
Renewable Energy 218 (2023) 119283

Available online 9 September 2023
0960-1481/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

An optimization approach for managing environmental impacts of 
generating hydropower on fish biodiversity 

Mahdi Sedighkia a,*, Asghar Abdoli b 

a College of Science and Engineering, James Cook University, Townsville, Australia 
b Enevironment Science Research Institute, Tehran, Iran   

A R T I C L E  I N F O   

Keywords: 
Fish biodiversity 
Ecological management 
Hydropower 
Reservoir operation 
Evolutionary optimization 

A B S T R A C T   

The present study proposes an applicable framework to mitigate the impacts of generating hydropower on the 
fish biodiversity in the large reservoirs considering water quality and hydraulic factors. Moreover, several data 
driven models were utilized for simulating effective parameters. Finally, a multivariate linear regression model 
was used to estimate the fish biodiversity index in which two combined hydraulic and water quality indices were 
the inputs of the model and the fish biodiversity index was the output of the model. Then, all the simulators were 
applied in the structure of the hydropower plant operation optimization for different hydrological conditions (i.e. 
dry years, normal years and wet years) in which two purposes were defined: 1- minimizing the fish biodiversity 
loss 2- minimizing the loss of generating hydropower. Based on the results in the case study, all the simulators are 
reliable to model the physical flow, water quality parameters and the fish biodiversity index. The optimization 
model is able to minimize the impacts on the fish biodiversity properly. The reliability of generating hydropower 
in the dry years is 30%, while it is 53% in the wet years. High computational complexities might be a limitation 
for the model.   

1. Introduction 

The ecological impacts of the water resources projects and hydraulic 
structures on the ecological values of inland waters are highlighted as 
the serious concern in the literature. Large dams are the most important 
hydraulic structures, which might have considerable role for supplying 
need of the communities [1]. Most dams are multipurpose which means 
generating hydropower and flood control are responsibilities of many 
dams. Many dams have been constructed around the world. The up
stream and downstream environmental impacts of dams are extensively 
reviewed in the literature (e.g., Ref. [2]. As a brief description, the most 
critical ecological impacts on the aquatic habitats include weakening the 
suitability of the habitats for different species and impacts on the 
biodiversity of the aquatic species. 

The concept of environmental flows has been initially defined to 
sustain the ecological status of the rivers. Many methods have been 
proposed to assess environmental flow in literature [3]. Some methods 
such as hydrological and desktop methods do not focus on the aquatic 
organisms, which means they are not fully reliable to protect river 
habitats [4]. In contrast, habitat-based methods highlight the organisms 
in the assessment of environmental flows [5,6]. The known 

environmental flow methods are not able to highlight the biodiversity 
values in the river ecosystems. However, the fish biodiversity crisis has 
been highlighted in many previous studies. For example, problems such 
as exploitation, pressures on the freshwater ecosystems due water 
abstraction are the main threats for fish biodiversity in China [7]. 
Restoration of the habitats with a focus on the fish biodiversity has been 
recommended to overcome degradation of the fish biodiversity. More
over, the fish biodiversity crisis has been highlighted in Canada as well 
[8]. The previous studies pointed out despite of considerable investment 
on the restoration of the fish biodiversity, the outputs were not suc
cessful due to lack of using integrated framework for restoring fish 
biodiversity [8]. Many previous studies highlighted the negative role of 
dams on the fish biodiversity due to different and complex ecological 
impacts on the river ecosystems (e.g. Ref. [9]. Blocking migration routes 
and habitat fragmentation are the initial factors, which could affect the 
fish biodiversity in the river ecosystems. However, changing the river 
flow regime might be one of the most important impacts of the dam in 
the river ecosystem, which would weaken the fish biodiversity in the 
river ecosystems. Not only a dam might change the downstream flow 
regime, but also, it is able to change the water quality parameters such as 
water temperature at downstream. It should be noted that other 
humans’ activities such as draining pollutants at downstream river 
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might exacerbate the impact of dam on the fish biodiversity. Due to lack 
of focus on the fish biodiversity in the environmental flow methods, it is 
an important research gap that should be highlighted in the studies. In 
other words, the ecological impacts of the dams should be beyond the 
assessing environmental flow with the conventional methods. It should 
be noted that generating hydropower might have considerable impacts 
on the fish biodiversity due to severe impacts on the river flow and water 
quality factors. 

Due to role of hydropower for energy supply in some regions as clean 
source energy, previous studies highlighted its undeniable role in future 
years [10]. However, some studies have pointed out using hydropower 
without control on the downstream ecological impacts might have 
destructive effects on the aquatic habitats [11]. Using optimal envi
ronmental flow is one of the important recent recommendations for 
managing environmental impacts of hydropower plants [12]. Hence, it 
seems that focus on the complex aspects of ecological flow especially in 
the context of optimal operation for maximizing benefits is a serious 
need for better ecological management of hydropower plants. 

Optimal operation of the reservoirs has been highlighted in many 
previous studies due to importance of maximizing the benefits of the 
dam for the communities (e.g. Refs. [13–15]. The optimal generating 
hydropower was the purpose of the reservoir operation in many previ
ous studies (e.g. Refs. [16,17]. Some recent studies highlighted the 
possible challenges of the optimal operation of generating hydropower 
such as impacts of climate change [18,19]. Moreover, it is highlighted 
that using the evolutionary algorithms is an efficient solution for opti
mizing the reservoir operation in terms of water supply or electricity 
supply [20–22]. Many classic and new generation algorithms are 
available to optimize the reservoir operation such as particle swarm 
optimization and bat algorithm [23,24]. 

More population and consequently water demand increase the 
importance of the dams in water and electricity supply, which means the 
environmental impacts of the large dams, is a fresh research field which 
needs more studies to overcome the ecological challenges. Optimal 
operation of reservoirs has been highlighted from several decades ago 
due to importance of maximizing the benefits from the reservoir. Many 
recent studies have still focused on the conventional optimization of the 
reservoir operation such as hydropower plant operation. However, some 
studies in recent years added the environmental values to the optimi
zation of the reservoir operation. Two aspects should be noticed in the 
environmental operation of the reservoirs including 1- developing an 
appropriate objective function and 2- using a suitable optimization 
method. The objective function should be developed based on the needs 
and purposes of the reservoir management. An appropriate loss function 

consistent with the purposes of the reservoir management might be able 
to optimize the reservoir operation properly as used in many previous 
studies. Furthermore, a wide range of optimization methods including 
simple optimization method such as linear programming and complex 
methods such as evolutionary optimization methods have been applied 
in the reservoir operation. Many previous studies highlighted the effi
ciency and robustness of the evolutionary optimization in the reservoir 
operation models. 

According to the conclusions of the previous studies, adding 
ecological models to the reservoir operation for mitigating the down
stream environmental impacts is a necessity in the current condition. It 
seems that adding conventional environmental flow models is not able 
to protect the ecological values due to lack of highlighting complex 
ecological interactions such as fish biodiversity. Due to this research 
gap, the present study proposes and evaluates a novel framework for 
integrating fish biodiversity models and reservoir operation optimiza
tion in which the downstream impacts of the reservoir on the fish 
biodiversity are mitigated, while benefits of the reservoir are maxi
mized. In other words, the main novelty of this study is to develop a 
novel framework which can integrate the fish biodiversity index with 
the optimal operation of a hydropower plant to protect downstream 
ecological values or minimizing ecological impacts of hydropower on 
the fish biodiversity. Another novelty of this study is to develop a data- 
driven model for assessing fish biodiversity considering water quality as 
well as hydraulic parameters of flow through adaptive neuro fuzzy 
inference system. In fact, this study proposes a novel interdisciplinary 
framework for ecological operation of hydropower plants considering 
fish biodiversity. This study might open new windows in the environ
mental operation of the hydraulic structures in which complex ecolog
ical interactions between the abiotic factors and the fish communities 
could be added to the water resource management directly. The present 
study improves integration of advanced ecological models and the water 
resources frameworks. As a clear statement on the objectives of this 
research work, the following objectives were defined.  

1 developing an integrated simulation-optimization framework for 
minimizing the impacts of changing flow regime by hydropower 
plants on downstream fish biodiversity  

2 Using advanced data driven models for simulating downstream 
water quality parameters in the structure of the ecological reservoir 
operation model  

3 Integrating water quality as well as water quantity indices for 
assessing fish biodiversity index which is helpful to understand and 
simulate the impact of abiotic factors on the fish biodiversity 

List of acronyms 

BOD5 Dissolved oxygen needed for the biological degradation 
COD Chemical oxygen demand 
EC Electrical conductivity 
DO Dissolved oxygen 
NH4 Ammonium 
PO4 Phosphorus 
NO3 Nitrate 
pH A measure of how acidic/basic water is 
W Weight of importance 
Υ Exponent 
IRWQI Combined water quality index 
V Flow velocity 
D Depth 
V/D ratio of velocity to depth 
Q Discharge 
NSE The Nash–Sutcliffe efficiency 

O Observation 
M Modelled (simulated) 
RMSE Root Mean Square Error 
PPC Installed capacity 
PP Power production 
NS Biodiversity index in natural flow 
OSI Biodiversity index in optimal release 
P1, P2, P3 Penalty functions 
S Storage 
I Inflow 
R Release from the reservoir 
F Overflow 
E Evaporation 
A Surface area of reservoir 
MCM Million Cubic Meters 
MW Mega Watt 
m3/s Cubic Meters per Second  
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4 Proposing an optimal release from the reservoir in the case study 
which is able to minimize losses of the hydropower plant as well as 
biodiversity ecological impacts 

2. Application and methodology 

2.1. Overview on the methodology and case study 

Fig. 1 shows the overview of the methodology in which three com
ponents could be observed. The extensive field studies in the river 
habitats are the first step in the developed methodology in which fish 
sampling and simultaneous measurement of physical and water quality 
factors were carried out. Then, the outputs of the field studies were 
applied to develop a data driven model to assess the fish biodiversity, 
which was used in the structure of the reservoir operation optimization. 
In the optimization process, balancing the environmental requirements 
and benefits of the reservoir was the purpose of the model. More details 
regarding each part will be presented in the next sections. 

The proposed simulation-optimization method was applied in the 
Rajaei reservoir located in the Tajan river basin, Mazandaran province, 
Iran. Generating hydropower is the main responsibility of the reservoir, 
which is highly important for satisfying the electricity demand for the 
near cities and farms. Due to generating hydropower, the downstream 
flow regime has considerably changed compared with the natural flow. 
On the one hand, regional water authority is willing to increase the 
release of the reservoir based on the optimal operation of the hydro
power. On the other hand, the regional environmental department is 
seriously concerned regarding the release of the reservoir due to 
downstream ecological values. In fact, several fish species are living at 
downstream river, which need suitable environment for biological ac
tivities. Recent field studies by the regional environmental department 
indicated that fish biodiversity has been weakened compared with the 
natural flow. In other words, the number of some species has increased, 
while the population of some other species has remarkably reduced. The 
current environmental challenges in the study area especially in terms of 
fish biodiversity have escalated the negotiation between the reservoir 
managers and environmental advocators. Thus, restoration of the fish 
biodiversity consistent with the current condition is a requirement for 
protecting the freshwater ecosystems in this basin. Due to this regional 
requirement, the present study proposes a mew framework for restoring 
the fish biodiversity by changing the operation of the hydropower plant. 
Fig. 2 displays the location of the Rajaei reservoir in the Tajan river basin 
and land use map of the basin. Moreover, Table 1 shows more details on 

the installed hydropower plant and the features of the reservoir. 

2.2. Fish biodiversity modeling 

The extensive field studies were carried out in the study area 
including fish sampling or observation and measuring the abiotic factors 
in different types of habitats. In fact, initial survey by department of 
environment had demonstrated that changing abiotic factors including 
physical parameters of flow and water quality parameters could be 
highly effective on the fish biodiversity in this basin. Many previous 
studies highlighted the impact of abiotic factors on the river habitats (e. 
g. Ref. [25]. Fish sampling or observation was carried out through the 
electrofishing method in which different types of fishes would be 
observed indirectly. A limited voltage was used to recover the fish to the 
habitats. After sampling process in different types of meso-habitats (i.e. 
riffles, runs and pools), different species were identified by an experi
enced ecologist and available population of each species was recorded. 
Moreover, depth and velocity were recorded by the metal ruler and 
propeller in the sampled habitats. The portable device measured water 
quality parameters as well or collected samples were measured in the 
Lab for some parameters. More details regarding the methodology of 
field studies in the river habitats have been addressed in the literature 
[26]. 

Based on measurement of the abiotic factors, two indices including 
ratio of velocity to depth (V/D) as the physical index and Iran water 
quality index (IRWQI) as the combined water quality index were 
computed in each sample. The theory and application of IRWQI have 
been addressed in the literature. However, Fig. 3 displays more details 
regarding computation of IRWQI (more details on this index by 
Ref. [27]. Furthermore, Shannon index (SI) was used to evaluate the fish 
biodiversity in each sample [28]. Equation (1) shows this index, which is 
highly useable for evaluating biodiversity in the river habitats. In this 
equation, SI is Shannon index, P is the proportion of the ith species to the 
total number of individuals and S is total number of existing species. 
Finally, a multivariate linear regression (MLR) was applied to simulate 
the fish biodiversity index (SI) in which V/D and IRWQI were inputs and 
SI was the output of the model. 

SI = −
∑S

t=1
Pi ln Pi (1) 

Assessing SI in each time step of the reservoir operation needs to 
develop some models for simulating physical and water quality pa
rameters. Hence, these models were developed based on the data 

Fig. 1. Workflow of the proposed method.  
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collection of the parameters in hydrometric stations and field studies. 
Two regression models were developed to simulate average depth and 
velocity at downstream river habitats as displayed in the following 
equations in which Q is discharge and V and D are velocity and depth 
respectively. 

Upstream reach
{

V = − 0.00317
(
Q2)+ (0.0821Q) + 0.0589

D = − 0.00162
(
Q2)+ (0.0857Q) + 0.0296 (2) 

Several previous studies corroborate the applicability and efficiency 

of neural networks or adaptive neuro fuzzy inference system (ANFIS) as 
a data driven model to simulate water quality parameters (e.g. Refs. [29, 
30]. Hence, we applied ANFIS based model to simulate water quality 
parameters at downstream of the reservoir. More details on the theory 
and application of ANFIS has been addressed in the literature [31]. 
However, Fig. 4 displays the simple structure of the ANFIS with two 
inputs. Moreover, Table 2 shows more details on the data driven models 
used in the presents study. Two known indices were applied to evaluate 
the goodness of fit the data driven model including the Nash–Sutcliffe 
efficiency (NSE) and root mean square error (RMSE) [32]. Equations (3) 
and (4) display the mathematical form of these indices where O is 
observed data, M is simulated data and i and m mean the sample number 
and average of the data respectively. 

NSE = 1 −

∑I

t=1
(Mi − Oi)

2

∑I

t=1
(Oi − Om)

2
(3) 

Fig. 2. Land use, location of the Rajaei reservoir and river network map of Tajan basin.  

Table 1 
More details on the hydropower plant and reservoir.  

Minimum discharge of hydropower plant 3 m3/s 

Design discharge 15 m3/s 
Installed capacity 13.5 MW 
Capacity of the reservoir 160 MCM 
Minimum operational storage 15 MCM  

Fig. 3. Workflow of computing IRWQI as the combined water quality index.  
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RMSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑I

i=1
(Mi − Oi)

2

I

√
√
√
√
√

(4) 

Two other indices (equations (5) and (6)) were applied as well to 
have more accurate comparison between simulated data and observed 
data including mean squared error (MSE), mean absolute error (MAE) 
and mean absolute percentage error (MAPE) as follows: 

MSE =

∑I

i=1
(Mi − Oi)

2

I
(5)  

MAPE =

∑I

t=1
|(Mt − Ot)/Ot|

I
(6)  

2.3. Optimization model 

The main component of each optimization model is the objective 
function, which should be developed, based on the purposes of the 
optimization process. In the present study, balancing the benefits of 
generating hydropower and protecting fish biodiversity was the purpose 
of the optimization. Hence, a new form of objective function was 
developed to satisfy this requirement in the case study. Equation (7) 
shows the developed objective function in the present study where the 
PP is power production, PPC is installed capacity, NSI is biodiversity 
index in natural flow, OSI is biodiversity index in optimal release and P1 
to P3 are penalty functions for inserting the constraints of the storage 
and minimum discharge of the power plant in the operation model. It 
should be noted that changing storage level and release are mainly 
effective on the power production (PP) which means generating power 
was defined based on changing these parameters in each time step. 
Other coefficients of the hydropower plant were considered as constant. 
Based on equations (8)–(10), storage should not be more than capacity 
(Smax) of the reservoir and less than minimum operational storage 
(Smin). Moreover, release should not be less than minimum discharge 
(Qmin). It should be noted that maximum release was not defined due to 
possibility of needed flow for protecting biodiversity. 

Minimize(OF)=
∑T

t=1

(
PPC − PPt

PPC

)2

+

(
NSIt − OSIt

NSIt

)2

+P1t +P2t +P3t

(7)  

ifSi > Smax → P1= c1
(

St − Smax

Smax

)2

(8)  

ifSi < Smin → P2= c2
(

Smin − St

Smin

)2

(9)  

if Rt <Qmin → P3= c3
(

Rt − Qmin
Qmin

)2

(10) 

It was needed to update the storage in each time step, which carried 
out, by equation (11). 

St+1 = St + It − Rt − Ft −

(
Et × At

1000

)

, t= 1, 2,…, T (11)  

where S is storage, I is inflow of the reservoir, E is evaporation from the 
surface, A is area of the reservoir surface, R is release, and F is overflow 
calculated by equation (12). 
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

if
(

St + It −

(
Et × At

1000

))

≥ Smax→Ft = St + It −

(
Et × At

1000

)

− Smax

if
(

St + It −

(
Et × At

1000

))

< Smax→Ft = 0

(12) 

We simulated the operation of the hydropower in different hydro
logical conditions including dry years, normal years and wet years. The 
average daily flow time series in these conditions were computed based 
on stream drought index. More details raging the drought analysis by 
this method have been addressed in the literature [33]. Hence, we do not 
present more details in the manuscript. Moreover, three indices were 
applied in the evaluation of the performance of the optimization model. 
Reliability index was used to measure the performance in terms for 
electricity supply as displayed in equation (11). We also applied RMSE 
and NSE for evaluating the optimization model in terms of protecting 

Fig. 4. Simple structure of ANFIS based data driven model with two inputs.  

Table 2 
Main characteristics of ANFIS based model for simulating water quality parameters at downstream of the hydropower plant.  

Inputs Number of MFs 
(inputs) 

Type of MFs 
(inputs) 

Outputs Number of MFs 
(Output) 

Type of MFs 
(Output) 

Methods 

Discharge, distance from the reservoir, air 
temperature, top width of river 

10 Gaussian Water quality parameters 
as listed in Fig. 3 

10 Linear Clustering method: 
subtractive 
Training method: 
hybrid algorithm  
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fish biodiversity. It should be noted that the purpose of the model is to 
emulate the fish biodiversity in the natural flow. Thus, the developed 
equations (14) and (15) were utilized in this regard. It should be noted 
that biogeography-based optimization as one of the new generation 
evolutionary algorithms was applied to optimize the release of the 
reservoir in the present study (More details by Ref. [34]. 

RI =

∑T

t=1
PPt

PPC ∗ T
(13)  

NSE(opt)= 1 −

∑T

t=1
(OSIt − NSIt)

2

∑T

t=1
(NSIt − NSIm)

2
(14)  

RMSE(opt) =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑T

t=1
(OSIt − NSIt)

2

T

√
√
√
√
√

(15)  

3. Results and discussion 

In the first steps, it is essential to report the results of the simulations 
in the case study. As presented, fish observations in many points (120 
points) were carried out throughout the Tajan river basin. It should be 
noted both natural habitats with the minimum environmental impacts 
and impacted habitats by humans’ activities were considered in the field 
study, which means the outputs were reliable for developing a robust 
model to assess the fish biodiversity due to changing abiotic factors. 
Fig. 5 displays results of some sampled habitats by the electrofishing 
method and simultaneous measurement of the abiotic factors for 
calculating V/D and IRWQI. Five fish species who were available in all 
the samples were taken into account in the fish biodiversity assessment. 
SP1 to SP5 are Capoerta, Squalius, Luciobarbus, Alburnoides and Car
rassius species respectively. It sounds that changing the water quality 
and physical indices affects the biodiversity considerably. For example, 
simultaneous reduction of IRWQI and V/D increased the population of 

the SP4 remarkably which means the fish biodiversity has been weak
ened. Hence, the field studies corroborate the necessity of fish biodi
versity studies due to altering flow regime in the rivers. 

Several data driven models were applied to assess water quality and 
fish biodiversity in the present study. Thus, it is necessary to present the 
goodness of fit of these models in the results. In other words, it should be 
presented how the developed models would be reliable to assess the 
abiotic and fish biodiversity. Fig. 6 shows the training and testing pro
cess of DO model as the sample of water quality models. Moreover, 
Table 3 displays the evaluation indices of all water quality models in 
which NSE and RMSE of the models are calculated. According to the 
literature, if NSE is more than 0.5, the developed model might be reli
able. The maximum value of NSE is 1 that means the model and the 
observations are identical. However, developing a perfect model is not 
possible practically. Based on this threshold, all the water quality models 
are reliable for using in the further steps. Moreover, RMSEs of all models 
are low which corroborate the applicability of the data driven model for 
water quality simulation in the case study. MAPEs and MSEs of all water 
quality models corroborate the robustness of the models as well. As 
presented, a multivariate linear model was developed to calculate the 
fish biodiversity index (SI) in which IRWQI and V/D are inputs and the 
SI is the output of the model. Fig. 7 displays the inputs and the output of 
this model in a 3d graph. Based on the measurement indices displayed 
on the graph, the fish biodiversity model is highly reliable which can 
confirm the right selection of two physical and water quality indices in 
the present study. 

In the next step, the results of the optimization model should be 
presented. We simulated the hydropower operation in three different 
hydrological condition including dry years, normal years and wet years. 
Hence, the outputs including the generating hydropower, release and 
the fish biodiversity index in these statuses should be described in this 
step. Fig. 8 shows the normalized generating hydropower in all the time 
steps in three simulated conditions. It seems that chaotic changes of 
hydropower production in the simulations is due to altering the inflow of 
the reservoirs and available storage in the reservoir. Generally, less 
generating hydropower in the dry years could be observed. However, it 
is not identifiable how much it is reduced compared with the normal or 

Fig. 5. Results of fish biodiversity assessment in for samples of field studies.  
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wet years. Thus, using a measurement index is essential. Table 4 shows 
all the measurement indices of the optimization system in which reli
ability index of hydropower production is available. Reliability of 
generating hydropower in dry years is highly lower than wet years 
which means electricity supply in the dry years might be challenging. It 
should be noted that we defined the reliability index of hydropower 
considering the maximum possible generating hydropower. In fact, 
based on the recommendations by the regional water authority, the real 
need of the urban and non-urban area of the case study is much more 
than the installed capacity of the Rajaei reservoir. Hence, the maximum 

possible supply of electricity demand by the hydropower was aimed. 
Thus, defining reliability index of electricity supply considering installed 
capacity of the plant seems logical in the case study. However, it might 
be needed to define the reliability index of hydropower using the pre
defined maximum demand of electricity in other cases. The reliability 
index of hydropower in dry years, normal and wet years are 30%, 43% 
and 53% respectively. Low reliability in the dry years demonstrates the 
considerable challenges of balancing the benefits of the reservoir and 
environmental requirements. Furthermore, the storage time series in 
three hydrological statuses are shown in this figure as well. Generally, 
the available storage of the reservoir in dry years is lower than normal 
and wet years. However, the storage management in the last days of the 
simulated period might be challenging in all the hydrological statuses. In 
other words, the optimization model releases high volume of water 
which might be a need due to satisfying ecological requirements of the 
reservoir management. It seems that the role of storage in the environ
mental management should be considered in the design of the future 
reservoirs. More discussion will be presented in the next section. 

In the next step, the results of the optimization model in terms of fish 
biodiversity should be explained for investigating how the optimization 
model is able to balance the benefits of the reservoir and the ecological 
impacts. Fig. 9 shows the full results of the optimization model in terms 
of environmental issues including release and biodiversity index in the 
natural flow and the downstream optimal release. It sounds that the 

Fig. 6. Results of training and testing process of the dissolved oxygen (DO) model as the sample of data driven models.  

Table 3 
Measurement indices of water quality models.  

Model NSE MAPE RMSE MSE 

COD 0.78 0.12 0.28 0.08 
BOD5 0.76 0.13 0.29 0.08 
EC 0.63 0.18 47 2209.00 
DO 0.81 0.09 0.32 0.10 
NH4 0.65 0.17 0.03 0.00 
COLIFORM 0.53 0.24 9.6 92.16 
PO4 0.49 0.37 0.5 0.25 
NO3 0.73 0.14 2.1 4.41 
turbidity 0.84 0.07 4.4 19.36 
total hardness 0.55 0.29 15.3 234.09 
pH 0.52 0.33 0.34 0.12  

Fig. 7. The multivariate linear model of simulating fish biodiversity index in the study area (Blue circles: observations and orange circles: simulations.  
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optimization model is able to balance the fish biodiversity in the natural 
flow and optimal operation of the hydropower plant because the 
biodiversity index time series in dry years, normal years and wet years 
are close to the biodiversity time series in the natural flow. Hence, the 
developed model is efficient in terms of reducing the ecological impacts 
on the fish biodiversity. However, the accurate assessment of the per
formance needs to apply measurement index. Based on Table 4, NSE and 
RMSE of the optimization model in terms of biodiversity assessment are 
approximately 0.9 and 0.1 in all the hydrological conditions which 
means the optimization model is highly robust for reducing the 
ecological impacts in the case study. However, the performance of the 
optimization model might be changed case by case due to altering the 
inputs parameters of the reservoir system. The mots interesting result of 
the optimization model is release of the reservoir because the release is 
highly different from the natural flow. The optimization model increases 
the release in many time steps compared with the natural flow, which 
indicates the complex management of the reservoir to satisfy the 
ecological requirements of the fish biodiversity. More discussion will be 
presented in the next section in this regard. 

It matters to discuss on the results in the case study for providing 
technical recommendations to improve management of the reservoir 
and hydropower plant. Fig. 9 demonstrates that modifying the operation 
of hydropower plant consistent with the proposed method can mitigate 
the potential downstream impacts on the fish biodiversity remarkably. 

In other words, Table 4 indicates that finding an optimal environmental 
solution is possible as a great news for the environmentalist in the case 
study. However, Fig. 8 indicates that changing available storage in the 
simulated period is inevitable which might not be positive in terms of 
having strategic storage in the reservoir. Moreover, Fig. 8 highlights the 
challenges of generating hydropower in the dry years which might 
escalate negotiations between stakeholders. 

Importance, mechanism, advantages and shortcomings of the pro
posed model in terms of technical and computational aspects should be 
discussed. The results of the presents study demonstrate that not only 
integrating the ecological impacts in the reservoir operation model is 
necessary, but also defining the ecological impacts in the structure of 
optimization model might be challenging. Some previous studies 
defined the ecological degradations by some non-ecological indices 
which might be highly deleterious for the aquatic habitats due to lack of 
a model to integrate the real needs of the environment. For example, 
most recent studies applied hydrological or desktop methods to assess 
the ecological impacts in the reservoir operation models which are not 
able to simulate the environmental requirements of the available or
ganism in the study area. Conversely, some limited studies considered 
the needs of the aquatic organisms in the model. However, they are not 
fully reliable for perfect ecological management of the reservoirs 
because they had considerable simplifications in the ecological assess
ment of the aquatic habitats. In other words, the previous methods are 
not able to reflect the ecological complexities of the ecosystem in the 
water management model. The fish biodiversity is an important crite
rion to assess the health of the river ecosystems which might need a 
complex environmental model. The proposed method is highly advan
tageous regarding applying advanced ecological models in the reservoir 
management, which is a serious need in the current condition. Accord
ing to the literature, destruction of biodiversity is a big problem in many 
freshwater ecosystems due to water supply and draining pollutant to the 
inland water bodies. It should be noted that these impacts might be 
exacerbated in the future years due to increasing the population and 
global warming impacts. Thus, utilizing the proposed method is highly 
helpful for reducing the destructive effects of generating hydropower in 
the rivers. 

The outputs of applying model in the case study revealed that it is 
needed to increase release of the reservoir in many time steps compared 
with the natural flow. This issue should be noticed in terms of two as
pects. First, generating hydropower might need higher release compared 
with natural flow which might be generally reasonable. Secondly, 
satisfying environmental requirements in terms of fish biodiversity 
might be changed the needed flow regime compared with the natural 
flow. At the first glance, it seems that minimizing difference between the 
optimal release and the natural flow might be enough for having sus
tainable environmental condition in the downstream aquatic habitats. 
However, not only a hydropower plant might change the water quantity 
(i.e., flow regime) at downstream, but also it might alter the water 
quality at downstream habitats. Many previous studies have discussed 
on the impacts of hydropower on the water quality parameters at 
downstream of the reservoirs. Many environmental flow methods such 
as hydrological methods aim to minimize the difference between 
instream flow and natural flow. However, the present study indicated 
that assessing environmental flow at downstream of hydropower plant 
should be beyond the comparison of natural flow and optimal envi
ronmental flow due to complex impacts on the water quality and 
consequently the biodiversity of the aquatics. It should be noted that the 
behavior of the model is not linear in different hydrological conditions 
which means release in dry years, normal years and wet years could not 
be forecasted without using a biodiversity data driven model in three 
statuses. 

Another technical issue, which is highly important in the ecological 
reservoir management considering the fish biodiversity, is the available 
storage in the reservoir. According to the results in the case study, the 
optimization model released much more water in some time steps which 

Fig. 8. The result of reservoir operation optimization including storage and 
generating power time series. 

Table 4 
Measurement indices of the optimization system.  

Index Dry years Normal years Wet years 

Reliability index of generating power 30% 43% 53% 
NSE of biodiversity 0.9 0.88 0.89 
RMSE of biodiversity 0.1 0.11 0.13  
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reduced the available storage considerably. It is not favorite for the 
reservoir managers not to have in sufficient storage in the reservoir. For 
example, managers might define a strategic level of the storage in the 
reservoir. Hence, mitigating the ecological impacts by the proposed 
method might be challenging for the reservoir managers in terms of 
having more storage in different time steps. In fact, the operator should 
release high amount of water beyond the hydropower plant need in 
some time steps to mitigate the ecological impacts on the fish biodi
versity. Many solutions for overcoming this challenge are not available 
in the constructed reservoirs. In the single reservoirs, no solution is 

available which means reducing the storage of the reservoir is inevi
table. In contrast, in multi-reservoir systems, utilizing the total available 
storage by all reservoirs might be a solution for overcoming this prob
lem. In other words, several reservoirs might have contribution for 
mitigating the ecological impacts in the river ecosystem. However, 
flexibility in the construction of new reservoirs or modifying the struc
ture of the reservoir is accessible. In other words, it is recommendable to 
design the new reservoirs or modify the structure of the existing reser
voir based on the ecological requirement of the fish biodiversity. It 
should be noted that an open loop was considered in the reservoir 

Fig. 9. The result of reservoir operation optimization including SI and release of the reservoir.  
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operation of the proposed model. In other words, release was directly 
optimized in this model. Another solution is to determine the operation 
rules in the optimization of the reservoir. We recommend utilizing other 
strategies of the reservoir operation in the future studies in which the 
fish biodiversity is integrated in the optimization model of the 
reservoirs. 

Adding the impact of climate change matters in the future studies 
because the climate change might alter all the inputs of the simulation- 
optimization model. The climate change might alter the total flow of the 
river and the air temperature, which might be effective on the simula
tion and optimization models. In other words, changing precipitation 
and consequently river flow might change the reservoir management 
plan as well as the fish biodiversity in the natural flow. Moreover, 
changing the air temperature might alter the water quality parameters 
due to impact of water temperature on the simulation of the water 
quality factors. Furthermore, it is recommendable to add the population 
and development considerations in some cases in which the highest 
electricity demand might be changed due to the regional development. 

Main findings of this study should be analysed in the context of the 
broader scientific literature by addressing limitations of the study and 
conflict with other published works. This study corroborated the results 
of previous studies on downstream ecological flow management of hy
dropower plants regarding critical ecological impacts of hydropower 
plants on the downstream habitats [35]. Some previous studies 
addressed the environmental flow in the context of optimal operation of 
hydropower plants (e.g, Refs. [11,12]. However, a serious drawback in 
these studies was lack of addressing the fish biodiversity as an important 
ecological index which will not be generally considered in the envi
ronmental flow assessment. This study covers this shortcoming by pro
posing a novel simulation-optimization framework for minimizing 
downstream ecological impacts on the fish biodiversity. We applied 
Shannon index as a known biodiversity index. However, other biodi
versity indices have been proposed in the literature which can be used in 
future studies for extending the proposed framework (more details on 
biodiversity indices by Ref. [36]. Some key technical limitations of the 
proposed method should be noted. First, we only used one biodiversity 
index which might not be able to reflect all aspects of fish biodiversity. 
As recommended, using other indices will be helpful for covering this 
limitation. Furthermore, it is recommendable to combine previous 
frameworks of optimal environmental flow with the proposed frame
work for covering unseen ecological impacts. Another limitation of the 
proposed method is inability to consider cascade of the reservoirs which 
might make the system much more complex. 

Apart from the technical aspects of the model, computational aspects 
matter to apply the model effectively. The computational complexities 
are key criteria for assessing the applicability of the model practically. 
As a brief description on this term, it is defined as the required time and 
memory for convergence of the optimization model. Clearly, the man
agers and experts are not willing to use a complex reservoir operation 
model in which much time and memory might be needed to find the best 
solution. Covering a long-term period and huge number simulations 
might be needed in the practical management of the reservoirs. The 
proposed model has some advantages and disadvantages in this regard. 
Utilizing a regression model to assess the depth and velocity at down
stream of the reservoir as well as multivariate linear model of the fish 
biodiversity index reduced the computational complexities. However, 
applying the ANFIS based model to simulate water quality remarkably 
increased the complexities of the model. Hence, the developed model is 
averagely a complex model due to applying several ANFIS based water 
quality models, which might be a drawback of the framework. Brain
storm on diminishing the computational complexities in the future 
studies might be a great help for increasing the applicability of the 
proposed method. 

Discussing on optimization algorithm is required as well. The pro
posed optimization model is a multipurpose model, which means two 
objectives were simultaneously considered in the model including 

generating hydropower and fish biodiversity. At the first glance, using a 
multi-objective optimization algorithm might seem logical which is used 
in many multi-objective optimization problems. However, we applied a 
single objective optimization in the present study due to some advan
tages compared with the multi-objective algorithms. As discussed, the 
computational complexities are a real hindrance for applying the 
simulation-optimization in practice. The multi-objective algorithms are 
inherently more complex than single objective algorithms which means 
they need more time and memory to find the best solution. In the pro
posed model, several ANFIS based model was implemented in the 
structure of the model which increased the computational complexities. 
Thus, using a multi-objective optimization algorithm is not recom
mendable due to augmenting needed time and memory in the optimi
zation process. The results of the case study indicated that a single 
objective algorithm is able to balance the benefits and environmental 
requirements of the hydropower production. 

4. Conclusions 

The present study developed a novel simulation-optimization model 
for minimizing the impacts of generating hydropower by the reservoirs 
on the downstream fish biodiversity considering water quality as well as 
water quantity indices. Several data driven models were applied to 
simulate water quantity and quality indices as well as the fish biodi
versity index in the structure of the reservoir operation optimization. 
Results showed robust performance of water quality models due to 
having NSE more than 0.5 in all the models. Moreover, optimization 
model successfully modified release from the reservoir to minimize 
difference between biodiversity index in the natural flow and optimal 
release. Reliability index of generating hydropower in the dry years is 
30% which means protecting ecological values reduces hydropower 
production considerably. Computational complexities might be one of 
the limitations of the proposed framework. Moreover, it is recom
mendable to use other biodiversity indices in future research works. 
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