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ABSTRACT 

Management of water resources for different purposes like domestic water supply, municipal, irrigation and hydropower generation 
require optimization techniques for efficient reservoir operation. Optimization model was developed to maximize mean monthly 
yield from the Kainji hydropower reservoir, subject to operations and ecological integrity constraints. Two reservoir optimization 
scenarios were considered: scenario 1, reservoir yield with only operation constraints and scenario 2, with both operation and 
ecological integrity constraints. The ecological integrity indicators measured at the power intake and boatyard were regressed 
against storage while that of turbine discharge and tailrace locations were regressed against release. The regression equations 
generated were used as part of the constraints together with World Health Organization (WHO) standard for freshwater quality and 
Washington Department of Ecology Sediment Quality Guidelines (WDOE SQG) for heavy metals. Relationship was also 
established between the mean monthly storage and fish population and the equation generated was used as part of the model 
constraints. The model was solved using Language for INteractive General Optimization (LINGO) version 17.0 software for the 
mean monthly reservoir operation. Results of the relationship between the ecology integrity indicator parameters with storage and 
release at all the locations were found to be linearly related with the coefficient of determination (R2) varying between 0.76 and 
0.98. The optimum yields of 1761.19 and 1590.49 Mm3 can be withdrawn from the reservoir with a live storage of 12000 Mm3 at 
the Kainji station with and without considering the effect of ecological integrity constraints respectively. The optimum yields can be 
used to generate more energy at the station without impacting negatively on the reservoir ecological integrity. 
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1.0 INTRODUCTION  
Ecological integrity requirements refer to the natural 
structure, composition and process of biotic communities 
and the physical environment (Loucks and van Beek, 2005). 
When analyzing complex systems, physical model and 
mathematical description is so complicated that no solution 
algorithm can be developed. In many of these cases, no 
mathematical model is even available. The only choice is 
simulation of the model. Once a model is formulated, its 
parameters are determined by observations, 
measurements, predictions or computations. Such data 
usually are not available directly or are uncertain. Natural 
phenomena can seldom be described accurately; for 
example, future floods, rainfall, and so on can be modelled 
only by probabilistic methods. Neural networks and fuzzy 
systems have been widely used for reservoir operation 
modeling. These techniques estimate input/output functions 
and all are trainable dynamic systems. Unlike statistical 
estimators, they estimate a function without a mathematical 

model of how outputs depend on inputs (Karamouz et al., 
2003). 

There have been various studies carried out on the 
optimization of reservoir operation with ecological integrity of 
rivers and reservoirs. Some of the previous studies carried 
out are reviewed here. Belayneh and Bhallamudi (2012) 
used optimization model for management of water quality in 
a tidal river, Chennai, India using upstream releases. A 
management model based on simulation-optimization 
framework, in which a complete hydrodynamic model for 
transport of BOD and DO in the river was linked to Simulated 
Annealing (SA) algorithm for optimization. The proposed 
management model was used to investigate the effect of 
tidal variation on the constant minimum in stream discharge 
that is required to maintain the water quality, for a given 
pollutant loading. The results demonstrated how the total 
upstream release volume can be minimized, while 
maintaining desired water quality.  
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Shaw et al. (2017) optimized a multipurpose hydropower 
reservoir near Nashville, Tennessee, USA using artificial 
neural network (ANN) surrogate models of a high-fidelity 
hydrodynamics and water quality model. The predictive 
power CE-QUAL-W2 model was integrated into a genetic 
algorithm optimization approach to maximize hydropower 
generation subject to constraints on dam operations and 
water quality. The model successfully reproduced high-
fidelity reservoir information while enabling 6.8 and 6.6% 
increases in hydropower production relative to actual 
operations for DO limits of 5 and 6 mg/l respectively.  

Sule et al. (2018) evaluated the reservoir yield and 
hydropower potential of the Doma Dam, Nasarawa State, 
North Central Nigeria. ANN model in ALYUDA Forecaster 
XL was used to extend the available streamflow record at 
the location. Sequent peak algorithm was used to establish 
the real storage needed to meet the primary demands. 
Results showed that the maximum monthly yield from the 
reservoir is 6.56 Mm3, while the storage required to satisfy 
its primary functions is 12.07 Mm3. It was discovered that at 
50%, 75% and 100% usage of the excess stored water with 
a head of 20 m, the power potentials increase.  

Huang et al. (2013) used chaotic genetic algorithm to 
optimize hydropower generation with ecological 
consideration. The model used the maximum annual power 
generation benefit and the minimum shortage of eco-
environmental demand as the objectives while reservoir 
operation data and non-negative variable as the constraints. 
Results showed that the proposed model and algorithm are 
scientific and feasible to deal with the optimal operation of 
hydropower station with ecological consideration. 

Niu and Zhang (2002) applied LINGO to optimize water 
supply system in a city in north China. Results of the actual 
application showed that the LINGO was so precise that the 
differences between the values estimated by the LINGO and 
the actual service water flow rate were very small. Dutta 
(2015) determined the reservoir capacity of Gadana dam in 
India using linear programming. Two sets of constraints to 
be satisfied were related to storage continuity and capacity. 
The model was analysed using LINGO software in which 
values of the reservoir were provided and the reservoir 
capacity was determined. 

Ahmed et al. (2013) optimized yield of Dokan reservoir 
system in Iraq using LINGO. Two linear programming (LP) 
models were developed for estimating the maximum safe 
yield for the reservoir system with allowable deficit. Based 

on the results obtained from LP models, a simulation model 
was used for further screening. The annual reservoir yield 
was 5653.8 Mm3/year (during successful years).  

Salami et al. (2017) evaluated the hydropower potential at 
Doma dam in Nassarawa State, North central Nigeria using 
optimization techniques. Optimization model was developed 
to maximize annual energy generation from the dam, subject 
to constraints. The model was solved with LINGO version 
10.0 software for various mean annual inflow exceedence 
probabilities. The results indicated that the dam is suitable 
for the generation of hydropower between 0.61 MW and 
0.70. Parsa (2017) optimized Karun reservoir operation in 
Iran using Linear Programming. A linear model was solved 
with LINGO software to estimate the maximum volume of 
the reservoir. The results showed very good compliance 
between the linear programming model with optimal values 
and historical observations.  

Management of reservoir system is complex due to 
dimensionalities, nonlinearities and conflicts between 
different objectives. Optimal operation of reservoir system 
typically involves optimization and simulation models, which 
can provide quantitative information to improve water 
management (Lin and Rutten, 2016).  Optimization model is 
used to minimize or maximize an objective function under 
given constraints and the simulation model is used to 
examine how water system behaves under a set of 
conditions. In the past, optimization problems have been 
solved by linear programming (LP), dynamic programming 
(DP), quadratic programming (QP) and non-linear 
programming (NLP) (Lin and Rutten, 2016).  

Symum and Ahmed (2015) used linear programming model 
to optimize water supply and cropping area for irrigation in 
Kalihati, Bangladesh. An optimization model was formulated 
to maximize profit from cultivation while satisfying 
constraints like cropping area, irrigation water supply, 
cropping cycle and market demand. The model was solved 
using LINGO. The results provided optimum value for 
cropping area and irrigation water depth that maximize the 
objective function. 

Mahsafar et al. (2017) optimized allocation of agriculture 
water for irrigation of multiple crops using nonlinear 
programming. The optimization model was proposed for 
optimal cropping patterns under water deficits. The objective 
function of the model was to maximize total net benefit return 
from all crops in the Qazvin plain, northwest of Iran. The 
model was solved using LINGO solver package for 



OPTIMIZATION OF KAINJI RESERVOIR YIELD BASED ON OPERATIONS AND ECOLOGICAL INTEGRITY REQUIREMENTS
  Mohammed et al, 2018 

UJET VOL. 4, NO. 3, DECEMBER 2018 www.ujetmouau.com Page 22 
 

conditions existing in the region. The results showed that 
optimizing the cropping patterns along with proper allocation 
of irrigation water had substantial potential to increase the 
net return of agricultural water.  

Linear programming is popular because it is applicable to a 
wide variety of problems and efficient solution algorithms 
and computer software packages are available for applying 
the solution algorithm. Also various generalized optimization 
programs are commercially available for solving linear 
equations with constraints. Deeprasertkul (2015) used LP 
for optimal reservoir operation of Chao Phraya river basin in 
Thailand. LP was applied to calculate the optimal volumes 
of water released and water storage of Bhumibol and Sirikit 
reservoirs. The results revealed that the optimal solutions 
were comparable to the actual volume of water stored and 
released from the reservoirs.  

Several optimization methods have been used in reservoir 
operations, depending on characteristics of reservoir 
system, specific objectives, system constraints and data 
availability (Khare and Gajbhiye, 2013). The objective of this 
study is to optimize Kainji reservoir yield based on operation 
and ecological integrity requirements.  In this study LINGO 
optimization software was employed due its availability, 
effectiveness and accuracy in handling constraints. LINGO 
is a comprehensive tool designed to make, build and solve 
various optimization problems. It provides a complete 
integrated package that includes a powerful language for 
expressing optimization models (Dutta, 2015). 

2.0 METHODOLOGY 
Hydropower operation data between 1970 to 2016, water 
and sediment quality data between 2010 to 2015 was 
collected from hydrological and environmental department 
of the Kainji hydropower station respectively. Data on fish 
yield between 1995 to 1998   was also collected from 
National Institute for Freshwater Fishery Research (NIFFR), 
New Bussa, and Nigeria. The data collected was subjected 
to monthly variation and statistical analysis. Average mean 
monthly data were used in the formulation of objective 
function and constraints. This present study was carried out 
at four locations selected on the upstream and downstream 
sides of the Kainji hydropower station. A map of Nigeria 
shows the study area (Fig. 1) while the Google image 
presents the selected sampling locations (Fig. 2). The 
sampling locations and their corresponding coordinates are 
shown in Table 1.  

  

Figure 1: Map of Nigeria showing Kainji Lake  

 

Figure 2: Google image of the selected sampling 
locations  

Table 1:  Sampling locations and coordinates 
Sampling 
Location  

Description  Latitude  Longitude  

A  Power Intake  4° 36' 50.0''  9° 51' 54.2''  

B  Tailrace  4° 36' 47.3''  9° 51' 49.7''  

C  Boatyard  4°37' 12.5''  9° 52' 09.8''  

D  Downstream 
Tailrace  

4° 36' 58.5''  9° 51' 43.6''  

2.1 Development of Reservoir Optimization Model 
Optimization methods are basic tools use in reservoir 
management studies (Salami et al., 2010). In this study two 
optimization scenarios were considered: (i) optimization of 
reservoir yield without considering ecological integrity 
indicators and (ii) optimization of reservoir yield considering 
ecological integrity indicators. Most water resources 
allocation problems are addressed using linear 
programming (LP) (Simonovic, 2009). Optimization model 
for reservoir operations generally consists of objective 
function and constraints (Chen et al., 2013).  
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2.1.1 Objective Function 
In order to conserve the ecological integrity of Kainji 
hydropower reservoir, the reservoir storage has to be 
maximized. The objective function of the optimization 
problem is to maximize yield. This is presented in equation 
1 (Sule et al., 2018; Loucks and van Beek, 2005). 

Y Maximize     (1) 

where: 

Y = reliable yield from the reservoir (Mm3) 

2.1.2 Model Constraints 
The objective function is to be maximized subject to the 
following constraints.  
a) Reservoir mass balance constraint 
The mass balance between the inflows and outflow is given 
in equation 2. 

ttttt LRYISS 1        t = 1 to 12              
(2) 

where: 

St+1 = final storage (initial storage of the next season) for 
period t+1, (Mm3) 

St = initial storage for period t, (Mm3) 

It = reservoir inflow for period t, (Mm3) 

Rt = turbine release for period, t (Mm3) 

Lt = evaporation losses from the reservoir period t, (Mm3) 

Y = reliable yield from the reservoir (Mm3) 

t = time (month) 

b) Reservoir storage and water level constraints 

The water stored in the reservoir St  (Mm3) should always be 
bounded by dead storage, St min (Mm3) and reservoir 
maximum storage capacity St max (Mm3) as presented in 
Equation 3, while the corresponding reservoir water level, Ht 
(m) is restrained by the minimum water level Hmin (m) and 
the maximum water level Hmax (m) as shown in Equation 4. 
Regression between mean monthly reservoir water level 
and storage was established. The monthly model equations 
obtained are used in the formulation of equality constraints 
used in the optimization model.  

maxttmimt SSS 
 t = 1 to 12 (3) 

The limits of the reservoir capacity is given as  

3000.00 ≤ St ≤ 12000.00 

maxmin ttt HHH 
 t = 1 to 12  (4) 

The limits of the reservoir water level is given as  

130 ≤ Ht ≤ 142 

where: 

S t min = minimum reservoir capacity at any time t, (Mm3) 

S t max = maximum reservoir capacity at any time t, (Mm3) 

S t = reservoir storage at time t, (Mm3) 

H t min = minimum reservoir level at time t, (m) 

H t max = maximum reservoir level at time t, (m) 

H t = reservoir water level at time t, (m) 

c) Turbine release constraints 

The release through the turbines, Rt (Mm3) for energy 
generation should never exceed the turbine capacity and 
should not be negative as presented in Equation 5.   

maxmin ttt RRR 
 t = 1 to 12       (5) 

The limits on turbine release is given as  

500.00 ≤ Rt ≤3900.00 

where: 

Rt min = minimum turbine release at any time t, (Mm3) 

Rt max = maximum turbine release at any time t, (Mm3) 

Rt = turbine release at any time t, (Mm3) 

d) Non- negative constraint for hydropower release 

The amount of water discharged for hydropower generation 
should be non-negative. This is presented in Equation 6.   

0tR           t = 1 to 12                       (6) 

where: 

Rt = Monthly hydropower release (Mm3) 
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e) Ecological integrity constraints  

In order to protect the reservoir ecological integrity: 
dissolved oxygen (DO), sediment quality (as a function of 
heavy metals like: Copper (CU), lead (PB) and chromium 
(CR) concentrations), algae (as a function of nitrate and 
phosphate) and fish population must be adequately 
preserved. In order to take care of ecological and 
environmental constraints, any parameter selected as 
constraint can be compared with national or international 
standards (Loucks and van Beek, 2017). 

i. DO indicator constraint 

The concentration of DO at any location i in the reservoir at 
any time t is more than the minimum required as per 
standards, DOstd. It is mathematically written as in Equation 
7. Relationship between the monthly DO and reservoir 
storage was established using linear regression model and 
relationship between the monthly DO and release was 
established. Regressions between mean monthly DO 
concentrations in water with storage and release were 
established for the selected locations. The monthly model 
equations obtained were used in the formulation of equality 
constraints used in the optimization model. 

stdti DODO ,            (7) 

where: 

DO i,t = concentration of DO at location i at time t (mg/l) 

DOstd = DO standard = 5.0 mg/l 

ii. Sediment quality constraint 

The concentration of heavy metals (HM) in sediment at any 
location i in the reservoir at time t is less than the minimum 
required as per standards, HMstd. It is mathematically written 
as in Equation 8. The heavy metals considered in this study 
are: CU, PB and CR concentrations in sediment. The 
sediment quality guidelines (SQGs) adopted was proposed 
by Washington Department of Ecology (WDOE). The WDOE 
SQG for CU, PB and CR are 80, 35 and 95 mg/kg 
respectively. Constraints for the three heavy metals are 
shown in Equations 9 to 11. Relationship between the mean 
monthly CU, PB and CR with reservoir storage and release 
were established using linear regression models.  
Regressions between mean monthly CU, PB and CR 
concentrations in sediments with storage and release were 
established for the selected locations. The monthly model 

equations obtained were used in the formulation of equality 
constraints used in the optimization model. 

stdti HMHM ,             (8) 

where: 

HM i,t = concentration of HM at location i at time t (mg/kg) 

HMstd = HM standards  

stdti CUCU ,            (9) 

stdti PBPB ,           (10) 

stdti CRCR ,    (11) 

where: 

CU i, t = concentration of copper in sediment at location i at 
time t (mg/kg) 

CUstd = CU standard = 80 (mg/kg) 

PB i, t = concentration of lead in sediment at location i at time 
t (mg/kg) 

PBstd = PB standard = 35 (mg/kg) 

CR i, t = concentration of chromium in sediment at location i 
at time t (mg/kg) 

CR std = CR standard = 95 (mg/kg) 

iii. Algae constraint 

The quantity of algae as a function of nitrate (NO) and 
phosphate (PO) at any location i in the reservoir at time t is 
more than the minimum required as per standards, NOstd 
and POstd. They are mathematically written as in Equations 
12 and 13. Relationship between the monthly NO and PO 
with reservoir storage and release were established using 
linear regression models. Relationship between the mean 
monthly NO and PO with reservoir storage and release were 
established using linear regression models.  Regression 
between mean monthly NO and PO concentrations in 
sediments with storage and release were established for the 
selected locations. The monthly model equations obtained 
are used in the formulation of equality constraints used in 
the optimization model. 

stdti NONO ,            (12) 
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stdti POPO ,            (13) 

where: 

NO i, t = concentration of NO at location i at time t (mg/l) 

NOstd = NO standards = 9.1 mg/l 

PO i, t = concentration of PO at location i at time t (mg/l) 

POstd = PO standards = 0.5 mg/l 

iv. Fish constraint 

The fish population (FP) in the reservoir at time t is more 
than the minimum ever available FP in the reservoir. This is 
mathematically written as in Equation 14. Relationship 
between the mean monthly fish population and reservoir 
storage were established using linear regression models. 
The monthly model equations obtained are used in the 
formulation of equality constraints used in the optimization 
model. 

minFPFPt             (14) 
   

where: 

FPt = fish population in the reservoir at time t 

FPmin = minimum fish population in the reservoir = 1333 
Mtonnes 

2.1.3 Model Solution  
The reservoir operation optimization solution was obtained 
by solving the objective function presented in Equation 1 
subjected to various constraints using the LINGO version 
17.0 software.  

2.2 Monthly Variables 
 
2.2.1 Monthly reservoir elevation and storage 
The reservoir elevation (Ht) is expressed as a function of the 
reservoir storage (St). This relationship is used in expressing 
reservoir water level in the formulation of monthly linear 
optimization model. The linear relationship between Ht and 
St is presented in Equations 15.  

4.130001.0  tt SH
   t =1 to 12 (15) 

 

2.2.2 Monthly dissolved oxygen (DO) with storage 
and release 
The DOt is expressed as a function of St and release (Rt) at 
various locations within the reservoir and downstream. This 
relationship is used in expressing DOt in the formulation of 
monthly linear optimization model. The model equations for 
DO as a function of S at the power intake and boatyard 
locations respectively are shown in Equations 16 and 17. 
Also the model equations for DO as a function of R at the 
turbine discharge and tailrace locations respectively are 
presented in Equations 18 and 19. 

2293.40002.0  tt SDOP     (t =1 to 12)       (16) 
4768.40002.0  tt SDOB  (t =1 to 12)       (17) 

5186.10038.0  tt RDOT     (t=1 to 12)       (18)  

5136.2004.0  tt RDOR   (t =1 to 12)       (19) 
where: 

DOPt = dissolved oxygen at power 
intake at time t (mg/l) 
DOBt = dissolved oxygen at boatyard at 
time t (mg/l) 
DOTt = dissolved oxygen at turbine 
discharge at time t (mg/l) 
DORt = dissolved oxygen at tailrace at 
time t (mg/l) 
Rt = Release at time t (Mm3) 
St = Reservoir storage at time t (Mm3) 
t = period (month) 

2.2.3 Monthly Nitrate (NO) with storage and release 
The NO is expressed as a function of S and R at various 
locations within the storage and release. This relationship is 
used in expressing NO in the formulation of monthly linear 
optimization model. The model equations for NO as a 
function of S at the power intake and boatyard locations 
respectively are shown in Equations 20 and 21. Also the 
model equations for NO as a function of R at the turbine 
discharge and tailrace locations respectively are presented 
in Equations 22 and 23. 
NOPt = 0.0002St + 8.593 (t =1 to 12) (20) 
NOBt = 0.0002St + 8.0218 (t =1 to 12) (21)  
NOTt =0.0077Rt -5.6139  (t =1 to 12) (22) 
NORt =0.0043Rt + 1.3201 (t =1 to 12) (23)  

where: 
NOPt  = nitrate at power intake at time t 
(mg/l) 
NOBt  = nitrate at boatyard at time t 
(mg/l) 
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NOTt = nitrate at turbine discharge at 
time t (mg/l) 
NORt = nitrate at tailrace at time t (mg/l) 
Rt = Release at time t (Mm3) 
St = Reservoir storage at time t (Mm3) 
t = period (month) 

2.2.4 Monthly Phosphate (PO) with storage and 
release 
The PO is expressed as a function of S and R at various 
locations within the reservoir and downstream. This 
relationship is used in expressing PO in the formulation of 
monthly linear optimization model. The model equations for 
PO as a function of S at the power intake and boatyard 
locations respectively are shown in Equations 24 and 25. 
Also the model equations for PO as a function of R at the 
turbine discharge and tailrace locations respectively are 
presented in Equations 26 and 27. 

POPt = 0.00006St + 0.103 (t =1 to 12)        (24) 
POBt = 0.00005St + 0.2481 (t =1 to 12)        (25) 
POTt = 0.0012Rt -1.6751 (t =1 to 12)        (26) 
PORt = 0.0012Rt -1.6751 (t =1 to 12)        (27) 

where: 
POPt = phosphate at power intake at 
time t (mg/l) 
POBt = phosphate at boatyard at time t 
(mg/l) 
NOTt = phosphate at turbine discharge 
at time t (mg/l) 
NORt = phosphate at tailrace at time t 
(mg/l) 
Rt = Release at time t (Mm3) 
St = Reservoir storage at time t (Mm3) 
t = period (month) 

2.2.5 Monthly Copper (CU) with storage and release 
The CU is expressed as a function of S and R at various 
locations within the storage and release. This relationship is 
used in expressing CU in the formulation of monthly linear 
optimization model. The model equations for CU as a 
function of S at the power intake and boatyard locations 
respectively are shown in Equations 28 and 29. Also the 
models equations for CU as a function of release at the 
turbine discharge and tailrace locations respectively are 
presented in Equations 30 and 31. 

CUPt = 0.0034St + 2.7357 (t =1 to 12) (28)  
CUBt =0.0031St + 7.7667 (t =1 to 12) (29)  
CUTt =0.0812Rt - 117.57 (t =1 to 12) (30)  

CURt =0.1074Rt - 169.6 (t =1 to 12) (31)  
where: 

CUPt = copper at power intake at time t 
(mg/kg) 
CUBt = copper at boatyard at time t 
(mg/kg) 
CUTt = copper at turbine discharge at 
time t (mg/kg) 
CURt = copper at tailrace at time t 
(mg/kg) 
Rt = Release at time t (Mm3) 
St = Reservoir storage at time t (Mm3) 
t = period (month) 

2.2.6 Monthly lead (PB) with storage and release 
The PB is expressed as a function of S and R at various 
locations within the storage and release. This relationship is 
used in expressing PB in the formulation of monthly linear 
optimization model. The model equations for PB as a 
function of S at the power intake and boatyard locations 
respectively are shown in Equations 32 and 33. Also the 
model equations for PB as a function of release at the 
turbine discharge and tailrace locations respectively are 
presented in Equations 34 and 35. 

PBPt = 0.0024St + 4.1885  (t =1 to 12) (32) 
PBBt = 0.0027St + 6.0905 (t =1 to 12) (33) 
PBTt = 0.0313Rt - 36.034  (t =1 to 12) (34) 
PBRt = 0.0284Rt - 33.79 (t =1 to 12) (35) 

where: 
PBPt = copper at power intake at time t 
(mg/kg) 
PBBt = copper at boatyard at time t 
(mg/kg) 
PBTt = copper at turbine discharge at 
time t (mg/kg) 
PBRt = copper at tailrace at time t 
(mg/kg) 
Rt = release at time t (mm3) 
St = reservoir storage at time t (mm3) 
t = period (month) 

2.2.7 Monthly chromium (CR) with storage and 
release 
The CR is expressed as a function of S and R at various 
locations within the reservoir and downstream. This 
relationship is used in expressing CR in the formulation of 
monthly linear optimization model. The model equations for 
CR as a function of S at the power intake and boatyard 
locations respectively are shown in Equations 36 and 37. 
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Also the model equations for CR as a function of R at the 
turbine discharge and tailrace locations respectively are 
presented in Equations 38 and 39. 

CRt = 0.0033St + 15.312 (t =1 to 12) (36) 
CRt = 0.005St+ 3.1802 (t =1 to 12) (37) 
CRt = 0.1393Rt - 213.95 (t =1 to 12) (38) 
CRt = 0.1211Rt - 187.59 (t =1 to 12) (39) 

where: 
CRPt = copper at power intake at time t 
(mg/kg) 
CRBt = copper at boatyard at time t 
(mg/kg) 
CRTt = copper at turbine discharge at 
time t (mg/kg) 
CRRt = copper at tailrace at time t 
(mg/kg) 
Rt = Release at time t (Mm3) 
St = Reservoir storage at time t (Mm3) 
t = period (month) 

2.2.8 Monthly fish population (FP) with storage and 
release 
The FP is expressed as a function of S. This relationship is 
used in expressing FP in the formulation of monthly linear 
optimization model. The model equation for FP as a function 
of S is shown in Equations 40.  

FPt = 0.1684St+ 1338.4 (t =1 to 12)         (40) 
where: 

FPt = fish population in the reservoir at 
time t (M tonnes) 
St = reservoir storage at time t (Mm3) 
t = period (month) 

3.0 RESULTS AND DISCUSSIONS 
 
3.1 Statistical analysis 
The results of the monthly variations of the reservoir 
operation, water and sediment quality parameters with fish 
yield using trend analysis are presented in Figures 3 to 12.  

 

Figure 3: Time plot of reservoir storage (Mm3) at Kainji hydropower station 

 

Figure 4: Time plot of turbine release (Mm3) at Kainji hydropower station 
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Figure 5: Time plot of water level elevation at Kainji hydropower station 

 

Figure 6: Time plot of DO concentration (mg/l) in water at selected locations 

 

Figure 7: Time plot of PO43- concentration (mg/l) in water at selected locations 

 

Figure 8: Time plot of NO3- concentration (mg/l) in water at selected locations 
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Figure 9: Time plot of Cu2+ (mg/kg) in sediment at selected locations 

 

Figure 10: Time plot of Pb2+ (mg/kg) in sediment at selected locations 

 

Figure 11: Time plot of Cr3+ (mg/kg) in sediment at selected locations 
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Figure 12: Time plot of fish yield at Kainji Lake 

3.2      Optimization modeling result for reservoir yield 
 
3.2.1 Optimization modeling for reservoir yield 
without ecological integrity constraints (Scenario 1) 
The optimum yield of 1761.192 Mm3 was obtained for the 
mean monthly hydropower reservoir operation at the Kainji 
station. The modeling results for the mean monthly storage, 
release and water level are presented in Tables 2. 

Table 2: Mean monthly optimized storage, release and 
water level without ecological integrity indicator 
constraints 

Month 
Storage 
(Mm3) 

Release 
(Mm3) 

Water elevation 
(m) 

Jan 11600 1732 142 

Feb 11600 870 142 

Mar 11600 500 142 

Apr 10522 500 141 

May 8587 500 139 

Jun 6434 500 137 

Jul 4416 500 135 

Aug 3000 929 133 

Sep 3000 2879 133 

Oct 3000 1713 133 

Nov 3000 500 133 

Dec 4204 500 135 

3.2.2 Optimization modeling for reservoir yield with 
ecological integrity constraints (Scenario 2) 
The optimum yield of 1590.49 Mm3 was obtained for the 
mean monthly hydropower reservoir operation at the Kainji 

station. The modeling results for the mean monthly storage, 
release and water level are presented in Table 3. Also the 
optimized mean monthly DO, NO3- and PO43- concentrations 
in water at the selected locations are shown in Tables 4 to 6 
respectively. The concentrations of Cu2+, Pb2+ and Cr3+ in 
sediments at the selected locations are presented in Tables 
7 to 9 respectively. Results of the optimized mean monthly 
fish population are shown in to Table 10. 

Table 3: Mean monthly optimized storage, release and 
water level with ecological integrity constraints 

Month 
Storage 
(Mm3) 

Release 
(Mm3) 

Water elevation 
(m) 

Jan 11600 1902.76 142 

Feb 11600 1040.65 142 

Mar 11600 500 142 

Apr 10692.74 500 141 

May 8928.41 500 139 

Jun 6946.01 500 137 

Jul 5098.51 500 135 

Aug 3853.5 1099.77 134 

Sep 3853.5 1040.94 134 

Oct 3853.5 1883.73 134 

Nov 3853.5 1874.83 134 

Dec 3853.5 500 134 
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Table 4:  Mean monthly optimized dissolved oxygen, DO 
(mg/l) concentration in water at selected locations 

Month 
Power 
intake Boatyard 

Turbine 
discharge 

Tailrac
e 

Jan 6.55 7.00 7.23 5.86 

Feb 6.55 7.00 3.95 2.06 

Mar 6.55 7.00 2.00 2.00 

Apr 6.37 6.82 2.00 2.00 

May 6.01 6.46 2.00 2.00 

Jun 5.62 6.07 2.00 2.00 

Jul 5.25 5.70 2.00 2.00 

Aug 5.00 5.45 4.18 2.33 

Sep 5.00 5.45 3.96 2.07 

Oct 5.00 5.45 7.16 5.77 

Nov 5.00 5.45 7.12 5.74 

Dec 5.00 5.45 2.00 2.00 

Table 5: Mean monthly optimized nitrate, NO3- (mg/l) 
concentration in water at selected locations  

Month 
Power 
intake Boatyard 

Turbine 
discharge Tailrace 

Jan 10.91 10.34 9.04 9.50 

Feb 10.91 10.34 2.40 5.79 

Mar 10.91 10.34 9.10 3.47 

Apr 10.73 10.16 9.10 3.47 

May 10.38 9.81 9.10 3.47 

Jun 9.98 9.41 9.10 3.47 

Jul 9.61 9.04 9.10 3.47 

Aug 9.36 8.79 2.85 6.05 

Sep 9.36 8.79 2.40 5.80 

Oct 9.36 8.79 8.89 9.42 

Nov 9.36 8.79 8.82 9.38 

Dec 9.36 8.79 9.10 3.47 

Table 6: Mean monthly optimized phosphate, PO43- 
(mg/l) concentration in water at selected locations at 
selected locations  

Month 
Power 
intake Boatyard 

Turbine 
discharge Tailrace 

Jan 0.80 0.83 0.61 0.61 

Feb 0.80 0.83 0.50 0.50 

Mar 0.80 0.83 0.50 0.50 

Apr 0.74 0.78 0.50 0.50 

May 0.64 0.69 0.50 0.50 

Jun 0.52 0.60 0.50 0.50 

Jul 0.41 0.50 0.50 0.50 

Aug 0.33 0.44 0.50 0.50 

Sep 0.33 0.44 0.50 0.50 

Oct 0.33 0.44 0.59 0.59 

Nov 0.33 0.44 0.57 0.57 

Dec 0.33 0.44 0.50 0.50 

Table 7:  Mean monthly optimized copper, Cu2+ (mg/kg) 
concentration in sediment at selected locations  

Month 
Power 
intake Boatyard 

Turbine 
discharge 

Tailrac
e 

Jan 42.18 43.73 36.93 34.76 

Feb 42.18 43.73 10.00 10.00 

Mar 42.18 43.73 10.00 10.00 

Apr 39.09 40.91 10.00 10.00 

May 33.09 35.44 10.00 10.00 

Jun 26.35 29.30 10.00 10.00 

Jul 20.07 23.57 10.00 10.00 

Aug 15.84 19.71 10.00 10.00 

Sep 15.84 19.71 10.00 10.00 

Oct 15.84 19.71 35.39 32.71 

Nov 15.84 19.71 34.67 31.76 

Dec 15.84 19.71 10.00 10.00 
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Table 8:  Mean monthly optimized lead, Pb2+ (mg/kg) 
concentration in sediment at selected locations 

Month 
Power 
intake Boatyard 

Turbine 
discharge Tailrace 

Jan 32.03 37.41 23.52 54.04 

Feb 32.03 37.41 10.00 10.00 

Mar 32.03 37.41 10.00 10.00 

Apr 29.85 34.96 10.00 10.00 

May 25.62 30.20 10.00 10.00 

Jun 20.86 24.84 10.00 10.00 

Jul 16.42 19.86 10.00 10.00 

Aug 13.44 16.49 10.00 10.00 

Sep 13.44 16.49 10.00 10.00 

Oct 13.44 16.49 22.93 53.50 

Nov 13.44 16.49 22.65 53.25 

Dec 13.44 16.49 10.00 10.00 

Table 9:  Mean monthly optimized chromium, Cr3+ 
(mg/kg) concentration in sediment at selected locations 

Month 
Power 
intake Boatyard 

Turbine 
discharge Tailrace 

Jan 53.59 61.18 51.10 42.83 

Feb 53.59 61.18 10.00 10.00 

Mar 53.59 61.18 10.00 10.00 

Apr 50.60 56.64 10.00 10.00 

May 44.78 47.82 10.00 10.00 

Jun 38.23 37.91 10.00 10.00 

Jul 32.14 28.67 10.00 10.00 

Aug 28.03 22.45 10.00 10.00 

Sep 28.03 22.45 10.00 10.00 

Oct 28.03 22.45 48.45 40.53 

Nov 28.03 22.45 47.21 39.45 

Dec 28.03 22.45 10.00 10.00 

Table 10: Mean monthly optimized fish population (M 
tonnes) in the reservoir 

Month Fish population 

Jan 3292 

Feb 3292 
Mar 3292 

Apr 3139 
May 2842 

Jun 2508 
Jul 2197 
Aug 1987 
Sep 1987 
Oct 1987 
Nov 1987 
Dec 1987 

3.2.3 Comparison between mean monthly optimized   
reservoir operations for Scenarios 

The relationships between the mean monthly optimized 
storage, release and water level in the reservoir for the two 
scenarios are presented in Figures 13 to 15, respectively. 

 

Figure 13: Mean monthly storage (Mm3) for the two scenarios 
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Figure 14: Mean monthly release (Mm3) for the two scenarios 

 

Figure 15: Mean monthly water elevation (m) for the two scenarios 

3.3 Discussion of Results 
Time plot of reservoir storage (Mm3), turbine release (Mm3) 
and water level elevation at Kainji hydropower station shown 
in Figures 3 to 5 indicated that all the parameters varied with 
time. The mean DO concentration was observed to vary 
between 2.00 to 9.92 (Figure 6). The DO concentration was 
found to be highest at the boatyard followed by power intake, 
tailrace and at turbine discharge respectively. The DO value 
at all the sampling locations were averagely found to be 
higher than the 5.0 mg/l required for fish and aquatic survival 
(Mohan et al., 2013) and Nigeria freshwater and ecological 
standard as provided in (FRN, 2011). The mean PO43- 
ranged between 0.002 to 1.50 mg/l (Figure 7) with higher 
values obtained at the reservoir upstream (power intake and 
boatyard). Mean NO3- concentration ranged between 0.02 to 
13.9.0 mg/l (Figure 8). This is due to excessive runoff into 
the reservoir. The high concentration of PO43- and NO3- in 
the reservoir can lead to eutrophication thereby reducing the 
reservoir capacity.  

Trends in all the sediment quality parameters at all the 
locations were observed to fluctuate over time (Figures 9 to 
11). This implies that the sediment quality at all the sampling 
locations does not remain the same. The mean 
concentrations of Cu2+ at different stations ranged between 
29.31 to 41.94 mg/kg. This value is smaller than the 

permissible value of 80.00 mg/kg recommended by WDOE 
SQG (Easthouse, 2009). Although, the reservoir sediment is 
not polluted with Cu2+ but it was observed to be relatively 
high at turbine discharge location compared to other 
locations. The mean Pb2+ concentration in sediments at 
different sampling stations varied between 21.43 to 27.22 
mg/kg which is lower than the permissible level 
recommended at 35 mg/kg by WDOE SQG (Easthouse, 
2009). This implies that sediment in the study area is not 
polluted with Pb2+. The mean Cr3+ concentrations at different 
sampling locations ranged between 41.81 to 56.53 mg/kg. 
This value is smaller than the permissible value of 95.00 
mg/kg recommended by WDOE SQG (Easthouse, 2009). 
This means that sediment in the study area is not polluted 
by Cr3. The fish yield in the reservoir had drastically reduced 
(Figure 12), this may be due to the reservoir operation.  

The relationship between the mean monthly H and S shown 
in the Equations 3.1 indicated that there is very strong 
positive correlation between them with the determination 
coefficient (R2) of 0.98. The equation was used as one of the 
equality constraints in the reservoir optimization formulation. 
Relationship between mean monthly DO concentrations in 
water and reservoir storage at the power intake and 
boatyard locations revealed that there are very strong 
positive correlation between them with R2 value of 0.93 and 
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0.94 respectively. Also relationship between the mean 
monthly DO and release at turbine discharge and tailrace 
locations showed very strong positive correlation between 
them with R2 value of 0.94 and 0.95 respectively. The model 
equations in the Equations 3.2 to 3.5 for DO indicated that 
increase in S and R have corresponding increase in the 
concentration of DO in the water. This will sustain the growth 
fish and other aquatic habitats in the water body and 
promote the ecological integrity of the reservoir.  

The relationship between mean monthly NO3- 
concentrations in water and reservoir storage at the power 
intake and boatyard locations revealed that there are strong 
positive correlation between them with R2 value of 0.76 and 
0.78 respectively. Also relationship between the mean 
monthly NO3- and release at turbine discharge and tailrace 
locations showed strong positive correlation between them 
with R2 value of 0.79 at the two locations. The modeling 
Equations 3.6 to 3.9 for NO3-  indicated that increase in 
reservoir storage and release have corresponding increase 
in the concentration of NO3-  in the water. This will favour the 
growth of algae within the water body and promote the 
ecological integrity of the reservoir.  

The relationship between mean monthly PO43- 
concentrations in water and reservoir storage at the power 
intake and boatyard locations revealed that there are very 
strong positive correlation between them with R2 value of 
0.92 and 0.95 respectively. Also relationship between the 
mean monthly PO43- and release at turbine discharge and 
tailrace locations showed strong positive correlation 
between them with R2 value of 0.84 at the two locations. The 
model Equations 3.10 to 3.13 for PO43- indicated that 
increase in reservoir storage and release have 
corresponding increase in the concentration of PO43- in the 
water. This will also favour the growth of algae within the 
water body and promote the ecological integrity of the 
reservoir.  

The relationship between mean monthly Cu2+ 
concentrations in sediment and reservoir storage at the 
power intake and boatyard locations revealed that there are 
very strong positive correlation between them with R2 value 
of 0.92 and 0.79 respectively. Also relationship between the 
mean monthly Cu2+ concentrations in sediment and release 
at turbine discharge and tailrace locations showed strong 
positive correlation between them with R2 value of 0.83 and 
0.82, respectively. The model Equations 3.14 to 3.17 for 
Cu2+ indicated that increase in S and R have corresponding 
increase in the concentration of Cu2+ in the sediments. 

The relationship between mean monthly Pb2+ 
concentrations in sediment and reservoir storage at the 
power intake and boatyard locations revealed that there are 
very strong positive correlation between them with R2 value 
of 0.92 and 0.93 respectively. Also relationship between the 
mean monthly Pb2+ concentrations in sediment and release 
at turbine discharge and tailrace locations showed strong 
positive correlation between them with R2 value of 0.81 and 
0.75 respectively. The model Equations 3.18 to 3.21 for Pb2+ 
means that increase in S and R have corresponding 
increase in the concentration of Pb2+ in the sediments. 

The relationship between mean monthly Cr3+ concentrations 
in sediment and reservoir storage at the power intake and 
boatyard locations revealed that there are very strong 
positive correlation between them with R2 value of 0.79 and 
0.86 respectively. Also relationship between the mean 
monthly Cr3+ concentrations in sediment and release at 
turbine discharge and tailrace locations showed strong 
positive correlation between them with R2 value of 0.96 and 
0.79 respectively. The model Equations 3.22 to 3.25 
revealed that increase in S and R have corresponding 
increase in the concentration of Cr3+ in the sediments. 

The relationship between mean monthly fish population and 
reservoir storage indicated very strong positive correlation 
between them with R2 value of 0.94. The model Equation 
3.26 implied that as S increases the fish population also 
increases. The optimum yield of 1761.19 Mm3 was obtained 
for the mean monthly reservoir storage at the Kainji station 
without considering the effect of ecological integrity 
constraints. The modeling results for the mean monthly 
storage, release and water level presented in Tables 3.1 
indicated that the optimal storage, release and water 
elevation varied between 3000 to 11600 Mm3, 500 to 2879 
Mm3 and 133 to 142 m, respectively.  

The optimum yield of 1590.49 Mm3 was obtained for the 
mean monthly reservoir storage at the Kainji station with 
considering the effect of ecological integrity constraints. The 
modeling results for the mean monthly storage, release and 
water level presented in Tables 3.2 also indicated that the 
optimal storage, release and water elevation ranged 
between 3853.5 to 11600 Mm3, 500 to 1902.76 Mm3 and 134 
to 142 m, respectively. Also the optimized mean monthly 
DO, NO3- and PO43- concentrations in water at the selected 
locations are shown in Tables 3.3 to 3.5 respectively. The 
concentrations of Cu2+, Pb2+ and Cr3+ in sediments at the 
selected locations presented in Tables 3.6 to 3.8, 
respectively showed that the sediment parameters are 
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within the standard stipulated by WDOE SQE. Results of the 
optimized mean monthly fish population shown in Table 3.9 
implied that the optimized fish population at any months of 
the year is more than the least fish population in the 
observed record. Comparison between the two scenarios 
showed that the optimum yield in scenario 1 is greater than 
that in scenario 2. Also the optimized storage, release and 
water level respectively presented in Figures 3.1 to 3.3 
revealed that the operation parameters in scenario 1 were 
found to be greater than scenario 2. 

4.0 CONCLUSION 
Optimization model was developed to maximize mean 
monthly yield from the Kainji hydropower reservoir, subject 
to operations and ecological integrity constraints. The 
reservoir operation constraints considered were: storage, 
releases and water level while the ecological integrity 
constraints used were: DO, algae (as a function of 
concentration of NO3- and PO43- in water), concentration of 
heavy metal like Cu2+, Pb2+ and Cr3+ in sediment and 
population of fish in the reservoir. The ecological integrity 
indicators measured at the power intake and boatyard were 
plotted as a function of storage while that of turbine 
discharge and tailrace locations were plotted as function of 
release. The equations generated were used as part of the 
constraints together with WHO standard for freshwater 
quality and WDOE SQG for heavy metals. Relationship was 
also established between the mean monthly storage and fish 
population and the equation generated was used as part of 
the model constraints. The model was solved using LINGO 
version 17.0 software for the mean monthly reservoir 
operation. Results of the relationship between the reservoir 
water level and storage, ecology integrity indicator 
parameters with storage and release at all the locations were 
found to linearly related with the R2 varying between 0.76 
and 0.98. The optimum yield of 1761.19 Mm3 can be 
withdrawn from the reservoir with a live storage of 12000 
Mm3 at the Kainji station without considering the effect of 
ecological integrity constraints. Also with the consideration 
of ecological integrity constraints it was discovered that the 
optimum yield that will not affect the ecological integrity of 
the lake is 1590.49 Mm3. It can be concluded that the 
optimum yield in scenario 1 is greater than that in scenario 
2. Also the optimized storage, release and water level 
respectively revealed that the operation parameters in 
scenario 1 were also found to be greater than scenario 2. 
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