56

Benefits Based on Water Supply

Irrigation water profitability is calculated based on
the economic value of the harvest per hectare obtained
by farmers each planting season. This value is
determined by multiplying the crop yield by its selling
price, then relating it to the volume of air required to
irrigate the land in each drained structure (Allen, 2022;
Doorenbos et al., 1975). Each structure has different
water requirements and service capacities, so the
efficiency of profit per unit volume of air also varies.
However, when the minimum air supply required to
irrigate the land is met, the total profit from the structure
is maximized according to the characteristics of the crop
and the growing season. Thus, water efficiency serves as
the basis for determining the optimal allocation to
maximize the benefits of irrigation.

Within the dynamic program modeling framework
as shown in the figure, each irrigation structure —both
the distribution structure (B.AM.1, B.AM.5, B.AM.6,
B.AM.8) and the tapping structure (B.L.2, B.L.4, B.L.5,
B.L.7) —has a role as a water distribution decision point.
The distribution structure functions to divide the
discharge from the main channel into several branches,
while the tapping structure channels water directly to
tertiary plots or specific service areas. This difference in
function causes variations in water needs and marginal
benefits at each decision stage (Balitbang SDA, 2013).

Profit calculations in dynamic programming are
performed step-by-step through a forward recursive
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process (Li et al., 2025), starting from the upstream
structure and proceeding downstream. At each stage,
profit is determined based on the allocated water
volume and the irrigable land area. Water availability
limits during the growing season determine the unit
volume used in the calculations. Tables 4, 5, and 6 below
present the maximum profit at each stage, which forms
the basis of the recursive process to obtain the optimal
total profit from the initial stage to the final stage of the
irrigation network.

Furthermore, each water allocation decision at a
given stage will affect the conditions of the subsequent
stage; therefore, an evaluation of various decision
alternatives is necessary to obtain the combination that
provides the maximum overall benefit. This process
ensures that the interdependence among stages remains
optimal.

A

Figure 5. Benefits based on water supply in planting season I

& 00000 1507 3

Figure 7. Benefits based on water supply in planting season III

Figures 5, 6, and 7 present the results of profit
calculations at each stage and per unit of water volume
for Planting Seasons I, II, and III. Each table shows how
profits increase with increasing water volume allocation,
with varying numbers of stages and units in each
planting season depending on variations in water
availability. These results form the basis for a forward
recursive process in the dynamic program to determine
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the combination of water allocations that yields
maximum total profit.

The next step is to calculate the profit through a
backward recursion process, which involves tracing
decisions from the most recent stage to the earliest. This
procedure can determine the optimal combination of
water allocations and the number of units of water
delivered to each irrigation structure based on the
decision variables at each stage (Aprilia et al., 2022;
Palupi et al., 2023).

Optimization Using Dynamic Deterministic Program

Water distribution optimization using
Deterministic Dynamic Programming (DDP) resulted in
significant increases in profits and irrigated land area in
the Ameroro Irrigation Area. The optimization process
was carried out through forward recursion, which
evaluates all combinations of water allocations at each
stage to obtain the best objective function value, and
backward tracing, which retraces the optimal decision
path from the final stage to the initial one (Bellman,
1957). This tracing results in a different optimal water
supply path for each growing season, reflecting DDP's
adaptive strategy in responding to variations in water
availability and marginal economic value.

In MT I, water allocation was relatively stable (5-5.5
m?) and the optimal path (1-2-3-4-5-6-7-8-9) showed
an even distribution due to sufficient water supply and
homogeneous crop needs. In contrast, MT II produced
greater allocation variation, including a peak of 7.24 m3
at location 6, with a non-linear optimal path (1-3-5-8-
10-13-15-19-22). This path indicates that the model
selectively channeled water to points with the highest
marginal productivity, resulting in the highest profit
achieved in this season (Rp 44.077 billion). In MT III,
water limitations resulted in lower allocations (0-3.23
m?3) and the optimal path (1-2-3-5-6-7-7-8-8) reflected
a conservative strategy that maintained supply at points
that were still economically profitable.

The consistency between the graph and the optimal
path is reinforced by the table results: total profit
increased from IDR 83.49 billion to IDR 99.03 billion,
while the total irrigated area increased by 866.06 ha after
optimization. This indicates that the selection of water
supply paths by DDP is not merely a mathematical
result, but rather a representation of a distribution
strategy that is able to maximize the economic value of
each unit of water—in line with the theory of plant
response to water and the principle of irrigation
efficiency (Doorenbos & Kassam, 1979; Yeh, 1985; Mays,
2011). Thus, DDP optimization has proven effective in
increasing the productivity and resilience of the
irrigation system under seasonal variations (Li et al.,
2025; F. Zhang et al., 2023; X. Zhang et al., 2021).
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Figure 9. Optimization results using dynamic deterministic
program

Figure 10. Water distribution patterns in the first planting
season

Figure 10 shows the improvement in irrigation
water distribution performance after optimization using
deterministic Dynamic Programming (DDP). This
optimization increased the irrigated area from 1,700 ha
to 1,953.85 ha, an increase of 253.85 ha, because the
model successfully allocated water to tertiary buildings
with the best demand-to-profit ratio (Nalurita et al.,
2017; Nuf'a et al., 2016). From a hydraulic perspective,
the total demand flow of 15.51 m3/s was met with an
optimal allocation of 17.36 m3/s, indicating that the DDP
algorithm prioritizes allocations that provide the highest
marginal economic value (Babba et al., 2021).

The impact was clearly seen in the increase in total
profits from IDR 37.40 billion to IDR 42.04 billion, an
increase of approximately 12.4%, in line with research
findings that suggest optimization can increase
agricultural productivity by 10-20% (Shafiya et al.,
2023).
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The optimization process was carried out using a
combination of forward and backward tracking, which
yielded the most efficient water distribution paths for
each tertiary structure (Linker, 2021b; C. Zhang et al,,
2023). These results indicate that DDP optimization is
effective in improving water use efficiency and
agricultural benefits. Furthermore, this method is
capable of systematically identifying the optimal
decision sequence across stages, allowing water
distribution to be adjusted according to actual
availability and demand conditions in the field.

Pt (100

Figure 11. Water distribution patterns in the second planting
season
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Figure 12. Water distribution patterns in the third planting
season

The results of the irrigation water allocation
analysis presented in Figure 11 indicate that water
distribution optimization significantly increased land
allocation efficiency and profits. After optimization, the
area of irrigated land was adjusted so that previously
underserved units now received more optimal water
allocations, resulting in an increase in total profits from
IDR 37.4 billion to IDR 44.1 billion (Figure 11). This
demonstrates  that tailoring irrigation  water
management to crop needs can increase the economic
productivity of irrigation areas, in line with the principle
of efficient water resource allocation in agriculture (C.
Zhang et al., 2023; F. Zhang et al., 2023).

Furthermore, Figure 12 reinforces this finding by
showing that blocks that were previously unallocated
water were incorporated into the system with more
proportional allocations after optimization, resulting in
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consistent increases in profits for each unit. The
optimized water balance presented in the third figure
shows that the monthly irrigation needs generated by
the optimization model were largely met by the
available 80% of the mainstay discharge, with only one
period experiencing a small deficit, and the proportion
of periods met reached 95.833%. This condition indicates
that optimizing irrigation water distribution can
maintain a balance between water availability and crop
needs throughout the year, in accordance with the
concept of hydrological balance in irrigation systems (Li

et al., 2025; X. Zhang et al., 2021).
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Figure 14. Water Balance after Optimization

The optimized water balance graph (fourth figure)
visually demonstrates that the Q Andalan is generally
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80% above the Q irrigation demand, indicating that the
irrigation system is able to follow the seasonal pattern of
crop water needs and demonstrating the model's
effectiveness in aligning discharge fluctuations with
irrigation needs. This finding is consistent with the
literature stating that optimizing irrigation water
distribution can improve farmer welfare through higher
productivity without compromising water resource
sustainability (Palupi et al., 2023; Shafiya et al., 2023;
Yang et al., 2024).

Despite optimization efforts, water deficits still
occur at certain times due to a decrease in the main flow
rate when crop water demand is relatively high,
particularly at the end of the dry season or during the
transition period. The conservative use of 80% of the
main flow rate also limits water supply to maintain
system reliability, so small deficits may still occur.

This indicates that water allocation optimization
operates within existing hydrological constraints and
cannot fully eliminate the temporal imbalance between
water availability and irrigation demand, as described in
the concept of sustainable water resource management
(S. Zhang et al., 2023).

After optimization, Figure 13 shows that the pattern
of water deficits tends to decrease and the distribution
becomes more even across periods. This is supported by
figure 14, which shows a reduction in the magnitude of
deficits during several periods, although water
shortages still occur at certain times due to limitations in
available supply.

Conclusion

Based on existing conditions with planting patterns
according to the Global Cropping Plan (RTTG) for the
2024-2025 period, the maximum irrigation water
requirement in the Ameroro Irrigation Area reaches
6,296 m*/s with an average requirement of 2,444 m3/s,
which in some periods of the planting season causes a
water deficit. The application of water distribution
optimization using a deterministic dynamic program
produces an optimal water supply path in each planting
season that represents the sequence of irrigation
structures with the most efficient water distribution
priority according to the available discharge and plant
needs. The optimal path obtained in each planting
season is able to direct water allocation in stages so that
water distribution is more controlled, even, and
produces maximum profits, which in Planting Seasons I,
II and I reached Rp.
42,039,585,702, Rp. 44,007,616,921 and Rp. 12,918,007,54
1, respectively. Overall, optimization resulted in an
increase in profits of up to 12.40%-48.70%, indicating
that optimal path selection plays a significant role in
maximizing the utilization of water and land resources.
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The water balance after optimization showed an
increase in the number of growing season periods that
could be met compared to existing conditions, although
there were still deficits in certain periods, especially at
the beginning of the growing season due to the high
water demand for nurseries and land preparation. These
findings confirm that path-based optimization with a
deterministic dynamic program is effective in improving
irrigation system performance and farmer profits, but is
still affected by hydrological limitations and temporal
variations in crop water needs, so that the optimization
results can be used as a basis for making decisions for
more efficient and sustainable irrigation water
management.
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