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Analyzing environmental flow supply in the
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Abstract: This study proposes a novel form of environmental reservoir operation through integrating
environmental flow supply, drought analysis, and evolutionary optimization. This study demonstrates that
simultaneous supply of downstream environmental flow of reservoir as well as water demand is
challenging in the semi-arid area especially in dry years. In this study, water supply and environmental flow
supply were 40% and 30% in the droughts, respectively. Moreover, mean errors of supplying water
demand as well as environmental flow in dry years were 6 and 9 m3/s, respectively. Hence, these results
highlight that ecological stresses of the downstream aquatic habitats as well as water supply loss atre
considerably escalated in dry years, which implies even using environmental optimal operation is not able
to protect downstream aquatic habitats properly in the severe droughts. Moreover, available storage in
reservoir will be remarkably reduced (averagely more than 30x10¢ m? compared with optimal storage equal
to 70x10¢ m?3), which implies strategic storage of reservoir might be threatened. Among used evolutionary
algorithms, particle swarm optimization (PSO) was selected as the best algorithm for solving the novel
proposed objective function. The significance of this study is to propose a novel objective function to
optimize reservoir operation in which environmental flow supply is directly addressed and integrated with
drought analysis. This novel form of optimization system can overcome uncertainties of the conventional
objective function due to considering environmental flow in the objective function as well as drought
analysis in the context of reservoir operation especially applicable in semi-arid areas. The results indicate
that using either other water resources for water supply or reducing water demand is the only solution for
managing downstream ecological impacts of the river ecosystem. In other words, the results highlighted
that replanning of water resources in the study area is necessary. Replacing the conventional optimization
system for reservoir operation in the semi-arid area with proposed optimization system is recommendable
to minimize the negotiations between stakeholders and environmental managers.
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1 Introduction

Water supply and generating hydropower are the main responsibilities of reservoir (Altinbilek,
2002; Bilgili et al., 2018; Liersch, 2019). However, river ecosystems are threatened by rising
water demand and weakening water quality due to increasing population (Postel, 1998; Liyanage
and Yamada, 2017). Hence, the concept of environmental flow has been defined to protect the
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river habitats. Basic concepts of the environmental flow regime have been reviewed in the
literature (Zeiringer et al., 2018). Several methods have been developed to assess environmental
flow regime including historic flow methods, hydraulic rating methods, physical habitat methods,
and holistic methods (Jowett, 1997; King et al., 2000; Tharme, 2003). Ecological-based methods
can assess environmental flow regime considering the regional ecological values. For example, an
applicable model is developed to assess the environmental flow for restoring riparian vegetation
(Shafroth et al., 2017). Furthermore, conditional probability networks have been utilized as a
designer for assessing environmental flow (Horne et al., 2017). Using functional flow approach is
a novel solution for determining environmental flow regime (Lane et al., 2020). Satisfying the
environmental flow regime might be a complex task for engineers especially in the dry years. In
other words, simultaneous supply of water demand and environmental flow might be challenging.
Some recent studies highlighted the optimization of the environmental flow for better
environmental management of the river basins (Dehghanipour et al., 2020; Sedighkia et al., 2021).
Application of decisions-making model for environmental management of the water resources has
been highlighted in the literature as well (Liu et al.,, 2008). Integrating water resource
management and environmental modelling is required for facing environmental challenges
(Young et al., 2003; Paredes-Arquiola et al., 2014).

Satisfying the downstream environmental flow of reservoirs in droughts might be highly
challenging. In the conventional form of reservoir operation, the environmental flow regime is not
considered. Optimization of reservoir operation has been reviewed in the literature (Allawi et al.,
2018). Some previous studies focused on reservoir management in drought condition (Spiliotis et
al., 2016). Hashimoto et al. (1982) proposed a simple and applicable form of loss function to
optimize reservoir operation that minimizes difference between target or water demand and
release from the reservoir. Datta and Burges (1984) highlighted this function as two-sided loss
function. Moreover, they pointed out that storage is another effective parameter for the optimal
reservoir operation. In other words, loss of storage must be considered in reservoir operation. This
loss function has been utilized in many studies (Ehteram et al., 2017, 2018; Zamani et al., 2017).
Optimization methods have been improved in recent years. A comprehensive review on the
optimization methods is available in the literature (Sun et al., 2019). Linear programming (LP)
and non-linear programming (NLP) have been used to optimize reservoir operation (Arunkumar
and Jothiprakash, 2012; Zhao et al., 2014). However, using advanced evolutionary algorithms are
highly effective for increasing the efficiency of optimization (Ahmad et al., 2014). Evolutionary
algorithms have been widely utilized to optimize reservoir operation in recent years
(Bozorg-Haddad et al., 2017; Salazar et al., 2017; Yaseen et al., 2019; Zarei et.al, 2019).
Optimization methods are applicable in calibration and validation of hydrological models as well
(Garcia-Romero et al., 2019). Recent studies highlighted the optimization of environmental flow
at downstream of reservoirs (Yin et al., 2012; Cai et al., 2013; Horne et al., 2017). However,
integrating optimal reservoir management and environmental flow supply is needed to minimize
the negotiations among stakeholders. Water resources engineers defined the environmental flow
in water allocation models. The initial systems developed a simulation framework in which water
flow, water quality, fish habitat quantity and quality, anadromous fish populations, and economics
were highlighted (Flug Bartholow and Campbell, 1999). However, using environmental flow
regime in the structure of water resources optimization models was essential. Thus, water
resources management, water quality, and habitat analysis tools were developed in the structure of
decision support system (Olden and Naiman, 2010; Paredes-Arquiola et al., 2014). Moreover,
some studies used historic flow methods to assess the environmental flow at downstream of
reservoirs (Yin et al., 2012; Payne and Jowett, 2013).

Highlighting contribution and necessities of this study for covering the research gap is essential.
Several methods have been developed in reservoir operation optimization in recent decades
(Dobson et al., 2019). However, considering water supply as the main objective of optimization is
a challenge currently. Impacts of climate change on the rainfall events and consequently extreme
events such as droughts and floods have been highlighted in recent studies (Duan et al., 2016,
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2019, 2022). These studies pointed out that increasing extreme events such as severe droughts or
floods is highly probable due to climate change. Hence, modifying the operation models of
reservoir is essential for facing environmental challenges such as environmental flow supply in
the dry years. This study is an effort to cover this research gap by proposing and evaluating a
novel form of the optimization system for reservoirs in semi-arid areas in which environmental
flow and drought analysis are integrated in the objective function and the optimization system,
respectively.

The present study contributes to improve the optimization process of environmental flow in
reservoir operation models by defining a new form of objective function, in which drought
analysis is linked to the model for optimizing the environmental flow regime in the dry years. In
fact, linking the drought analysis and reservoir operation model might be helpful for improving
environmental management. The present study defines two regimes of environmental flow
consistent with ecological protection scenarios including the minimum environmental flow
regime and ideal environmental flow regime. The ideal environmental flow regime was defined as
the target in optimization model. In contrast, the minimum environmental flow regime was
defined by penalty function. This novel system can balance environmental requirement and water
supply optimally. To sum up, the objectives and contributions of the present study could be
mentioned as follows: (1) developing a new form of the objective function of reservoir operation,
in which two environmental flow regimes including the minimum environmental flow regime and
target of environmental flow regime are defined in the structure of optimization model. This new
form of objective function is able to manage the environmental flow in different ecological
protection scenarios and water supply simultaneously; and (2) incorporating drought analysis with
reservoir operation optimization for managing challenges due to severe droughts in the operation
of reservoir for satisfying environmental flow regime.

2 Application and methodology

Figure 1 displays the workflow of proposed method. Drought analysis is carried out by the stream
drought index (SDI) in the first step. Then, we computed mean monthly flow for average year in
the dry years based on the results of drought analysis. Two defined environmental flows including
the minimum environmental flow and ideal environmental flow regimes are then added to the
optimization model. Moreover, other constraints on reservoir management are added as well. In
the next step, different metaheuristic algorithms are applied to optimize releases from reservoir.
Finally, the best method for optimizing reservoir operation is selected.

2.1 Study area

The proposed method was applied in the Latian Dam (one of the largest dams in Iran) that is
responsible for water supply of capitol territory. This dam has been constructed on the Jajrood
River, where originates from the Alborz Mountains toward the Salt Lake in southern Tehran
Province, Iran. Satisfying environmental flow in the droughts is a serious challenge at
downstream of the Latian Dam. Environmental flow is necessary to protect valuable downstream
habitats. The available flow in some months is not adequate to satisfy water demand and
environmental flow. The reservoir has a significant role to satisfy demands in this basin. Previous
studies corroborated that satisfying water demand and environmental flow is not possible without
using reservoir. Many native aquatic species are living in the downstream river in which enough
instream flow is needed. Hence, environmental flow regime is highly important in the study area.
In recent years, negotiations between stakeholders and environmental managers have been
escalated in this river basin. Current environmental challenges threaten regional ecological values
drastically. Figure 2 displays the location of Latian Dam and upstream river basin. The minimum
operational storage is 15x10% m3 in this reservoir, and the maximum possible storage is 95x10° m?>.
The following datasets were used to implement the proposed method in this study (Table 1).
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Fig. 1 Workflow of this study. SDI, stream drought index.
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Fig. 2 Location of the Latian Dam and upstream of the Jajrood River basin
Table 1 Introducing datasets
Data Description
Hydrological data Historical recorded river flows (inflow) to reservoir for a long-term period (55 a) were

available in the data bank of regional water authority

Average monthly evaporation data from the surface of reservoir was available based on

Evaporation data . . . .
P long-term data recorded in the regional weather station near to reservoir

Environmental flow time A recent regional technical report provided environmental flow analysis data (Abdoli and
series Sedighkia, 2019)

Water demand time series ~ Available in the regional water authority dataset
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2.2 Drought analysis

We utilized SDI to analyse droughts in the study area. Standardised precipitation index (SPI) is
useable for analysing the meteorological droughts. However, this index is not applicable in the
assessment of drought in rivers. Researchers developed SDI based on analogy between
meteorological drought analysis and hydrological drought analysis in rivers (Akbari et al., 2015).

In the first step, we need to calculate cumulative stream flow volume (V;) based on Equation 1.
3k

V=0, (1)
J=1
where Q;;is the flow (m’/s); k is the period (k=1, 2, 3, 4) of drought analysis, which might be
three to twelve months; and i is the months (i=1, 2, ..., 12). In this study, we did the drought
analysis based on the twelve-month period. In the next step, it is needed to use Equation 2 to
calculate SDI that could be seen as follows:
v =V
SDI;; ==+, )
> Sk
where v is the cumulative stream flow volume (m?/s); and ¥ and S are the mean and standard
deviations of cumulative stream flow volume (m?/s), respectively. More details on SDI have been
presented in the literature (Akbari et al., 2015; Liu et al., 2015). Table 2 displays defined criteria
to assess hydrological condition as non-drought to extreme drought (Akbari et al., 2015).

Table 2 Criteria for definition of SDI

State Description Criterion of SDI
0 Non-drought SDI>0.0
1 Mild drought —1.0<SDI<0.0
2 Moderate drought —-1.5<SDI<-1.0
3 Severe drought -2.0<SDI<-1.5
4 Extreme drought SDI<-2.0

Note: SDI, stream drought index. The criteria are referenced from Akbari et al. (2015).
2.3 Optimization model

Objective function (OF) is a key component in each optimization model. Equation 3 shows the
OF in this study. Equation 3 is a loss function in which differences between defined water demand
and release from reservoir for water supply is minimized. Moreover, difference between ideal
environmental flow regime for the river ecosystem and release for environmental flow by
reservoir is minimized as well. The general form of this loss function is the same with previous
studies. However, the component of environmental flow is added to the function.

T 2 2
OFZZ[IE,—OE,J J{Dt—RD,J ’ 3
~ IE, D,
where [E; is the ideal environmental flow (m?®/s); OE; is the optimal environmental flow (m?/s); D,
is the water demand (m?/s); RD; is the release for demand (m3/s); ¢ is the time step of the
optimization model in monthly scale; and T is the horizon time (month). Some constraints must
be added to the optimization model including constraints on the minimum operational storage,
maximum possible storage, minimum environmental flow, maximum water demand, and
environmental flow as follows: (1) storage must not be more than the maximum possible storage;
(2) storage must not be less than the minimum operational storage; (3) release for water demand
must not be more than water demand; (4) release for environmental flow must not be more than
ideal environmental flow; and (5) release for environmental flow must not be less than the

minimum environmental flow. We applied the metaheuristic algorithms to optimize reservoir
operation. And we applied the penalty function to convert a constrained optimization problem to
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unconstrained one for using evolutionary algorithms (Baba et al., 2015). This method has been
extensively utilized in reservoir operation optimization (Al-Jawad and Tanyimboh, 2017; Takada
et al., 2019). We added four penalty functions to the optimization system. Equation 4 displays two
penalty functions for storage management.

2
if St >Smax — Pl :cl[—St;Smaxj
max - )
. S-S .
if S, <Siin —)PZZCZ(—t mmj

min

where S; is the storage (10° m®); Smax is the maximum possible storage or capacity of reservoir
(10% m3); Smin is the minimum operational storage (10° m®); ¢l and ¢2 are constant coefficients
(dimensionless); P1 is the penalty function related to the maximum storage or capacity of
reservoir (dimensionless); and P2 is the penalty function related to the minimum operational
storage of reservoir (dimensionless). In fact, these two functions increase the value of OF as the
penalty function in optimization system to maintain storage between the minimum operational
storage and the capacity of reservoir. In these equations, c1 and ¢2 were achieved through initial
sensitivity analysis. Equation 5 displays two penalty functions for water demand. Moreover,
Equation 6 displays added penalty functions for environmental flow.

2
if RD, > D, > Pl=cl [M] : (5)
t
2
E — IE
if OE, > IE, — Pl =l (%}
2 (6)
E —S. .
if OF, < S, > P2=c2 [M]
'min
where RD; is the release from reservoir for water supply (m?/s).
Reservoir storage was updated by Equation 7.
V, x
SHI=S,+1t—OEt—RD,—SB—(m), 7

where [, is the inflow to reservoir (10° m?); SP; is the overflow (10° m?®); ¥, is the evaporation (m);
and A4, is the surface area of reservoir (m?).

It should be noted that total of release for environmental flow and overflow might be defined as
total environmental flow to downstream river. We calculated overflow based on the maximum
storage of reservoir by Equation 8.

if(St +1, —(%D > Spne > SE =S, +1, - [%) — S

. (8)
if(St +1 —(ﬂn <S. —>SB=0

1000000

2.4 Metaheuristic optimization

Three different evolutionary algorithms were used in the present study including particle swarm
optimization (PSO), biogeography-based optimization (BBO), and differential evolution (DE)
algorithm. General methodology of these algorithms is the same. However, different strategies for
searching solution spaces will be used. It is essential to review the methodology of each algorithm
briefly. PSO is able to solve an optimization problem considering a population of candidates or
solutions, and moving particles or solutions in the search-space by changing particle's position
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and velocity (Kennedy and Eberhart, 1995). BBO is inspired by mathematical models of
biogeography in which speciation (the evolution of new species) and the migration of species
(animals, fish, birds, or insects) between islands, and the extinction of species could be simulated
(Simon, 2008). DE could be applied for multidimensional real-valued functions. And it does not
utilize the gradient of problem being optimized (Qin et al., 2008). Figures 3—5 show flowchart of
used algorithms in this study. Moreover, some previous studies addressed the steps of
optimization by evolutionary algorithms (Ebtehaj and Bonakdari, 2016, 2017; Qasem et al., 2017,
Ebtehaj et al., 2019). We selected these three algorithms in this study to compare the performance
of different algorithms. We have chosen algorithms with different origins to investigate the impact
of changing methodology for finding the best solution in optimal release from reservoir. In the
optimization process, we considered the number of iterations as termination criteria. Based on
several experiments by different algorithms, after 5000 iterations the optimization algorithms
could be convergence. Thus, selecting 10,000 number of iterations is a reliable termination
criterion for applying evolutionary algorithms.

| Initializing particles |

v

Evaluating the best
position of each particle

Current position is
better than evaluated
the best position?

Updating the best
position

| Assigning the best to the best I:

| Computing velocity |
v

Updating particle
position

Condition is satisfied?

Fig. 3 Flowchart of particle swarm optimization (PSO)

Returning the best
solution

2.5 Measurement indices

Two different measurement indices were used including reliability index and root mean square
error (RMSE). Reliability index was used to measure the robustness of optimization methods in
terms of satisfying water demand and environmental flow during simulated period (Ehteram et al.,
2018b; Yaseen et al., 2018). Moreover, RMSE was utilized to measure the performance of
optimization methods in terms of water supply and satisfying environmental flow, and to measure
the performance of optimization methods in terms of storage benefits compared with optimal
storage. It should be noted that the reliability index is not useable for measurement of system
performance in terms of storage. The optimal storage in each time is important to maximize
benefits from the storage.
Equations 9 and 10 display general form of these indices in this study.

T
D RD,

Relaibility index = =1 )

T b
DR
=1
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where TR, is the target flow (m%/s).
2.6 Data analysis

As a review on pre-processing data analysis (inputs of optimization model), the hydrological data
or recorded inflow to reservoir were analyzed through drought analysis as presented in the
Section 2.2. Moreover, evaporation data were analyzed through monthly averaging to obtain
monthly time series of evaporation from reservoir. Environmental flow time series recommended
in previous studies (Abdoli and Sedighkia, 2019) was directly applied in the optimization model.
Moreover, water demand time series was extracted from previous studies by regional water
authority. Post-processing data analysis (outputs of optimization model) includes computing
measurement indices (Section 2.5) of water supply, storage, and environmental flow to evaluate
the performance of reservoir.
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3 Results and discussion

Figure 6 displays the result of drought analysis. Based on drought analysis, we estimated monthly
reservoir inflow by averaging dry years as displayed in Figure 6. We defined environmental flow
regime based on previous regional study (Abdoli and Sedighkia, 2019), which was assessed by
integrated habitat simulation method. Two environmental flow regimes were defined in this study.
This strategy is helpful to maximize the flexibility for environmental management of reservoir. A
minimum environmental flow regime was defined in which the minimum ecological suitability
could be provided. In other words, instream flow should not be less than this regime in all the
time steps. However, it is not able to provide the ideal habitat suitability. The minimum
environmental flow regime is able to guarantee 50% of maximum weighted useable area for
fishes as target species in the study area. Moreover, the ideal environmental flow regime is able to
provide high ecological suitability for aquatic organisms in the study area in which more than
75% of weighted useable area could be protected. More details regarding the habitat simulation
could be reviewed in the literature (Bovee et al., 1998; Nalamothu, 2021).

Supply of ideal environmental flow regime in the study area is the best option for

environmentalists. However, it might not be possible in dry years due to lack of enough flow in
the river. Hence, using optimization model of environmental flow is helpful for optimal water
supply and environmental needs. However, the environmental flow must not be less than
proposed minimum flow regime in all time steps. Figure 7 displays four time series including
water demand, ideal environmental flow, the minimum environmental flow, and reservoir inflow.
Reservoir inflow was considered as the mean monthly flow in the dry years. The purpose of this
study is to evaluate environmental flow supply in the dry years in which the optimal reservoir
management might be critical. Hence, normal years were not considered in this study. Figure 7
demonstrates that water demand and ideal environmental flow were higher than that of inflow of
reservoir in several months of the year. Thus, satisfying water demand and environmental flow
might increase the conflict of interests between stakeholders and environmental managers. Hence,
the optimization system is able to provide a fair balance between water supply and environmental
flow supply, which is necessary for optimal management of the Latian Dam.
Figure 8 displays the result of optimization in terms of water supply. The performance of different
algorithms demonstrates that they are able to supply part of water demand. Using alternative water
resource in the dry years for water supply is essential in this region. Moreover, results indicate that
water supply might be a huge problem for developing urban areas. Available water resource such
as Latian Dam is not able to supply demands in the dry years in current condition. Hence,
sustainable development of urban areas should be based on current limitations of water supply.
Environmental flow supply is a challenge in the study area, particularly in summer. Figure 9
displays the optimal release for environment by different algorithms compared with ideal and the
minimum environmental flow regime at downstream river ecosystem.

I )h An..;../\ /\TA)'
)5 W&ﬁﬁ[\[\ﬂo \116'50 w V201 2

Year

SDI

(=
3 3

0

Fig. 6 Result of stream drought index (SDI)



1448 JOURNAL OF ARID LAND 2023 Vol. 15 No. 12

M Water demand M Ideal environmental flow
M The minimum environmental flow 3% Reservoir inflow
35
30 -

—~

E

s 25¢

=)

=

x 20+ 3

N~ §

z N

S N

= § 3 ¥
N N TR
N 3 N
N 3 N
N 3 N
w = w
= = &y
3 B 3
\ R
= R =

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

Fig. 7 Time series of water demand, ideal environmental flow, the minimum environmental flow, and reservoir
inflow

3 The maximum demand M PSO W BBO HDE

—_

Flow (x10° m?)
T
P i

S N AN 0 O
[ T T .
s

A “
A,

A

LA

o

R A

AL LSS SIS IS LIS

s

s
A S S SIS,

3
N
3
N
3
3
3
3
3
N
§
3

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

Fig. 8 Optimal release for water demand by different evolutionary algorithms. PSO, particle swarm optimization;
BBO, biogeography-based optimization; DE, differential evolution algorithm. The abbreviations are the same in
the following figures.

Satisfying environmental flow (Fig. 9) in the dry years is challenging because difference
between optimal release for environment by all the evolutionary algorithms and ideal
environmental flow is considerable. Significant difference between ideal environmental flow and
optimal release from reservoir indicates that challenges for protecting river habitats at
downstream must be noticed in reservoir operation. However, release for environment in all the
months is more than the minimum environmental flow. Thus, the performance of penalty function
is robust. More discussion on supply of environmental flow and water demand is needed by using
measurement indices.

Figure 10 displays the optimal storage in reservoir. Results demonstrate that performance of
algorithms is different in term of storage in reservoir. Some points must be noted in optimal
storage of reservoir. First, droughts might escalate the challenges of storage management. In fact,
optimal storage is not accessible during dry years or reducing storage benefits is inevitable.
However, results demonstrate that performance of the minimum storage penalty function was
perfect. Storage is not less than the minimum operational storage in all time steps.

Table 3 displays reliability index for water supply and environmental flow. Similar
performance of different algorithms could be observed in this figure. Reservoir can supply 40% of
water demand in the dry years. In other words, challenges are considerable in optimal operation
of reservoir in droughts. Reliability of environmental flow supply is 30%. Hence, suitability of
river habitat at downstream will be diminished due to lack of instream flow. Optimization model
is able to provide a fair balance between water demand and environmental flow in the dry years.
In other words, it reduces the reliability of water supply and environmental flow supply in
droughts for balancing demands. It is not favorite in this river basin in terms of environmental
requirements. However, it sounds that it is the best solution for a challenging period. Some
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Fig. 9 Optimal release for environment by different evolutionary algorithms
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Fig. 10 Optimal storage in reservoir

previous studies demonstrated that the number of dry years might increase in future periods due
to the impact of climate change (Rezaee et al., 2013). Hence, applying the proposed method is
highly helpful for better management of droughts in the future years. However, impact of climate
change on the stream flow might not be the same in different rivers. For example, some studies
reported increasing stream flow due to the impact of climate change. Generally, extreme events
will be increased in the river basin. The proposed framework in this study is useful for general
management of environmental flow in the future periods. For instance, climate change models are
usually able to predict stream flow in the 20-a period such as 2020-2040 or 2040—-2060. Predicted
monthly flows could be used in structure of drought analysis for obtaining mean monthly flow in
the dry years in different future periods. Then, it can be evaluated how the climate change would
alter the ecological status of river ecosystem in optimal reservoir operation. Stream flow might be
changed in each year. However, engineers averagely define environmental flow based on
hydrological condition. Hence, using the proposed framework for managing environmental flow
in most optimistic and pessimistic scenarios is recommendable.

It seems that having a new plan for water supply in this river basin is essential due to lack of
enough water for satisfying water demand and environmental flow simultaneously. Table 3
displays RMSE for supply of water demand and environmental flow. Close performance of all
algorithms is clear in this table as well. It seems that optimization model in the developed form of
present study has better performance in terms of water supply compared with environmental flow.
RMSE for water demand is lower than that for environmental flow. RMSE for water demand is 6
m?/s. However, RMSE for environmental flow is 10 m?/s approximately.

Table 3 displays RMSE of storage for different algorithms. The minimum RMSE is related to
PSO that indicates the better performance of this algorithm to optimize storage loss in reservoir.
Based on result, PSO is the best optimization method in this study. Performance of different
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algorithms in terms of water supply and environmental flow is similar. Hence, performance of
algorithms in terms of optimal storage is effective to select the best algorithm for reservoir
operation. Proposed method is applicable in terms of two aspects. First, it is able to provide a
balance between water supply, environmental flow, and storage. In other words, it reduces the
losses of system in terms of storage and water supply. Using the proposed method is useful for
better management of reservoir in the challenging situations of flow availability. The easiest
option for managers is to reduce environmental flow in droughts. However, an optimal release for
water demand and environment is essential. Furthermore, the proposed method is useful to
improve water planning in the river basin in which environmental degradations will be minimized.
It is possible to use water conveyance project from other water resources to reduce losses in some
cases. The performance of different algorithms is the same in this study. However, PSO is slightly
better than other algorithms. It is a classic and old algorithm. It seems that using new generation
algorithm might not improve performance of optimization system. However, many previous
studies claimed that using new generation algorithms improves performance of reservoir
operation optimization (Bozorg-Haddad et al., 2016). This study indicates that changing objective
function of reservoir operation affects performance of optimization solutions. It seems that
improvement of objective function of reservoir operation is necessary based on environmental
requirements. We recommend focusing on improvement of objective function that is able to
consider the environmental requirements in reservoir operation optimization.

Table 3 Measurement indices of reservoir operation optimization

Index PSO DE BBO
Reliability index of water supply (%) 38.80 38.60 39.40
Reliability index of environmental flow (%) 29.94 31.20 29.10
RMSE of water supply (m?/s) 6.80 6.80 6.90
RMSE of environmental flow (m3/s) 9.20 9.20 8.95
RMSE of storage (x10° m®) 34.60 37.30 36.70

Note: RMSE, root mean square error; PSO, particle swarm optimization; BBO, biogeography-based optimization; DE, differential
evolution algorithm.

At the first glance, it seems that considering a constraint on the maximum release for
environment is unnecessary. In other words, more release for environment is favourite, if possible. It
should be noted that this study provides a general framework for optimizing environmental flow
regime in which different environmental flow assessment methods could be utilized. These
methods do not consider a direct relationship between biological response and river flow. Hence,
increasing environmental flow might not be favourite in all the conditions. The environmental
flow should not be more than ideal environmental flow regime. Old methods such as hydrological
methods might not need this constraint due to considering a direct and linear relationship between
biological response and river flow. However, the proposed optimization method in his study is a
general framework that could be linked with all the environmental flow assessment methods.
Hence, adding a constraint for the maximum release of environmental flow is necessary in this
study.

Some points should be addressed clearly. First, why we applied different algorithms in the
optimization of environmental flow and why the outputs by different algorithms are not the same.
One of the drawbacks of metaheuristic algorithms is inability to guarantee the global optimization
that means the algorithms do not guarantee the global optimization particularly in the complex
objective functions (Dhiman et al., 2021). The reservoir operation function is one of the complex
functions. It is recommendable to apply different algorithms and select the best solution among
proposed solutions by the algorithms. As could be observed in the outputs of this study, the
proposed solutions by different algorithms for optimizing reservoir operation is not the same.
Thus, the algorithms cannot guarantee the global optimization for the developed objective
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function. Hence, difference between solutions by algorithms is not strange. Moreover, we only
used mean monthly flow in the dry years and outputs of normal years are not computed and
reported. The purpose of this study is to evaluate environmental flow in droughts, which is a
critical condition in the management of reservoir. Computational complexity is one of the
problems in application of optimization algorithms. According to official definition, it can be
defined as given time and memory to optimization system for finding the best solution (Curry and
Dagli, 2014). One of the advantages of proposed method is the low computational complexities
that might increase the applicability and efficiency of the method in the future studies and
projects.

In hydrological studies, discussing on the sources of uncertainties is helpful. In this study, one
of the main sources of uncertainties is inflow data to reservoir. In fact, changing inflow to
reservoir due to climate change in the future can make uncertain results and recommendation.
Climate change models might have considerable uncertainties. Hence, analysing reservoir
operation considering impacts of climate change might not be reliable due to uncertainties of
inflow prediction. Furthermore, changing evaporation from reservoir is another source of
uncertainties. However, it might have minor effects on reservoir operation analysis compared with
uncertainties of inflow time series. Also, we assessed environmental flow based on current
condition, which means impact of climate change on environmental flow is not considered.
Therefore, all these sources of uncertainties should be considered in using the outputs of this
study.

4 Conclusions

This study developed a novel form of reservoir operation model linked with drought analysis in
which challenges for supply of environmental flow and water demand were analysed. Based on
results in this study, using an integrated optimization framework that can consider environmental
requirements and reservoir losses simultaneously is essential especially in semi-arid areas due to
possibility of experiencing severe droughts. The results indicated that challenges for supply of
water demand and environmental flow are considerable in the dry years. Moreover, storage loss is
remarkable. PSO has better performance among used optimization algorithms. This study
concludes that using proposed objective function and drought analysis in the optimization system
is helpful to overcome uncertainties in environmental management of reservoir. Hence, the
proposed method is helpful to minimize negotiations between stakeholders and environmental
managers. Adding other extreme events in the model such as flood events is recommendable in
the future studies.
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