ISSN 1674-2974

wAQE MIZE

o e HEAXFAR (BRTEWR) A% F12H

Journal of Hunan University (Natural Sciences) 2022 #12AR
. . L . . . Vol. 49 No. 12
Available online at http://jonuns.com/index.php/journal/index December 2022
Open Access Article d https://doi.org/10.55463/issn.1674-2974.49.12.5

Dynamics System Model for the Optimization of Irrigation Water Allocation

Asmelita'”, Lily Montarcih Limantara?’, Mohammad Bisri*", Widandi Soetopo®’, Indra Farni?’

! Doctoral Program in Department of Water Resources, Faculty of Engineering, University of Brawijaya, JI. MT Haryono No
167, Malang, Indonesia

2 Department of Water Resources, Faculty of Engineering, University of Brawijaya, JI. MT Haryono No 167, Malang, Indonesia

* Corresponding authors: mel.asmelita@gmail.com, lilymont2001@gmail.com, mbisri@ub.ac.id, wid131835@yahoo.co.id, indrafarni@yahoo.com

Received: August 7, 2022 / Revised: October 4, 2022 / Accepted: November 1, 2022 / Published: December 30, 2022

Abstract: This paper intends to build the optimization of irrigation water allocation. The research
method uses a dynamics system that the methodology consists of building the causal loop diagram that amplifies
(positive feedback loop) or negates (negative feedback loop) for a change in a system variable. Water balance is an
important aspect of using the water resources. Its existence can provide an overview of the balance sheet conditions
between water availability and water needs over a specific period. The water balance sheet can show the status
of water availability conditions, whether the status is already in deficit or still excessive. Irrigation as part of water
resource management is a system in society that is dynamic and depends on the environmental conditions, mainly
because of the variety of actors, the variety of uses, across the different administrative areas and different
cultures. This condition is further aggravated by the reduction in water sources that can be used as the main
source of irrigation due to climate change, changes in land use and other uses such as domestic needs.
Therefore, the complexity and limitations of the water resource are a challenge for irrigation development now
and in the future. This research intends to optimize the irrigation water allocation by suing the dynamics
system. By analyzing the causal relationships that affect the water availability, causal relationships that
affect water demand, and formulating interventions with high leverage, the optimal condition is found. The
results show that the limited amount of water availability with the increasing number of waters needs for
various uses requires arranging the optimal water allocation in a fair, efficient and environmentally sound sense.
However, the use of water for irrigation that can be allocated to fisheries will obtain maximum economic benefits if
fisherieskgeyoqr gsicaityaimivatestabhocaideh, irrigation, water allocation, optimization.
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1. Introduction

Irrigation as part of the water resource management
is a system in society that is dynamic and depends on
the environmental conditions, mainly because of the
variety of actors, the variety of uses, across the
different administrative areas and the different cultures.
This condition is further aggravated by the reduction in
water sources that can be used as the main source of
irrigation [1-3] due to of climate change, changes in
land use and other uses such as domestic needs.
Therefore, the complexity and limitations of the water
resource are a challenge for irrigation development
now and in the future [4, 5].

Water management is a controversial environmental
policy issue, due to the heterogeneity of interests that is
associated with shared resources and the increasing
level of conflict between the water use and other users.
Currently, there is a cumulative interest in improving
multi-stakeholder decision-making processes,
overtaking the binding trade business, in the water
management domain. This requires the development of
dynamic decision aids capable of integrating the
various problem frameworks that is held by the
decision-makers, to clarify differences, to support the
creation of collaborative decision-making processes
and to provide a platform for shared interaction [6, 7].
Optimal irrigation water management in an
infrastructure will be able to irrigate more rice fields [8,
9], as well as more water left for other water users,
including households, urban and industry, plantations,
fisheries, and the environment and does not even rule
out the possibility of developing agricultural products
to improve the welfare of farmers.

The purpose of making this paper is to determine
the current water allocation with the conditions of the
weir and the availability of existing water, and to find
the optimal water allocation by using a dynamics
system model.

2. Material and Method

2.1. Dynamics System
Forrester [10] states that Dynamics system is a

theory about the structure of a system and a collection
of tools for presenting the complex systems and
analyzing the dynamic behavior. An important benefit
of this approach is to explain the structure of the
system, to see how the elements of the system are
interrelated, and to try changing the various
relationships if a decision is included. In Dynamics
system, the link between structure and behavior is
based on the concepts of information feedback and
control [11]. Furthermore, the causal loop diagrams
state a feedback mechanism, which amplifies (positive
feedback loop) or negates (negative feedback loop) for
a change in a system variable [12].

The relationship between systems thinking and the
Dynamics system is emphasized by Caulfield and Maj
[12] the system is a tool to help think systemically by
using graphic devices to describe systems. The causal
loop diagram method used in Dynamics system since
the 1970s can be used for discussion, and development
of computer models.

2.2. Dynamics System Modeling

The basis of the Dynamics system methodology is
systems analysis. A system (can consist of several sub-
systems) is defined as a set of elements that interact
with each other with interaction patterns that influence
each other and determine each other. Problems that
have a dynamic nature and have a feedback structure
will be appropriate if a modeling approach is carried
out using Dynamics system.

In the Dynamics system paradigm, it is assumed
that the real world is a system that has a feedback
structure with linear and non-linear relationships and in
which there is a time delay. A decision taken and
applied to a system will change in the system. These
changes in circumstances can occur at any stage where
a decision has been made. Therefore, the situation at
one stage will be related to the situation at another
stage or in other words, a decision will influence each
other between stages.

A collection of optimal decisions at each stage will
form an optimal decision for all stages. The phasing for
a complex problem will make it easier to solve the
problem because the dynamic program has been
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designed for this purpose. Dynamic programming
provides a solution technique that requires much less
effort than trial and error solutions. With dynamic
programming, a complex and large-scale problem can
be solved by dividing it into several small parts, which
are then optimized, this method is known as the
decomposition technique.

2.3. Dynamics System Simulation Tool

Prodnovic & Simonovic [13] suggested that the
dynamics system approach, which states the system
structure as a diagram, can be used to communicate
with other parties, and seek high-leverage interventions
to solve problems. The tools of this approach are:
causal loops, behavior over time graphs, stock and flow
diagrams, systems archetypes), and simulation program
(DSS generator): Dynamo, Powersim, Vensim, Stella,
Madonna, which is object-oriented programming
(object-oriented program). The simulation program is
equipped with a graphical facility to express the
structure of the system in a simple form, easy to
understand, and can be used to solve water resource
management  problems that  full  non-linear
relationships.

The dynamics system consists of: stock, flow,
converter, and connector, as seen in Figure 1. Stock
states how the condition and accumulation of
resources, for example to state the increase in
population, the area of irrigated land. Flow expresses
the action of how something happens, which is
measured as a rate. Converters are used to
accommodate inputs, and create outputs. The connector
states the relationship between the stock and the flow
with the converter.

Stock
Flow

L Connector

Converter

Fig. 1 Dynamics system model

3. Methodology

The following is the design of the sequence of
research implementation as follows:

1. ldentification of Conditions and Dynamics of
Resource usage

a) Collection of
legislation

b) Data elaboration and analysis of model input
variable preparation

2. Arrangement of block models

a) Drawing up a causal diagram (CLD)

b) Prepare effective and efficient

information, data, maps,

strategic

intervention efforts

3. Transformation to Computer Model

a) Develop scenarios (with and without sysdyn)

b) Determination of level, rate

4. Dynamics system Computer Simulation

a) Running Model

b) Result Analysis: Calibration & Verification of
results

c) Input correction and re-iteration

5. Reporting

a) Conclusion

b) Recommendations

Fig. 2 Methodology of dynamics system modeling

4. Results and Discussion

4.1. Causal Loop Diagram

Causal Loop diagram describes the cause and effect
of a variable in a unified system. The effect of one
variable on other variables can be 1) positive or
strengthen or enlarge, and 2) negative or weaken or
reduce.

Water availability Water for

livelihood
- e _Policy
Water as - o
resources
‘J_:_,J—* Water Allocation
Other Allocation for Irrigation
/ Y
( Agricultural
‘u\‘ Product
X
Other Products
———=Income - Agricultural
Other Costs_____ Y ———— Production Cost

Fig. 3 Causal loop diagram

The following figure shows a causal diagram of the
water allocation policy of how much allocation is given
to rice field irrigation. The explanation is as follows.

1. In accordance with the mandate of Law
17/2019 concerning Water Resources, it is necessary to
fulfill the need for water for the maintenance of water
sources and the environment.

2. After deducting the need for environmental
water, water can be obtained that can be used as a
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resource, namely for irrigation of rice fields and others
(e.g. inland fisheries).

3. water allocation policy determines how much
water is allocated for irrigation and fisheries.

4. Water allocated to irrigation will
allocation for fisheries

5. Water allocation for irrigation increases rice
production

reduce

6. Water allocation to fisheries increases fish
I > J—
o - Total Income
Agricultural Incu[r)&/
R *T:{ ]
U @
Add Agricultural [negme hgrlcullul31 ‘*-IES
Productivity of F\sher, per H:y
@ T Y A
Productivity of F'EEQJ_EPHa')i J— '\ .
& — ~¢,
Cost of Paddy per Ha N pd
e S Agricultural F“Iodud FIShef‘/]F“fDdLIC‘I
—nrmal Imgatmn To(al Irrigation Allocation
-;mcatlun Rauo
’ / €3
{ = ::{ é
/ ‘ Add Irrigation »ﬂucatlun
“"‘ \ S— ﬁ Fishery
Total Irrigation Demand 71"'93"“ *P”QCEM‘Q
f 7Rf¢
[ e =

Add Irklgauon DgMmand ,"“ ‘
/ / 1
/ /

B
=)
Priority Code

Irnganon emand ’r“ 1 Irrigation 2 Fishery

)

{
/

oy
()]

Irrigation Demand Data
Percentage of Main Priority

Costof F!sner per Ha=—

-
focallon - ~

En ironmental HllQ‘EEIIDn B

F”\

e,
Natural Water Availability

Water

production

7. Total income is the rupiah value of rice
production plus the value of fish production, and is
reduced by production costs

8. This income increases cumulatively over time.

4.2. Model Structure
Based on the causal loop diagram, the structure of
the model is structured as follows.

~Fishery Income

S, %T:]

Add Fishery Income

b )
Flsnponr‘ Area

s’
qurrer Dmand Data

Wi
Fishéry Qemand
S "\
Total Fishery Demand

Add Fishery Demand

— )

Annual Fisheyy Allocation Ratio

Total Fishery Allocation

O

Add Fishery Allocation

'1\ —_—
N i )
Percentage for Environmental
T

o)

Environmental Demand
availability data

Fig. 4 Layer model of Stella's dynamics system program

Principally, the program conducts calculations by
reading water availability, irrigation water needs,
fishery water needs, and water needs for river
maintenance. The policy is used as a reference in
determining how the priority of water allocation is
applied, namely, through the Priority Code, which has
a value of 1 for agriculture priority, and 2 for fisheries
priority.

Water for the main (first) priority can be allocated
according to its needs, or limited to a percentage that
can be included as input in the Percentage of the Main
Priority Allocation. The water for the next priority gets
the remaining water from the user with the top priority.
The production is assumed to be linearly proportional
to the fulfillment of water needs, which is directly
proportional to the K-factor = supply/need.

Total income is the sum of income from agriculture
and fishery income. Agricultural income and fishery
income are the sum of their respective net production.
The net production is the production per hectare minus
the cost per hectare and multiplied by the area of the
rice field or fish pond concerned.

The conditions for meeting global water needs in a
year are presented in the graph at the bottom of the
Layer Interface. The water allocation policy whether

priority on irrigation or fisheries, is entered via the
slider button on the Interface Screen. In accordance
with Law 11/2019 concerning Water Resources, it is
necessary to consider the need for water for the
maintenance of water sources and the environment. In
this model, the environment always has top priority,
but can be assigned from 0% to 100% via the slider
button.

The allocation percentage for water users with top
priority (first) can also be changed with the slider
button on the Interface Screen. Generally, the
allocation percentage is filled with 1 or 100%.
However, to achieve justice can be reduced by shifting
to the left.

By doing the RUN many times by observing the
percentage of irrigation, fisheries and the environment
fulfilled in the bottom graph, and checking the Income
at the bottom right, it will get a fair water allocation,
giving maximum economic value and being
environmentally friendly according to the criteria for
Integrated Water Resources Management or IWRM,
which is 3E: equity, economic efficiency, and
environmental sustainability. Figure 5 presents the
Layer Interface on the Stella Model, for entering data
and observing results.
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Fig. 5 Layer interface on the Stella model, for entering data and observing results

4.3. Production Value and Cost

Data from the Central Statistics Agency [14] state
that rice plants for each growing season will produce
an average production of Rp. 18,514,840.00. While the
production cost is Rp. 13. 559.300.00If in a year there
are two planting seasons, then in a year the production
cost will be the around 27 million Rupiah, and the
production will be the around 37 million Rupiah. If
there is a shortage of irrigation water, it is assumed that
rice production will decrease linearly.

For the fishery production, namely tilapia, based on
data from the Ministry of Maritime Affairs and
Fisheries [15], the production cost per hectare is around
312 million Rupiah per year, while the production
value per year is 448 million Rupiah.

4.4 Optimization Results

The results of the run for the existing conditions,
namely the priority on irrigation with a percentage of
100% have resulted in meeting the water requirements
for maximum irrigation, the rest for fish ponds after
deducting 5% of the existing water environment (total
net income 998 million). Table 1 and Figure 1 present
the priority for agriculture with the percentage of
100%.

4.4.1. Priority for Fully Irrigation (100%)
The conditions for fully irrigation (100%) are
presented in Figure 6 and 7, and Table 1.

| — EXisting Availability e |rrigation allocation

= Fishery allocation

= Environment allocation |

20

A VAN
N N

/X,)C

/ \//\/ \\, /‘\\

—

1

1.00 6.75

1250 Half month

18.25 24.00

Fig. 6 Layer interface on the Stella model, for entering data and observing results
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Fig. 7 Water availability and allocation for the priority on fully irrigation (100%)
Table 1 Water availability and allocation for priority on fully irrigation
Half- Existing Irrigation lIrrigation Fishery = Fishery Environment Environment
month Availability need allocation need allocation need allocation
17 1010 | 599 " 599 ! 1594 " 361 | 050 | 050
2" 1243 7 643 7 643 T 15094 7 538 7 o062 T o6
3" 1073 " 18 " 18 " 1594 " 830 " o054 7 o054
4" 861 " 069 " o069 " 1594 " 749 7 043 7 043
5" 879 " 110 " 110 " 1504 " 725 7 o4 7 o044
67 1332 " 990 " 990 " 1594 " 275 7 o067 7 o067
77 1323 " 200 7 202 " 1594 7 1055 7 o066 7 066
L L r L r L r
8" 17.45 0.00 0.00 15.94 15.94 0.87 0.87
of 1312 " 460 7 460 " 1594 7 78 7 o066 " o066
107 1410 " 549 7 549 T 15s9a 7 790 7 o071 7 on
F F r F r F F
117 1018 1.64 1.64 15.94 8.03 0.51 0.51
127 802 " 107 7 107 " 1594 7 655 7 o040 7 040
13" 714 " o000 7 o000 " 1s9a " 678 7 03 T o036
14”7 839 " o000 " o000 " 1s9a " 797 7 o042 T o
157 766 " 000 " o000 " 1594 " 728 7 o038 " o038
16" 760 " o000 " o000 " 1s9a " 722 7 o038 T o038
F F r F F F F
177 1162 0.00 0.00 15.94 11.04 0.58 0.58
F F F F F F F
187 1091 0.00 0.00 15.94 10.36 0.55 0.55
F F r F r F r
197 10.86 0.00 0.00 15.94 10.32 0.54 0.54
F F r F r F F
207 13.68 0.00 0.00 15.94 13.00 0.68 0.68
r F r r F r r
217 17.16 12.23 12.23 15.94 4.07 0.86 0.86
F F r F r F r
227 19.01 12.42 12.42 15.94 5.64 0.95 0.95
F F r F r F r
237 17.30 5.99 5.99 15.94 10.45 0.86 0.86
. L F L F F F F
Final|  15.94 6.87 6.87 15.94 8.27 0.80 0.80
4.4.2. Priority for Fully Fishery (100%) fisheries, the rest is for irrigation after deducting 5% of

While the results of the run for priority in fisheries the existing water environment. Total revenue 1,068
with a percentage of 100% have resulted in the million. Figure 8 and 9, and Table 2 present the priority
fulfillment of maximum water requirements for for fully fishery (100%).
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Fig. 9 Availability and allocation of water for priority in fully fisheries (100%)

Table 2 Availability of water and allocation of water for priority in fisheries fully

Half- Existing  Irrigation  Irrigation = Fishery = Fishery  Environment Environment
month Availability  need allocation need allocation need allocation
1.00 9.25 5.99 0.00 15.94 9.25 | 0.50 1.05
12.43 6.43 0.00 15.94 1243 " 0.62 1.20
10.73 1.89 0.00 15.94 1073 7 0.54 1.05
8.61 0.69 0.00 15.94 861 0.43 1.05
8.79 11 0.00 15.94 879 " 0.44 1.25
6.75 13.32 9.9 0.00 15.94 1332 " 0.67 1.10
13.23 2.02 0.00 15.94 1323 " 0.66 1.15
17.45 0 0.00 1594 1626 | 0.87 1.10
13.12 4.6 0.00 15.94 1312 " 0.66 0.95
14.1 5.49 0.00 15.94 14.1 " 0.71 0.85
10.18 1.64 0.00 15.94 1018 " 0.51 0.65
12.50 8.02 1.07 0.00 15.94 802 0.40 0.65
7.14 0 0.00 15.94 714 " 0.36 0.65
8.39 0 0.00 15.94 839 0.42 0.60
7.66 0 0.00 15.94 766 0.38 0.85
7.6 0 0.00 15.94 7.6 " 0.38 0.65
11.62 0 0.00 15.94 1162 7 0.58 0.65
18.25 10.91 0 0.00 15.94 1001 " 0.55 0.70
10.86 0 0.00 15.94 1086 0.54 0.72
13.68 0 0.00 15.94 1368 0.68 0.78
16.85 12.23 0.00 15.94 1620 " 0.86 0.90
19.01 12.42 0.00 15.94 1620 " 0.95 1.10
16.85 5.99 0.00 15.94 1620 " 0.86 1.13
Final 15.14 6.87 0.00 15.94 1510 0.80 0.94
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4.4.3. Priority of Half Fishery (50%)

The results of the run for priority in fisheries with a
percentage of 50% have resulted in the fulfillment of
water needed for optimal irrigation, the rest for fish
ponds after being reduced by 5% of the existing water

(total revenue 558 million). Table 3 is a tabulation of
the results of the three run models carried out. Figure
10, 11 and Table 4 present the priority of the half
fishery (50%).

® \rngauor Demand

4: Fishery Allocation Priority Code

1 Imigation 2 Fishery Percentage of Main Priority

e

Cost of Paddy per Ha Cost of Fishery per Ha

Productivity of Paddy par Ha Productivity of Fishery par Ha

F’eruentave for Environmental

1825

1.00 875 12.50 24.00
Page 1 Half-Month 20:14 14 Nov 2022
5\“} a @/: ? Demand and Allooation
@ 1: Annual Irrigation Allocation Ratio  2: Annual ntage for E

:l 1500000

L] [T DEETIRERR I ----------------- I vvvvvvvvvvvvvvvvv I ----------------------- ‘ l OO0 == oeeemee e
Page 1 20:14 14 Nov 2022 Page 1 . 20:14 14 Nov 2022|
N 1=V S Percentage of annual allocation ratio to demand N =V Anmusal Income
Fig. 10 Priority for fisheries with a percentage of 50%
m— EXisting Availability e rrigation allocation e Fishery allocation Environment allocation |
20
10 /\ F/ \\/\ /\A 7\
At i s G )
0 ~ |
1.00 6.75 12.50 18.25 24.00

Fig. 11 Water availability and water allocation for priority in fisheries with the percentage of 50%

Table 3 The summary of water allocation optimization results

Priority of Top priority  Fulfillment of water needs Income

water percentage Agriculture  Fishery Environment Agriculture  Fishery Total
allocation

Irigasi 100% 100% 53% 100% 746 251 998
Perikanan 100% 7% 100% 100% 0 1.068 1.068
Perikanan 50% 57% 58% 100% 307 251 558
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Table 4 Water availability and water allocation for priority in fisheries with the percentage of 50%

Half- Existing Irrigation Irrigation Fishery Fishery = Environment Environment
month Availability need allocation need  allocation need allocation
1.00 925 | 599 163 | 1594 76 | 050 1.05
1243 7 643 354 | 1594 79 T o0& 1.20
1073 7 189 189 | 1594 85 | 054 1.05
861 | 069 060 | 15.94 818 | 043 1.05
879 | 110 065 | 1594 818 | 044 1.25
6.75 1332 7 9.90 468 | 1594 817 | 067 1.10
1323 7 20 202 | 1594 1157 | 066 1.15
1745 7 0.00 o | 159 1684 | 087 1.10
1312 7 460 449 | 1594 818 | 066 0.95
141 7 549 572 | 1594 g18 | o7 0.85
1018 | 164 164 | 1594 816 | 051 0.65
12.50 802 | 107 o | 159 802 | 040 0.65
714 "7 000 o | 159 714 7 036 0.65
839 | 000 0o " 1594 839 | 04 0.60
766 | 0.00 o | 159 766 | 038 0.85
76 | 0.0 o | 159 76 | 038 0.65
11.62 | 0.00 o | 159 11.62 | 058 0.65
18.25 1091  0.00 o | 159 1091 | 055 0.70
10.86 ' 0.00 o | 159 1086 | 0.54 0.72
1368 | 0.00 o | 159 13.68 | 0.68 0.78
16.85 | 12.23 733 | 1594 816 | 086 0.90
19.01 | 12.42 10.09  15.94 815 | 095 1.10
1685 | 5.99 599 " 1594 113 | 086 1.13
Final 1514 | 687 6.87 | 1594 814 | 080 0.94

5. Conclusion

From the research on Dynamic System Models for
Optimizing Irrigation Water Allocation with Case
Study: Rao Irrigation Area, Pasaman Regency, West
Sumatra Province, it can be concluded several things as
follows:

1. The limited amount of water available while
the increasing amount of water needed for various uses
requires us to arrange optimal water allocation in a fair,
efficient and environmentally sound sense.

2. The dynamic system model can be used as a
tool to determine the optimal water allocation.

3. From the case of Panti Rao, the benefits that
are obtained from fishing are countless, which is
dominating the benefits of irrigation, so that the
amount of net income that is obtained will occur if the
fisheries are given top priority. Of course, it has the
potency to disrupt the rice food security, so the
arrangements are needed to limit the proliferation of
fishery businesses.

5.1. Recommendations
Due to the dynamics system shows that the limited
amount of water availability and the increasing amount

of water needed for various uses requires arranging the
optimal water allocation in a fair, efficient and
environmentally sound sense. From this research,
several recommendations can be made, as follows:

1) The use of water for irrigation that can be
allocated to fisheries will obtain maximum economic
benefits if fisheries get top priority in water allocation.

2) The use of irrigation water for fisheries will
become increasingly widespread because it will
provide higher financial benefits than growing rice.
This requires regulation so that food security,
especially rice, can be maintained.

3) Further research needs to be done by
incorporating elements of rice self-sufficiency at the
regional level and its contribution at the national level,
so that the dynamic system model will be able to
provide an optimal solution that maximizes financial
and economic benefits without compromising rice self-
sufficiency.
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