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Abstract— The present work proposes and solves an 

optimization algorithm for calculating the optimal operation of 

four hydro plants in the same basin. A deregulated economical 

environment is considered into the formulation and the social 

uses of the water are represented as operational constraints. The 

results show the efficiency of the approach, when applied to a 

real case in the South of Spain. 

 
Index Terms— hydro power plants, hydro optimization, short-

term optimization, hydro planning. 

 

I. INTRODUCTION 

THE warnings related to the Climate Change and the 

Kyoto Protocol lead to the modification of the traditional 

conception of the energy. Europe has faced these challenges, 

proposing ambitious objectives of inclusion of renewable 

resources in the generation matrix. The European Commission 

have specified a goal of 20% of the final energy consumption 

delivered from renewable sources at 2020 (now, renewable 

production represents 7% of the total mix of energy 

productions). Renewable energy has several important 

advantages: reduction of the CO2 emissions, local availability, 

reduction of the dependence to non-European energy sources, 

utilization of energy resources periodically restored to the 

original state for the Nature action, etc. However, renewable 

generators cannot be considered as a unique class. In Spain, 

39% of the installed electricity capacity becomes from 

renewable resources, mainly from hydro (23%) and wind 

(16%) generation activities. Hydro production is a mature 

renewable technology that can help for reaching the ambitious 

objectives proposed by the European Commission.  

The most of the available publications about the optimal 

programming of hydraulic generation were developed in 

countries with abundant water (Norway [1], Brazil [2], Canada 

[3], USA [4]). In these algorithms, the restrictions for the 

social use of the water are little or none considered, aiming at 

improving the utilization of the profuse resource in a strictly 

economical environment. In Spain and some other regions of 
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Europe, the scenario is very different. The social utilization of 

the water (irrigation, industrial and domestic uses) results in 

strong restrictions for the hydraulic generation. The water 

resource to produce electricity must be integrated within the 

interest of the society, sharing a scarce resource.  

This panorama is carefully considered in Central Europe. 

The modification in the weather patterns due to the Climate 

Change [5-7] and the increasing pressure of the society for 

more clean water constitutes a worrying perspective, probably 

aggravated in the near future. Therefore, this objective of the 

study becomes a theoretical and practical interesting product, 

susceptible of utilization in other European countries. 

Moreover, hydro production must be integrated into the actual 

markets in an efficient way. 

The present work aims to propose a mathematical 

representation of the actual restrictions of hydro generation, 

considering social, environmental and economical conditions 

in a Climate Change perspective. In the formulation, the hydro 

plants of the basin are operated by the same owner, aiming 

maximizing the profits in the coordinated operation. In last 

years, the number of fluent hydro plants has increased into the 

systems, due to the objective of improving the uses of the 

water and the incentives for non-controllable producers. 

Optimizing the behavior of these plants is not easy, depending 

on the available quantity of water, the maximum and 

minimum flows into the basin, the times for travel of the water 

into the basin, etc. The present formulation includes the 

representation of non-fully controllable hydro plants into the 

basin, in an optimal approach. The next-day prices of the 

Spanish market and real data from the plants in the 

Guadalquivir River (Spain) are used for testing the proposed 

algorithm.  

II. MATHEMATICAL FORMULATION 

 The mathematical formulation of the problem is expressed 

by eq. (1)-(15). 

 

Max.  (1) 

s.t.                  

i=1, …, nr  (2) 

                          

i=1, …, nwr (3) 

   (4) 

         i=1, …, nr  (5) 

         i=1, …, nr  (6) 
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         i=1, …, nr  (7) 

 

i=1, …, nr  (8) 

          i=1, …, (nr+nwr) (9) 

      i=1, …, (nr+nwr) (10) 

      i=1, …, (nr+nwr) (11) 

          i=1, …, nr  (12) 

             i=1, …, nr  (13) 

                   i=1, …, nr  (14) 

           i=1, …, nr  (15) 

  

Where the variables are: Pi,t, the power injection to the grid 

of hydro plant i at the hour t; Vi,t, the volume in the reservoir 

of the hydro plant i in the period t; Vi-1,t, the affluence into 

reservoir i at period t, coming by the river from the upwards 

plant (or plants); V
T

i,t, the turbined volume at hour t, by plant i; 

VD
i,t, the spilled volume at hour t, by plant i; VC

i,t, the output 

water contribution for social uses performed by plant i at hour 

t; and hi,t, the height of reservoir i at the hour t. The parameters 

of the optimization formulation are: ct, the expected prices of 

the market for the hour t; VAF
i,t, the proper affluence into 

reservoir i at period t, i.e., not considering the flows coming 

by the river from the previous plant; VESP
i,1 and VESP

i,T, the 

specified volumes at the beginning and at the end of the 

horizon, by plant i; ηi is the average efficiency of the hydro 

plant i; g is the acceleration of the gravity; k0,i, k1,i, k2,i, k2,i and 

k2,i, coefficients relating volume and height at the reservoir i; 

Vi
U
, the minimum volume of reservoir i; VCTmin

i, the minimum 

added requirements of water for social uses in all the 

programming periods, for reservoir i; VCmin
i and VCmax

i, the 

minimum and maximum (respectively) requirements of water 

for social uses at each hour, for plant i; VECmin
i,  the minimum 

volume to be maintained in the river downward reservoir i; 

Vmax
i and VTmax

i, the maximum capacity and capacity of 

production (respectively) of hydro plant i; and hmax
i, the 

maximum height of reservoir i. In the equations, nr is the 

number of hydro plant with reservoir, nwr is the number of 

fluent hydro plants (without reservoir),  αi is the set of hydro 

plants upwards the reservoir i and T is the number of 

discretization steps (24 in this case). 

The optimization problem (1)-(15) wants to calculate the 

optimal production of several hydro plants in a basin, working 

in coordination, and considering the expected prices into the 

market (1). The equality constraints (2) and (3) express the 

energy balances in the hydro plants with and without 

reservoir. The amounts of energy at the reservoirs at the 

beginning and end of the programming horizon (5)-(6) are pre-

specified. The hydro production efficiency for the power 

production is expressed by using a four-degree equation (7)-

(8). In the present formulation, the social requirements of 

water are represented as minimum daily consumptions (9) and 

restrictions for the hourly water flows, (10). The operation of 

the hydrological system requires maintaining the minimum 

ecological levels of water flows into the basin (11). In eq. 

(12)-(15), the maximum capacities of the equipments of the 

hydro plants are represented.  

In the present analysis, the horizon is 24 hours, the 

discretization period is 1 hour and the algorithm is solved by 

using Matlab. 

III. THE TEST CASE 

The application of the proposed algorithm considers four 

real hydro plants in the Cuenca basin of the river 

Guadalquivir, near to the city of Córdoba, Spain. Main data 

related to the plants is presented in Table 1. 

 
TABLE 1 

HYDRO PLANTS DATA. 

Number Type Prev 

Travel 

Time 

[h] 

VCTmin
i 

[Hm3] 

hmax
i 

[m] 

Vmax
i 

[Hm3] 

VTmax
i 

[Hm3] 

1 R - - 0.5 13 11 0.513 

2 F 1 2 0.3 - 10 0.206 

3 R - - 0.8 82 346 0.839 

4 R 2, 3 6, 8 0.6 7 8 0.850 

  

In Table 1, the hydro plants are classified in two groups: R 

(with reservoir and storage abilities) and F (fluent, without 

reservoir and therefore with non-fully controllable 

production). From this table, hydro plant 2 do not have 

reservoir and receives the water inflow from hydro plant 1, 

after 2 hours of travel for the river. The hydro plant 4 has 

storage capacities and receives the water inflows from plants 2 

and 3, with a time for the travel of the water of 6 and 8 hours, 

respectively. 

In the present case, a medium external inflow is considered, 

coming to the heads of the basin. The water is injected at both 

hydro plants 1 and 3, with a constant value of 0.07123 Hm
3
/h 

in each one of the two plants. Typical daily prices for the 

Daily Market in October 2008 (a date with medium hydro 

production) in Spain are used for simulating the optimal 

operation of the hydro system (Fig. 1). In the next Section, the 

results of the simulations are shown.  

 
 

Fig. 1. Results of the Spanish Next-Day Market Prices of 10-15-2008.  

IV. RESULTS 

In Fig. 2, the optimal production of the four hydro plants is 

shown. 
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Fig. 2. Production in the Hydro Plants.  

 

From Fig. 2, hydro plant 1 (at one of the heads of the basin) 

mainly generates at the beginning of the first high price period 

of the day. After this generation, the water is used for 

generating again in the non-controllable hydro plant 2 in the 

same high price period (before hour 15). 

The hydro plant 3 (at the other head of the basin) generates 

at hours 9 and 13. These are the hours of maximum prices in 

the first part of the day (see Fig. 1). This generation behaviour 

enables to have the maximum quantity of water for production 

in hydro plant 4 at hour 21, the hour with the peak prices into 

the day.    

 

 
 

Fig. 3. Energy Storage in the Hydro Plants. 

 

In Fig. 3, hydro plants 1 and 3 (at the heads of the basin) 

use the water stored in previous days for increasing the 

production in the first hours of the present day. The inflows in 

the heads help for recovering the specified final values for the 

stored energy at the end of the day. As expected, the hydro 

plant 2 cannot use storage. Hydro plant 4 utilizes the storage 

abilities for waiting the higher prices for selling the 

production.    

 
 

Fig. 4. Water Output for Social Uses. 

 

From Fig. 4, the best option for hydro plants 1, 2 and 3 is 

providing the water for social uses at hour 3, the hour with the 

lowest price in the analyzed day. The reservoir of hydro plant 

4 is empty at the beginning of the day. Therefore, the most 

economical option is to provide the water at hour 24.              

 
 

Fig. 5. Incremental Profits in the entire Basin. 

 

In Fig. 5, the incremental profit in the entire basin is shown. 

The profits in the operation are obtained in the two high price 

periods of the day. The larger profits are obtained in the first 

one (between hours 8 and 14), because the action of three 

hydro plants in this stage. The profits in the second high price 

period (hours 20 to 22) are only due to the generation in hydro 

plant 4.  

V. CONCLUSION 

An optimization algorithm is proposed and implemented by 

calculating the best operation of one hydro basin with several 

plants on it. The algorithm can be used by representing both 

controllable and non-controllable plants. The social uses of the 

water are considered into the proposition, allowing obtaining 

the best hours for providing this service.   
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