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Abstract 

This paper examines a stochastic approach to solving the impact of water usage rate restrictions imposed 

on hydro operations in order to maximize income. The hydroelectric power plant was evaluated within a 

stochastic control framework by taking into account operational constraints such as cash flows, water 

use and minimum flow rate restrictions for environmental protection. The Quasi-Newton Method of the 

income maximizing working mode decisions of a hydropower plant is determined for various constraints 

on the value of useable water. A Turkish hydropower is used for the case study; on Kura River in Ardahan 

city. The income is negatively affected, although not very large, for a range of restrictions the impact is 

not large. Numerical results point out that not to take into account environmental constraints may 

noticeably increase the cash-flows value of hydropower plant. 
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1. Introduction 

Hydropower is a renewable, clean and environmentally friendly energy source. It produces 3975 TWh, 

and it supplies 71% of all renewable electricity [1]. To achieve the target 1064 GWh of installed power 

capacity in 2016, 16.4% of the world's electricity produced from all sources [2]. Generally, hydropower 

is a very important energy supply option for various reasons. If we list these reasons briefly; first, for a 

power source that is clean and renewable that can provide to sustainable advancement because it doesn't 

pollute the air because no fuels are burned and it uses the Earth's water cycle to generate electricity, 

typically low-cost power. Second, it energy supplies by reducing the dependence on imported-

fuel supplies that carry the risks of price volatility, supply uncertainty, and foreign currency demands. 

Third, hydro facilities can propose various co-benefits such as reservoir for drinking water and irrigation, 

flood risk protection, growing plants in water opportunities. Lastly, hydropower plants contribute more 

renewables especially with solar and wind farms; to be added to the system by providing rapid-response 

power during periods of low electricity demand can be used to run intermittent loads, as in the case of 

pumped hydro energy storage; when wind and solar power facilities are generating excess power the role 

of these sources are mainly to save water [3,4]. 

In order to produce countries’, own energy without being reliant on foreign energy sources; a large 

number of regulations and economic incentives exist worldwide and in Turkey as well; to develop more 

environmentally, friendly, cheap power generation technologies. Notwithstanding, when applying such 

procedure some difficulties normally occur: (i) what technologies should be considered environmentally 

friendly; and (ii) how does one find a suitable harmony between the benefits of electricity generation and 

the costs of environmental limitations?  This paper examines and finds a solution from an economic point 

of the view to the question of whether environmental restrictions on hydroelectric dams are acceptable. 

In recent years authors have shown an increased interest and published articles [5,6,7,8,9,10,11,12,13,14] 

in the economics literature.  Just as these researches; the solutions to the above difficulties in applying 

optimization for economic valuation to the specific environmental impacts that can be characterized. 
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A remarkable result is that the total amount of generated electricity may be increased or decreased by 

limitations of the value water usage which affects the income over a time horizon [5]. An operator of the 

facility’s effort influences the profit in the face of restrictions. In response to the limitations of the 

reservoir water level, operators maintain the production of energy in so far as possible during peak 

periods. If increased energy production from the hydroelectric power plant requires the reduction of the 

power generated by fossil fuel-fired plants, this can provide no additional benefit to the water ecosystem 

downstream the hydroelectric power plant, as well as an additional environmental gain for water use 

limitations. 

When optimizing hydroelectric power plants operation, all environmental and technological constraints 

must be taken into consideration [6]. The ecological limitations [7] which have on the potential income 

are considered as a permanent parameter set.  In order to potentially review these limitations, the cost of 

restrictions and their impact on income will be studied.  

In this paper, the effect of the environmental restriction ratio applied by a regulatory authority (DSI-

General Directorate of state hydraulic works) on the economic operations of a power plant is investigated. 

Based on a small scale real-world facility in Turkey is modeled on a revenue maximization hydroelectric 

power plant. 

It is considered that the facility collaborates with the spot market. It is explored with the optimal decisions 

of the operator regarding the hydro energy production in the short and medium term. The issue of the 

uncertainty of the price of electricity is abstracted and the uncertainty of water flow rate is known. The 

environmental constraints [7,8] are considered as optimization variables. Multi-criteria 

optimization models are applied as a decision making problem of simultaneous optimization. The main 

contribution of the paper is to compare optimization results with help of Monte-Carlo method [9] and 

have acceptable final decisions. 

A large literature examining the economics of electricity markets have relied. This paper provides a broad 

literature examining the costs of regulation in the electricity market environment.  

The book [10] describes the views hydropower plants economically; the basic model for management of 

hydropower and describes how to operate the water reservoir and the facility.  

The article [11] discusses how better decision-making, more discriminate site selection and more 

effective mitigation measures could significantly reduce the environmental impacts of hydropower. The 

goal of the study is to analyze social, economic and environmental costs and risks of hydroelectric dams, 

in Vietnam. The study discusses the main shortcomings to calculate, manage and reduce the 

environmental and social costs and risks of hydroelectric power. 

The paper [12] focuses on the prediction of the short-term economic impact caused by environmental 

restrictions on hydroelectric operations. The paper describes an hourly framework for estimating the 

short-term economic costs of introducing a specific hourly restriction set for hydroelectric operations. 

The result of the approach was appropriate for the analysis of the impacts of a wide-range of hourly 

constraints. Within the described restrictions, the methodology has produced critical results in 

management the decision, together with research findings linking the impacts of dam operations with 

changes in the ecosystem in the downstream basin 

The paper [13] shows regulations governing the allowed rate of discharges from hydroelectric dams and 

their impact on the total cost of producing electricity from both hydroelectric and fossil fuel sources. The 

results have critical implications for both water and electricity policy. 

The paper [14] analyzes the impact on the economics of ramping rate limits which provide environmental 

benefits on hydro operations for the purpose of protecting aquatic ecosystems. By using for different 

types of constrains on water intake data for a representative hydrological process in Ontario (Canada), 

the decisions of a hydroelectric plant operator to maximize profits are solved by a dynamic optimization 

model. The paper tries to evaluate the short-term cost of maximum ramping rates on a hypothetical plant. 

It recommends the presence of ramp rates may increase the generation of electrical energy if there is no 

maximum value for the contract request. 

This paper is organized as follows: in Section 2, the answer to the question “how was the project 

designed?” is explained. Findings from previous researches such as energy supply and demand analysis, 

assumptions and model formulation are presented. The relationship with other existing or planned 

projects that contributed to the conception of the paper is also presented. Description of the prototype 

hydro plant is specified in Section 3. The analysis of hydroelectric power plant operations and profit; and 
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the effects of environmental changes on profit are taken into account in Chapter 3 as well. Lastly, Section 

4 summarizes conclusions and offers some ideas for fruitful new directions of future research.  
 

2. Task Statement 

It is assumed that the owner of the power plant is striving to maximize income in market conditions 

subject to various restrictions which will be defined below chapter. Income maximization involves 

determining the hourly electricity price and the amount of energy generation which depends on a non-

linear function on the head pond and hourly discharged water through the turbine(s), as given in Equation 

(3). 

The formulation of the optimization task involves the estimated in the space of income and the limitations 

parameters. The analysis considers three categories of limits of water usage and income related to the 

switch to hydropower plant: Firstly, a model developed to estimate the variables; namely electricity 

market price and water inflow data are performed thanks to an Artificial Neural Network (ANN). Real-

life statistics and previous estimates of electricity prices and water inflows data are required to achieve 

future forecasting processes. 

Secondly, short term (24-hours) optimization of the HPP working conditions. The input-output 

characteristics of the power plant are applied on non-linear programming and non-linear approximation 

model.  

The definition of the methodology and the validation of the algorithm with the task formulation are 

presented in the previous articles [15,16] and in the thesis [9]. In this paper, the formulation of the 

optimization task estimated in two parameter areas, particularly, the limitations and the income. 

The objective function of the power plant is to maximize its income in the electricity market environment. 

The optimal daily generation schedule is achieved by 24-hour optimization of the amount of generated 

electricity at each hour. The purpose of an investor can be presented as follows: 

 

𝐼 → max                                         (1) 

𝐼𝑇 = ∑ 𝑃𝑘. 𝐶𝑘

𝐾

𝑘

→ max                  (2) 

𝐼𝑇 = ∑ ∑ 𝑛𝑘.

𝐿

𝑙

𝑔. 𝑞𝑘. ℎ𝑙𝑘

𝐾

𝑘

∑ 𝑐𝑡

𝑇

𝑡

   (3) 

∀𝑡 ∈ 𝑇, ∀𝑘 ∈ 𝐾, ∀𝑙 ∈ 𝐿  

  

Where 

𝐼 − 𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝑖𝑛𝑐𝑜𝑚𝑒 𝑜𝑓 𝑡ℎ𝑒 𝐻𝑃𝑃 𝑖𝑛 𝐸𝑈𝑅𝑂. 

𝑇 − 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 ℎ𝑜𝑢𝑟𝑠. 

𝐾, 𝑙 − 𝑡ℎ𝑒 𝑠𝑒𝑡𝑠 𝑜𝑓 𝑡ℎ𝑒 ℎ𝑜𝑢𝑟𝑙𝑦 𝑟𝑒𝑐𝑜𝑟𝑑𝑖𝑛𝑔 𝑝𝑒𝑟𝑖𝑜𝑑𝑠 𝑜𝑓 𝑟𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟. 

𝑔 − acceleration due to gravity force =  9.81 𝑚 𝑠2⁄ . 

𝑛 − 𝑡ℎ𝑒 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 𝑜𝑓 𝑡ℎ𝑒 𝐻𝑃𝑃. 

ℎ − 𝑛𝑒𝑡 ℎ𝑒𝑎𝑑; 𝑖𝑛 𝑚𝑒𝑡𝑒𝑟. It is the vertical distance in water levels between the hydro intake and water 

release from the turbine where the hydro discharge point. The power production efficiency all comes 

down to the head and flow which is a non-linear function of the net head of the water discharging through 

the turbine and the flow rate in another word converting this water power into electricity [17].  The 

amount of power, and therefore generated energy is proportional to the head and the flow. 

𝑐 − 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑚𝑎𝑟𝑘𝑒𝑡 𝑝𝑟𝑖𝑐𝑒 𝑖𝑛 𝐸𝑈𝑅𝑂[18]. 

Subject to: 

The reservoir storage volumes must be within the maximum and minimum reservoir storage volume.  
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𝒔𝒎𝒊𝒏 ≤ 𝑠(𝑡) ≤ 𝒔𝒎𝒂𝒙          (4) 

The power plant faces maximum and minimum water spill rate requirements, denoted by 𝑞𝑚𝑖𝑛 , 𝑞𝑚𝑎𝑥 

𝑞𝑚𝑖𝑛 ≤ 𝑞(𝑡) ≤ 𝑞𝑚𝑎𝑥           (5) 

In order to avoid of overtop and damaging the dam mostly during flood periods (spring season), spillways 

may discharge water. Thanks to spillways that provides the flexibility of operations due to differences in 

water flow rates. The reservoir storage volume at the end of the reference period is to be equal to storage 

volume at the beginning of such period. 

1𝑚 ≤ sinitial , 𝑠𝑒𝑛𝑑          (6) 

It is also assumed that the power facility is facing maximum and minimum energy generation restrictions, 

the generated power has lower and upper bounds which can be written as: 

𝑃𝑚𝑖𝑛 ≤ 𝑃(𝑡) ≤ 𝑃𝑚𝑎𝑥      (7) 

Ecological constraints: Environmental flow requirements are considered. The environmental flow 

determined and recommended by the State Hydraulic Works General Directorate is at least 10% of the 

10-year average lead [19,20]. 

𝑤𝑒𝑐𝑜(𝑡) ≥ %10. 𝜁(𝑡)          (8) 

Where; 

𝑣(𝑡): 𝑟𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟 𝑙𝑒𝑣𝑒𝑙 𝑎𝑡 𝑡𝑖𝑚𝑒 𝑡; 

𝑠𝑚𝑎𝑥: 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑟𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟 𝑙𝑒𝑣𝑒𝑙 

𝑠𝑚𝑖𝑛: 𝑚𝑖𝑛𝑖𝑚𝑢𝑚 𝑟𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟 𝑙𝑒𝑣𝑒𝑙 

𝑠𝑖𝑛𝑖𝑡𝑖𝑎𝑙: 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑟𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟 𝑙𝑒𝑣𝑒𝑙 

𝑠𝑒𝑛𝑑: 𝑎𝑡 𝑡ℎ𝑒 𝑒𝑛𝑑 𝑜𝑓 𝑑𝑎𝑦 𝑟𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟 𝑙𝑒𝑣𝑒𝑙 

𝑤(𝑡): 𝑤𝑎𝑡𝑒𝑟𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 𝑎𝑡 𝑡𝑖𝑚𝑒 𝑡, 𝑖𝑛 𝑚3/𝑠 

𝑤𝑙(𝑡): 𝑙𝑜𝑤𝑒𝑟 𝑏𝑜𝑢𝑛𝑑 𝑜𝑓 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑟𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟 𝑙𝑒𝑣𝑒𝑙 𝑎𝑡 𝑡𝑖𝑚𝑒 𝑡. 

𝑤𝑢(𝑡): 𝑢𝑝𝑝𝑒𝑟 𝑏𝑜𝑢𝑛𝑑 𝑜𝑓 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑟𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟 𝑙𝑒𝑣𝑒𝑙 𝑎𝑡 𝑡𝑖𝑚𝑒 𝑡. 

𝑤𝑚𝑎𝑥: 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑤𝑎𝑡𝑒𝑟 𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 𝑎𝑡 𝑡𝑖𝑚𝑒 𝑡 

𝑤𝑚𝑖𝑛: 𝑚𝑖𝑛𝑖𝑚𝑢𝑚 𝑤𝑎𝑡𝑒𝑟 𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 𝑎𝑡 𝑡𝑖𝑚𝑒 𝑡 

𝑐(𝑡): 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑚𝑎𝑟𝑘𝑒𝑡 𝑝𝑟𝑖𝑐𝑒 𝑎𝑡 𝑡𝑖𝑚𝑒 𝑡 𝑝𝑒𝑟 𝑀𝑊ℎ 𝑖𝑛 € 

𝜁(𝑡): 𝑛𝑎𝑡𝑢𝑟𝑒𝑙 𝑤𝑎𝑡𝑒𝑟 𝑖𝑛𝑓𝑙𝑜𝑤 𝑖𝑛 𝑟𝑖𝑣𝑒𝑟 𝑎𝑡 𝑡𝑖𝑚𝑒 𝑡 

𝐹(𝑡): 𝑖𝑛𝑐𝑜𝑚𝑒 𝑎𝑡 𝑡𝑖𝑚𝑒 𝑡, 𝑖𝑛 € 

𝑤𝑒𝑐𝑜(𝑡)𝑡ℎ𝑒 𝑤𝑎𝑡𝑒𝑟 𝑠𝑝𝑖𝑙𝑙𝑎𝑔𝑒 𝑓𝑜𝑟 𝑓𝑖𝑠ℎ 𝑔𝑎𝑡𝑒 𝑖𝑛 ℎ𝑜𝑢𝑟 𝑡; 

𝛾: 𝑡ℎ𝑒 𝑠𝑝𝑒𝑠𝑖𝑓𝑖𝑐 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟 𝑖𝑛 𝑘𝑁/𝑚3 

𝐻: 𝑡ℎ𝑒 𝑛𝑒𝑡 ℎ𝑒𝑎𝑑 𝑖𝑛 𝑚𝑒𝑡𝑒𝑟𝑠 

𝑛: 𝑡ℎ𝑒 𝑜𝑣𝑒𝑟𝑎𝑙𝑙 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑓𝑎𝑐𝑖𝑙𝑖𝑡𝑦 (%) 

It is worth mentioning that the investigation in this research report is for a single reservoir type 

hydropower plants. If water usage (ecological) restrictions were applied to the power generation capacity 

in a region or specific area, then the effect on the whole network need to be studied. A full study of water 

usage limitations on a hydro generation have to take into account the less efficiently running fossil fuel 

power plants for the increased cost potential in handling peak demands, or by adding fuel-fired units that 

operate with additional cost. 

When constrained, hydropower working conditions maximize the income value by storing water when 

electricity demand (price) is low and when demand is high; discharge water through turbines. In most 

cases, two peak flow arrangement is expected with this path. First one is seasonal, which is a great amount 
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of spring run-off are stored for release during summer when the use of energy increases. The second one 

is the daily pattern, which is water is stored overnight and then discharge the following day during daily 

peak demand. River structures managed for hydropower demonstrate one or both of these designs. The 

commitment of ecological limitations intrinsically reduces the value of a river as an energy generator. 

The limitations can affect daily flow rates or seasonal patterns to improve the natural environment of a 

river. 

The target of the study is on water reservoir rate constraints, and test the cost as the lost income caused 

by to meet these limitations, which causes pollutant emissions by fossil fuel power plants. Please note 

that environmental restrictions do not determine the advantages of reducing pollution in the aquatic 

environment beyond the scope of the present article. 

3. Case Study 

The representative hydropower facility is used in experimental example which is ranked as a small size 

power house in Ardahan city, Turkey. The optimal operation of the power plant was modeled over a 

period of 48 hours. The first scenario for water usage constraints decreases the extent of energy 

generation shifting. However, at the end of the 17th and 33rd hour which is in the peak period, the power 

plant can generate more energy. In Figure 3 it is observed that environmental restrictions play essential 

role on income. As seen in results; the income is 11359€ for 90% of water usage restrictictions which is 

as stated in the law while the income is 12531€ without taking into account water usage limitations, and 

the income is 11712€ and 11947€ for 93% and 95% of water usage restrictictions respectively.  

 

  

Figure 1. Schedule of the HPP with 95% of water usage restrictions 

 

  

Figure 2. Schedule of the HPP with 93% of water usage restrictions 
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Figure 3. Schedule of the HPP with 90% of water usage restrictions 

 

 
 

Figure 4. Schedule of the HPP without water usage restrictions 

 

The Figure 5 shows which turbine is online at each hour market by █. 

 

 
Figure 5. Online turbine chart in hours 

 

In second scenario it is added reservoir maximum water level and reservoir minimum water level 

restrictions, which are set initially at maximum 8 meter and minimum 7, 7.1, 7.3, 7.5 meter respectively. 

As shown in Figure 6, the highest peak water discharge rate during the day with water level restrictions 

reaches a maximum of in the 30th – 42nd hour. Detailed results are given in Figure 6,7,8,9. As seen from 

Figure 6 while the permissible upstream level was 8m and downstream level was 7m the income was 

27506€, when downstream level increased to 7.5m the income was decreased to 27110€. 

 

5:00 6:00 7:00 8:00 9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00 19:00 20:00 21:00 22:00 23:00 0:00

1st █ █ █ █ █ █ █

2nd

3rd █ █ █ █ █ █ █ █ █ █ █ █

Turbine 

Number

Time
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Figure 6. Permissible water level 8-7m Figure 7. Permissible water level 8-7.1m 

  

Figure 8. Permissible water level 8-7.3m Figure 9. Permissible water level 8-7.5m 

These results are consistent. Due to the lower limit of total water in the water reservoir, it is in the interests 

of the operator of the power plant to release the permissible water amount when the electricity price is 

the highest. Additionally, as a main contribution of this paper; to maximize the income of hydro facility, 

the powerhouse accumulates water during the off-peak period for the discharge of on-peak periods and 

sells electricity to its customers. 

 

4. Conclusion 

One of the benefits of hydropower is it responds quickly through water usage to changing demand 

conditions. In order to protect natural life; the possibility of negative consequences of the amount of 

water to be given to the river must be considered by regulators on aquatic ecosystems. As long as where 

water usage rate restrictions are being studied, the hydroelectric power plant operators need to recognize 

the costs they provide without losing profits. 

It has been concluded that the environmental impact of hydropower plants/projects is significant and 

calls for critical study during its environmental administration process. Thus, the total cost of producing 

electricity should reflect environmental components in order to serve as an adequate basis for pricing 

units of production. 

Admirably water usage rules would be determined through a careful study of all the possible influences. 

The main contributions of this paper are to understand these economic impacts and how the income 

influenced by ecological restrictions involved. One of the essential results of the paper is that ecological 

limitations should not be regulated in isolation, but instead of using a cost-benefit analysis that figures 

out the possible profit involved.  

For future work; this article describes the major ecological constraints which should be considered more 

preciously at minor level. It would be better to include the environmental impact and the cost of uses 

traditional fuels of fluctuations in the intensity of use of other types of energy sources. 
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