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	At present, the influence of technologies on the environment became comparable with natural processes at the Earth. Therefore, the use of renewable energy sources, including water resources, is very important for the energy market operated as the Internet of things. One of the universal methods of analyzing the efficiency of technical systems is the optimization method in combination with the theory of marginal utility. This allows determining a water price for a hydropower plant (HPP) based on the comparison of water consumed at a HPP and fuel amount required at a combined heat and power plant (CHPP) for production of 1 kW power. Using the examples of Novosibirsk HPP and CHPP, it is expected to develop an estimation of economic effect from the implementation of the developed criteria, the proposed method of determination of a water price at HPP, and the method of separating fuel costs at CHP. As a result of implementing the developed method for HPP, a price of sold electricity in the flexible energy market will be comparable with the price for sold electricity produced at CHPP, being equal to approximately 330 rubles/MW∙h. Moreover, CHPP are expected to have savings of specific fuel consumption for electricity generation in the amount of 5 g/kW∙h and, in some case, 10 g/kW∙h. In terms of money, this amounts about 7,350,000 – 14,700,000 rubles per month. 
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1. INTRODUCTION
The paper provides the review and development of the method for estimating the price of water at HPP during optimization of operating conditions based on complex criteria of ecological-and-economic efficiency under modern conditions. At present, the influence of technologies on the environment became comparable with natural processes at the Earth. Therefore, the use of renewable energy sources, including water resources, is very important for the energy market operated as the Internet of things [1, 2]. One of the universal methods of analyzing the efficiency of technical systems is the optimization method in combination with the theory of marginal utility. This allows determining a water price for a hydropower plant based on the comparison of water consumed at a hydropower plant and fuel amount required at a combined heat and power plant for generation of 1 kW power. It is possible only to reduce exergy of these flows to the reasonable limit determined by damping properties and elasticity of nature for their transformation into intermediate and conditionally end products, which are human- and environment-friendly, in other words, by electricity co-generation at HPP and CHPP [3,4].

2. Model of Functioning Management for Power Plants  
This investigation proposes an ecological-and-economic profit maximization criterion for optimal load dispatching (or management) of hydropower and thermal power plants under modern conditions, and a strategy for controlling a water price at HPP using the theory of marginal utility [5,6].

According to the profit maximization criterion, a producer will maximize its profit when producing goods at the point where marginal revenue equals marginal costs [7-9]. This leading principle of profit maximization is called as the rule of equality between marginal revenue and marginal costs. This principle is illustrated in Figure 1.
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Figure 1. Determination of the optimal production output:  where D – energy demand for a specified time interval; Eopt – optimal output for a specified time interval; Popt – the optimal price at the optimal production output

Marginal revenue (MR) is determined by a differential curve of energy demand, while marginal costs are influenced by a derivative component of energy production costs. The latter may be represented by an incremental fuel costs characteristic for thermal power plants [10, 11]. All these values have the same dimension (price/prod.unit), thus they may be comparable for calculations [12].

The optimal energy production output (Eopt) allows an energy enterprise to maximize its profit. Assume that less goods E1 are produced in comparison with an optimal output at higher price P1. In this case, marginal revenue of the producer exceeds marginal costs. If production output raises up to Eopt (when profit from selling one additional product unit equals to zero), the producer will increase the total profit by the square abc.

Production output E2 being greater than optimal level does not also maximizes profit, because marginal costs exceeds marginal revenue. Increase of profit due to reduction of production output down to Eopt instead of E2 corresponds to the value, which is equal to the square bde.

Under modern conditions, each business unit is interested in increasing of its own profit, therefore the proposed method allows determining production outputs at a power plant with a glance to modern features of Russian power engineering [13].

Exergy allows combining the three aspects of optimization: thermodynamic, technical-and-economic and ecological – within the unified optimization system [14-16]. Water resources are very important for saving primary energy resources and material resources at the input of the technical system. In the end, they reduces harmful impacts on human and environment. The general rule can be stated as follows: it is more profitable to save primary energy and material resources during implementation of technological processes as close to end sections as possible. In other words, 1 kW∙h of electricity (in rubles) is more expensive at the end of the technological chain, than at the beginning. 

During the scientific research, the following general problems were solved: 1.  The criterion instruments for complex estimation and optimization of electricity and heat generation and CHPP and electricity at HPP were proved on the basis of the exergy approach with justification of the conceptual system for “environmental parameters” 2. The method for calculation of a water price for HPP was developed that allows not only improving ecological situation in the region, but also increasing competitiveness of power plants. 3. The urgency of the concept of “marginal utility” used for calculation of a water price for HPP was proved. 4. The mathematical instruments for exergy optimization of the complex efficiency of processing primary resources on the basis of interconnected thermodynamic and ecological-and-economic criteria in order to generate electricity and heat were developed, and a fundamentally new method of separating fuel costs between the considered types of energy at CHPP was presented.  5. The developed exergy-and-economic and technical criteria were tested to compare various technologies for generating electricity and heat based on the optimization of operating conditions of CHPP and HPP. 6. The model was developed for launching HPP and CHPP to the competitive electricity market on the basis of solving two important and interrelated problems for managing power plant operating conditions. 
The formulated problems and stages of their implementation are presented in Figure 2. 

3. THEory of marginal utility as the basis for determinationof water price for hpp 
As a coefficient of utility, we consider the ratio of the last increment or an infinitesimal part of the subject to the increment of pleasure that it causes. Both values should be certainly expressed in appropriate units [17-19]. 

In relation to our research, we will consider water and fuel as products used for generation of the same amount of electricity. The above-mentioned considerations regarding marginal utility can be presented in a very simple graphical form (see Figure 3).

 
Figure 3. Indifference curve
Then, using the indifference curve for marginal costs of water and fuel consumption, it should be noted that the slope of the indifference curve remains exactly the same. 

Hence, a water price for HPP can be determined using the following curve (see Figure 4) and expression (1).
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where Uq – marginal costs at HPP, q – incremental water rate at HPP, wp – water price for HPP.
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Figure 4. Indifference curve (for marginal cost): where Uq – marginal costs at HPP, Ub – marginal costs at CHPP, b – incremental fuel rate at CHPP, q – incremental water rate at HPP, wp – water price for HPP
 Since for any HPP the daily consumption of water resource is uniquely determined, the problem of choosing the optimal HPP operating conditions is solved in the same way as for a thermal power plant with a given fuel consumption [20, 21]. 
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Figure 2. Block diagram for functioning management in the flexible market

4. Management of operating modes of thermal power plants as a combined production sources EST RESULTS
Then, taking into account the water price calculated using the theory of marginal utility, we plot incremental water rate characteristics at HPP (see Figure 6). 
After that, based on the complex exergy criteria for thermodynamic and ecological-and-economic efficiency, we obtain the optimal amount of electricity generation at HPP (see Figure 6).
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Results of calculations with the use of the proposed principle of power plant functioning by electricity generation are presented in Table 1.
Table 1. Optimal values of power output for the Novosibirsk HPP by year seasons

	Season


	High water


	Low water


	Domestic wastewaters

operation

	Profit rate
	0%
	12%
	0%
	12%
	0%
	12%

	Power, MW
	122
	140
	118 
	136 
	120
	137

	Electric energy, MW∙h
	87840
	100800
	84960
	97920
	86400
	98640

	Posted price, rubles/MW∙h
	332
	340
	325
	336
	315
	320

	Revenue, rubles
	29162880
	34272000
	27612000
	32901120
	27216000
	31564800

	Profit, rubles
	
	5109120
	
	5289120
	
	4348800


Based on the developed complex criteria of ecological-and-economic efficiency, the optimal amount of electricity generation at HPP was obtained using the high-water period as an example (see Figure 7).
Electricity generation at the Novosibirsk HPP in the high-water period varies from 87840 to 100800 MW∙h. An electricity price for that period equals from 332 to 340 rubles/MW∙h. As for the low-water period, electricity output is from 84960 to 97920 MW∙h with a posted price varied from 325 to 336 rubles/MW∙h. Being operated with domestic wastewaters, these values are equal to 86400 – 98640 MW∙h and 315 – 320 rubles/MW∙h. Practical testing of the developed method at the Novosibirsk HPP results in obtaining the following water prices for HPP by year seasons (high water, low water, and domestic wastewaters operation): the water price for the Novosibirsk HPP in the high-water period is 23.14 rubles/m3, in the low-water period – 21.75 rubles/m3, with domestic wastewaters operation – 24.00 rubles/m3.
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Figure7. Curves for determination of optimal amounts of electricity generation for the high-water period at the Novosibirsk HPP

An analysis of the results obtained by optimizing the operating conditions of the Novosibirsk CHPP showed that it is reasonable for the Novosibirsk CHPP No.2 to produce 216 MW (348942 Gcal) in winter, 91 MW (79149 Gcal) in summer, and 146 MW (191910 Gcal) in the transition season; the optimal load for the Novosibirsk CHPP No.4 is 253 MW (356589 Gcal) in winter, 59 MW (82282 Gcal) in summer, and 210 MW (264725 Gcal) in the transition season [5,6]. It is these operating conditions that will allow the power plants to get the maximum profit for each season of the year.

5. CONCLUSION
The following significant results were obtained during investigations:

· The mathematical model of functioning management for hydropower and thermal power plants in the flexible market was developed.

· The critical analysis of existing criteria for power plant management was carried out. It showed that these criteria are not applicable under the market conditions.

· The criterion for managing operating regimes of a power plant was proposed that considers exergy-and-ecological needs of society and combines technological features of power industry functioning with modern economic instruments.

· The use of the theory of marginal utility was proved for calculation of a water price for HPP.

· Principles and methods of functioning management for thermal power plants on electricity and heat production using the profit maximization criterion were developed.

· A complex methodology was developed for the distribution of fuel costs between the types of generated energy at CHPP using the profit maximization criterion.

· Proposed approaches and methods were verified and validated mathematically and experimentally. The general statements of the methodology were realized for the specific objects.
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The most advantageous distribution of the electrical load of power plants based on the principle of equality of incremental rates and the profit maximization criterion





Application of power plants for the wholesale electricity market for participation in covering the total load schedule of power consumers (optimal volume of electricity generation and tariff rates)





Application for optimal operating conditions for the i-th power plant





Possible results:





Producer (decision maker, DM) is satisfied with the value of deviation;


DM is not satisfied.











Correction of power plant loading after comparing RI and RIII





Initial information:


Typical operating equipment structure (boilers and turbines) by year seasons;


Incremental rate characteristics for water and fuel;


Price for water and fuel;


Cost price of generated energy;


Separation of fuel costs between the types of generated energy.


Constraints:


System;


Power plant.
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For the i-th power plant (i = 1…n)





Result (RI):


Optimal amount of electricity generation by year seasons


Tariff rates for electricity by year seasons





The most advantageous distribution of electricity between power plant units by year seasons








Result (RII):


Optimal heat amount – posted price 





Correction of heat distribution between power plant units by year seasons





Development of limits for the curve of efficient solutions





Functioning management of a power plant as a source of combined generation





Result (RIII):


Optimal product amount – posted price





Figure 5. Incremental water rate characteristic for the Novosibirsk HPP for the high-water period





Figure 6. Marginal costs characteristics for the Novosibirsk HPP for the high-water period
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