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Abstract— The water condition in Sutami Reservoir was polluted due to organic matter, and the pollution level ranges from moderate to 

severe. Organic matter in the water will be decomposed and it leads to a decrease of dissolved oxygen (DO). The increase of nutrients in 

water derived from organic matter can cause an algae bloom. This study was aimed to build a model of interaction system of human 

activities and reservoir water quality, and to perceive the system variables that affected the water quality of Sutami Reservoir. The approach 

employed in developing this model was a dynamic system model. The activity sectors near Sutami Reservoir simulated in this model were 

domestic, agricultural, and floating-net cage. These three sectors generated organic matter and nutrients in the form of ammonia and 

phosphate in the water. Organic matter could be calculated as BOD. The presence of BOD, ammonia and phosphate affected water DO 

through decomposition, nitrification, respiration and photosynthesis. Policies to reduce organic pollutants and nutrients in the water could 

be developed based on variables that affected the system. The variables of fish feed fraction as waste, population change fraction, floating-

net cage area change fraction, and load transfer coefficient had an impact on the performance of this model. Thus the water quality in 

Sutami Reservoir could be improved through intervention on those variables. 
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I. INTRODUCTION 

 

Humans have made artificial lakes called reservoirs. A reservoir becomes a storage space of large amounts of water, source of 

foodstuffs, and recreational place for the benefit of the community. A reservoir is used as a livelihood source for some communities 

inhabiting the bank of the reservoir. It is also a habitat for various types of flora and fauna. Those functions make a reservoir as an 

ecosystem whose condition can change dynamically due to the surrounding environment [3]. 

Water quality is a fundamental problem concerning the use of reservoir water to support the lives of surrounding communities. 

Water quality will decrease if a lot of organic matter in the reservoir exceeds the pollution load capacity. Organic matter contains 

nutrients which become the source of nutrition for microorganisms. The impact that can occur due to the large amount of nutrient in 

the waters is the potential for algal bloom. More organic material in the waters increases the decomposition process. The processes 

that occur will be related to the consumption of dissolved oxygen (DO) in the water of the reservoir [9][14]. 

Water quality control of reservoir is needed as an action to manage water resources sustainably and improve water quality. Such 

control requires understanding of the interaction of human activities and the environment. The concept of dynamic system based on 

interaction between components through comprehensive understanding is an alternative in environmental modeling approach. 

Dynamic system assumes that system behavior is caused by the structure of the system itself. Dynamic system allows its users to 

identify the system changes needed in order to achieve expected behavior [10]. 

Dynamic system model of water quality can be developed based on DO dynamic [13]. Increased water DO can occur due to 

reaeration and photosynthesis. On the other hand, a decrease in DO can also occur through deoxygenation, nitrification, and 

respiration [5][7][9]. The considered system aspects of pollutants sources are from the household activities in producing domestic 

waste, use of pesticides from agricultural activities, and fish feeding in floating-net cage aquaculture (KJA). Those activities generate 

waste containing pollutants and affect the quality of reservoir water. The purpose of this study was to develop a model of change in 

water quality describing the interaction of human activities and reservoir water quality, and perceive the system variables that affected 

the water quality in Sutami Reservoir. 
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II. STUDY REGION 

 

This research was conducted at Sutami Reservoir in Indonesia. Sutami Reservoir is created as a reservoir for the upper stream of 

Brantas River watershed. Sutami Reservoir is flowed by several rivers such as Metro, Brantas and Lesti River. Before flowing to 

Sutami Reservoir, the water from Brantas and Lesti rivers are stored in Sengguruh Reservoir. The main activities around Sutami 

Reservoir are domestic, agriculture and fishery. The population is assumed to be from a residential distance of 2 km from the water of 

Sutami Reservoir indicating a total of 152,561 inhabitants. Fishing activities in Sutami Reservoir use a floating-net cage system. In 

2017, the floating-net cage area on Sutami Reservoir was 173 ha. Based on the survey results, the fish feed needs for floating-net cage 

system in the Sutami Reservoir were around 73.78 kg/ha per day. 

 

 

III. MODEL DESCRIPTION 

 

The main points of a dynamic system were to comprehend the processes, changing information, and interaction between variables. 

The variables and their interaction relationships in the system formed the structure of the model. The formulation given to the model 

variables shaped the behaviour of the model. In this study, Vensim PLE is used to simulate the processes. 

A. Main Assumption 

The limits used in this modeling were: 

 The parameters developed in this model were DO, BOD, COD, Ammonia, and Phosphate.  

 The processes in reservoir water that were applied in the model were reaeration, photosynthesis, deoxygenation, nitrification, 

and respiration. 

 Photosynthesis and respiration were limited by plankton activity. 

 The factor in reaeration was the water temperature. Then, the factor in photosynthesis and respiration was plankton nutrients 

in the form of phosphate. Next, the factors in decomposition were BOD and COD. Meanwhile, the factor in nitrification was 

the oxidation of ammonia to nitrate. 

 The inflow of the reservoir was considered from 2 inflows, Metro River and Sengguruh Reservoir (water flow from Brantas 

and Lesti River). 

B. Domestic Sub-model  

The average change in population around Sutami Reservoir in 2014 – 2017 was 1.463% per year or around 0.122% per month. The 

population change around Sutami Reservoir could be affected by births, deaths, and migrations. The potential of pollution load (PPL) 

from domestic was calculated based on emission factors (EF), load transfer coefficients, and City Equivalent Ratio (CER). The 

sanitation pattern in the settlement area had no domestic Waste Water Treatment Plant (WWTP) and waste disposal flowing through 

open channels, so it was assumed that the waste entering the reservoir water was 85% and the load transfer coefficient used a value of 

0.85. Sutami Reservoir area is included in the suburbs, so the City Equivalent Ratio used a value of 0.8125. The equation of PPL from 

domestic is indicated in Equation (1). 

      (1) 

C. Agricultural Sub-model 

The potential of pollution load (PPL) from agricultural activities is influenced by emission factors (EF) and the length of the 

planting season. There are two planting seasons in one year with 95 days each season. The equation of PPL form agriculture is 

indicated in Equation (2) and (3). 

        (2) 

      (3) 

D. Floating-net cage sub-model 

Based on data processing in 2014-2017, the average change in area of floating-net cage on Sutami Reservoir was -7.56% per year 

or around -0.63% per month. It indicated a decrease in the area of floating-net cage on Sutami Reservoir. Fish feed was not entirely 

consumed by fish. Besides, fish feed would also be retained as feces. The fish feed fraction as waste was 79% - 89.5% of the amount 

of feed [8]. The potential of pollution load (PPL) from floating-net cage fisheries activities was affected by amount of feed as waste 

and elements fraction contained in feed, as shown in Equation (4). 
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      (4) 

E. BOD Sub-model  

BOD was affected by additional of BOD load, decomposition process, settling, and BOD load out of the Sutami Reservoir. The 

additional of BOD load was the amount of pollutant load in domestic sub-model, agricultural sub-model, floating-net cage sub-model, 

Metro River BOD load, and Sengguruh Reservoir BOD load. The decomposition rate decreased in water depth more than 2.4 m. It 

caused the decomposition rate tended to be constant in deep waters and was not affected by the depth of the water. The decomposition 

rate (k20) for water with a depth of more than 2.4 m was 0.3/day [2]. The decomposition rate could be corrected based on water 

temperature by using a temperature correction factor (θ) of 1.047 [2]. The equations used in BOD sub-model are shown in Equation 

(5) – (7) [2]. 

            (5) 

           (6) 

           (7) 

F. Ammonia Sub-model  

The ammonia sub model was developed by considering the nitrogen cycle in the water. The nitrogen load from domestic, 

agricultural and floating-net cage sub-models was total nitrogen. Total nitrogen consists of organic and inorganic nitrogen. Total 

nitrogen can be explained as the amount of Total Kjeldahl Nitrogen, nitrite and nitrate. The concentration of nitrite and nitrate in waste 

water was very small. Total Kjeldahl Nitrogen (TKN) is the amount of Total Ammonia Nitrogen (TAN) and organic nitrogen in which 

Total Ammonia ranges from 60% - 70% from TKN [12]. TAN itself consists of NH3 and NH4 [2]. In water with pH <8, more than 

90% of total ammonia is in the form of NH4 [12]. The pH of the water entering Sutami Reservoir was an average of 7.65. Thus in this 

model, the total Ammonia entered was assumed to be 70% of TKN. The 99% of total Ammonia flow became NH4 inflow and the 

remains became NH3 inflow. NH4 is reduced through the nitrification process as shown in Equation (8) [2]. 

           (8) 

G. Phosphate Sub-model  

The phosphate sub model was developed by considering the phosphorus cycle in the water. Total Phosphorus (TP) in water is in 

the form of phosphate, and consists of orthophosphate, organic phosphate and polyphosphate. Orthophosphate is a form that can be 

used as a nutrient for phytoplankton [1]. In this model structure, phosphate became a nutrient that was calculated in the growth rate (µ) 

of phytoplankton since it became a limiting factor in most freshwater and its existence was relatively small compared to the number of 

organisms that needed it [4]. The presence of orthophosphate in water with pH 7 – 11 was less than 30% of TP [1]. So that in this 

model structure, it was assumed that 10% of the TP load from domestic, agriculture, and floating-net cage became orthophosphate 

inflows. PO4 can be used to calculate chlorophyll a (Chl a). The concentration of Chl a can represent the amount of phytoplankton 

biomass (A) by multiplying the ratio C:Chl a (α). The ratio C: Chl a is 10 – 50 μg Chl mgC-1. The equations used in Phosphate sub-

model are shown in Equation (9) – (13) [2][6]. 

           (9) 

             (10) 

            (11) 

           (12) 

            (13) 

H. DO Sub-model  

The structure of DO sub-model was developed by considering the processes that increased and decreased DO. The process of 

reaeration and photosynthesis added DO in the water. The process of decomposition, nitrification, and respiration decreased the 

availability of DO. The mass equilibrium DO is affected by direct processes (reaeration) and other processes such as 

oxidation/decomposition, photosynthesis, respiration, and nitrification [5]. Reaeration in reservoir waters can be influenced by DO 

saturation of water as indicated in Equation (15) [11]. DO saturation (DOsat) in this model structure was calculated based on water 

temperature (T) as shown in Equation (14) [9].  
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The value of water temperature was the average temperature measured by secondary data for one year, which was 26.3 °C. Based 

on the calculation, saturation DO concentration was 8.08 mg/L. Photosynthesis and respiration in this model structure were affected 

by the biomass and phytoplankton growth rate with the function of nutrient orthophosphate. The decomposition process of organic 

material that required dissolved oxygen was represented by BOD decay in this model structure. The conversion of ammonium ion 

(NH4) to nitrate also required dissolved oxygen in the nitrification process. 

       (14) 

           (15) 

 

 

IV. VALIDATION AND CALIBRATION 

 

The model output validation process involved a calibration process of constants that existed in the model structure. Calibration was 

needed to make the output of the model approached the conditions in the real world, and minimize the output error of the model. 

Calibration was performed together with the validation process. The constants in the calibrated model can be seen in Table I. 

 
TABLE I  

CALIBRATED CONSTANT 

Constant Variables Selected Value  

K1 Reaeration rate 1.1382 d-1 

K2 Nitrification rate 0.05 d-1 

K3 Photosynthesis rate 4.2 d-1 

K4 Respiration rate 0.2 d-1 

Kp Half-saturation constant for PO4 4.6 μg P/L 

µ max Maximum growth rate of phytoplankton 3.0 d-1 

C:Chl a C:Chl a ratio 50 μg Chl mgC-1 

 

 

The reaeration rate was calibrated for the sub DO output validation process, and the value was 1.1382 day-1. The nitrification rate 

of the model calibration result was 0.05 day-1. This value was still in the rate of nitrification (0.005 – 0.54) day-1 [9].  The 

photosynthesis rate obtained from the calibration result was 4.2 day-1, this value was still in the range of (2.7 – 4.2) day-1 [2]. The 

respiration rate of 0.2 day-1 was still in the range of (0.065 – 0.6) day-1 [7]. The PO4 half-saturation constant was still in the range of (1 

– 5) μg P/L [2]. Chla ratio with a value of 50 μg Chl mgC-1 was still in the range of (10 – 50) μg Chl mgC-1 [2]. The calibrated 

constant can increase the suitability of the output model with the real process. The deviation of model output data obtained in the 

range of 7.9% - 8.6%, which shows the model in accordance with the simulated process. The comparison of the water quality of 

Sutami Reservoir as a result of the model and measurements in the field during 2016 – 2017 can be seen in Figure 1. 
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(a) 

 
(b) 

Fig.1 Comparison of model output and measured data; (a) modelled data; (b) measured data 

 

 

V. SENSITIVITY TEST 

 

The model sensitivity test was a test conducted to determine the effect of a variable significantly on the model output. The model 

output used as the comparison was the output of the DO sub-model. The variables tested for sensitivity included population change 

fraction, floating-net cage area change fraction, load transfer coefficient fraction, and fish feed fraction as waste. The values of the 

fractions were changed into -50% and + 50%. Then, the DO output result was compared with DO output without fractions changes. 

The value change of load transfer coefficient fraction followed the chosen value in the load potential calculation; 100% and 30% of 

the load wasted into the water. 
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The determination of influential variables can be seen based on the significance values. If the significance value is smaller than the 

probability of 0.05, then there is an effect of changing the exogenous variable on the output of the DO sub model, and vice versa. The 

variables of fish feed fraction as waste, population change fraction, floating-net cage area change fraction, and load transfer coefficient 

had an impact on model performance. The variable of fish feed fraction as waste became the most exogenous variable that had the 

most influence on the model structure. The variable of load transfer coefficient was the least influential variable compared to the other 

three variables. 

 

 

VI. CONCLUSION 

 

Dynamic system model simulation of changes in Sutami Reservoir water quality could be developed from sub-model of pollution 

source and water quality. The pollution source sub-model consisted of domestic, agricultural, and floating-net cage sub-model. 

Meanwhile, the water quality sub-model consisted of DO, BOD, COD, ammonia and phosphate. The variables of fish feed fraction as 

waste, population change fraction, floating-net cage area change fraction, and load transfer coefficient affected the model 

performance. Thus, the water quality of Sutami Reservoir could be improved through intervention on those variables. 
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