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ABSTRACT 
 
Striving to prevent climate changes, global community has established favourable 
national feed-in support schemes for the renewable electricity. Renewable energy 
is promoted through these schemes in the whole world and, particularly, in 
European Union (EU). Frequently, the support is provided by a guaranteed 
purchase price, which is significantly higher than the market price of electricity. 
 In EU, an Electricity Market Law prescribes that an electricity producer, which 
operates renewable energy sources, may acquire the right to sell all the produced 
electricity within the framework of the mandatory procurement at a guaranteed 
purchase price. As a result all the energy, which is produced from renewable 
energy sources, is sold to the public trader at a guaranteed purchase price, but the 
public trader sells and buys energy at the market prices, which vary significantly 
over the time. All electricity consumers pay the difference. The main drawback of 
the described support scheme is related to the absence of the coordination of 
power plant operation with the electricity market price or indirectly, electricity 
demand. 
 This paper demonstrate that cooperation of the public trader (PT) and power 
plant (PP)  operator in the market conditions could minimize additional cost of the 
support for the consumers and/or provide an additional income to PT and the PP 
owner. For this purpose, the coalition between PT and PP will be formed (creation 
of such coalition does not contradict the norms of law). Then, using scenario 
approach, planning problem of the day-ahead PP operation will be formulated as 
maximization of the expected total profit over the day taking into account profits of 
both PT and PP. Co-operative game theory and the Shapley value can be applied 
for the fair additional profit allocation. We demonstrate the advantages of the 
collaboration by the case study of a small hydro PP and the PT. The modification 
of the schedule of the PP to adjust to the electricity market prices and, thus, the 
electricity demand creates an additional income for the PT. 
It is concluded that the support principles of PP have to be reviewed. Proposed 
stochastic approach, formulation of the objective function and Shapley allocation 
for the additional revenues can increase the effectiveness of the operation of any 
kind of PP, provided that the daily power production is controllable, but water or 
fuel resources are constrained. 
 
------------------ 
*Author for correspondence: renata_varfolomejeva@inbox.lv  
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Key words: power plant, renewable energy, market price, co-operative game, 
stochastic optimization. 
 
Introduction 
 
Electric power systems dominantly in the last two decades are in the process of the 
restructuring, involving two major trends: 
 1. The market principles are introduced into the production and sales of energy 
to ensure cost effective power supply.  
 2. An objective to prevent the climate changes, to increase security and 
reliability of the power supply stimulates construction of the large number of PP 
with renewable energy sources (RES): in the period from 2000 to 2014 biogas, 
biomass, wind and photovoltaic were member has its own share of renewable 
energy amount, which should be increased by 2020.  
 These objectives shall be achieved in a possibly most cost efficient manner.   
 Support policies offer long-term guaranteed payments to the owners of the PP 
that produces electricity from RES. The existing support schemes include quotas 
for construction, investment grants, feed-in tariffs, tax measures, green certificates 
(Final Report of Energize Missouri, 2012; Ragwitz et al., 2007; RESLegal, 2014). 
Feed-in tariffs are significantly higher than the electricity market price. Commonly, 
it results in that all the energy, which is produced from RES, is sold to a public 
trader at a guaranteed purchase price. Simultaneously, the public trader sells and 
buys energy at the market price that varies significantly over the time. All the 
electricity consumers (or ratepayers) pay the difference (these costs are included 
in energy tariff in the form of the component of the mandatory procurement (CMP)). 
The main drawback of the described support scheme is related to the lack of 
coordination of PP operation with the electricity market or indirectly, electricity 
demand. For example, in order to maximize the profit the RES PP could produce 
energy by own discretization in hours when the load is minimal. 
 All RES technologies could be divided into two classes from the perspective of 
the operation flexibility, as follows: 
 - Unregulated (the possibility of turn-on/switch-off is the only way of adjusting 
the operation, for example, wind, solar photovoltaic, solar thermal, tidal and etc. 
 - Regulated. In this case, the operator could increase or decrease the 
production within the technical constraints of the plant and fuel reserve or water in 
reservoir. 
 Further, we will discuss small-scale hydropower plants (HPP) with the 
regulation capability. However, proposed methodology can also be applied to the 
optimization of the different types of regulated RES plants. The best production 
plan is determined through formulating and solving the optimization problem.  
 It is natural to assume that for this task the objective function shall reflect the 
power plant profit. Therefore, we can say that the optimization result in the 
significant extent depends on the support schemes. There are five different types 
of feed-in tariff: 
 1. Fixed feed-in tariff: The determination of fixed prices for each type of 
renewable according to amended regulations (e.g. Germany, Portugal, Lithuania), 
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 2. Time-dependent feed-in tariff: The determination of two or three different 
(day/night, peak/off-peak) prices for each type of renewable according to amended 
regulations (e.g. Spain for biomass and hydro for Hungary), 
 3. Indexed feed-in tariff: Prices are not known in the time of investment, 
indexed to another parameter like; natural gas price (e.g. Latvia), 
 4. Adjusting feed-in tariff: Tariffs are not linked to time of installation, also 
applicable for existing projects (e.g. Bulgaria and Czech Republic), 
 5. Target-price feed-in tariff: The tariff guarantees fixed price according to 
amended regulations, producer sell its electricity in market, the difference between 
market and fixed prices are paid after (Denmark) (Final Report of Energize, 2012; 
RESLegal, 2014). 
 Feed in tariffs is most common policy mechanism to promote renewable energy 
and cogeneration. Since it provides uninterrupted grid access, guaranteed period 
and fixed price for purchase (Ragwitz et al., 2007).  
 Today the tendency of reconsideration of supporting schemes is increased with 
extension of the technical facilities and economical needs to decrease the growing 
of additional costs for consumers.  
 For the reducing the consumer’s electricity costs, the reconsideration of 
supporting schemes for the power plants which produce energy from RES and 
have got possibility to regulate energy production is offered.  
 The given mechanism allows decrease additional costs of consumers with not 
reducing electricity producer’s incomes. For the realization of this goal is needed to 
carry in corrections into existed legislation. 
 In general, the goal of this paper is to propose a support mechanism that allows 
adapting the PP operation to the market situation. We solve a bidding problem for 
a small HPP with the limited water inflow and, more importantly, we show that the 
new support scheme may create additional revenues (first contribution of the 
paper) once the coalition between HPP operator and the PT is established. The 
creation of the coalition under consideration does not contradict the norms of law. 
In this case, the PP operation mode will be adjusted to the interests of all the 
actors and to the current market situation. For the fair allocation of the additional 
gain the co-operative game theory approaches can be applied, namely, Shapley 
value.  
 The day-ahead operation planning of the HPP is formulated as the 
maximization of the total average profit during the day. Profits of both the PT and 
the HPP are considered. Stochastic nonlinear programming is applied. Second 
important contribution of the paper is in the proposed algorithm, which includes the 
above mentioned methods. 
 The third contribution is the case study that considers small HPP data and 
demonstrates that the PT and the HPP coalition create opportunity to gain the 
additional income by adjusting the operating mode to the electricity market prices. 
 The rest of the paper is organized as follows: first, the power plant production 
planning and operation task is formulated, and second, the case study illustrating 
the proposed method in the realistic set-up is presented.   
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Defining the cost efficient renewable: case the HPP production. We propose 
optimization based planning of the HPP production and split of the profit between 
trader producer and the customers. 
 
Definition of the deterministic optimization problem. The definition of the HPP 
production schedule shall target revenue maximization. To achieve efficient 
operation of the scheduling of the HPP water reservoir in time will be performed. 
Short term operation is coupled with the mid- to long term planning, for example 
taking into account weekly planning horizon pTt =  (7 x 24 = 168 hours). 
 Supported by the feed-in tariffs, power plant will solve optimization problem 
which may be presented as: 
{ } { } maxminmaxmin

* ,,,...,1;,maxarg lllwwwTiwcw iipisi ,,,,=-= " .. .        (1) 

where [ sc ] - a guaranteed purchase price; [ iw ] - the power production levels [

.-- iRw ti ;  ]; *
iw  - the power production levels, that corresponds to the maximal 

revenue; il  - the water levels. 

 The optimization task is choosing such [ iw ] in accordance with the constraints, 
that are representing the conditions on the maximal and minimal reservoir level, 
allowable power of the generator and the water inflow and the spillage balance. 
This type of the optimization problem (1) has been extensively discussed in the 
literature see. Various approaches to this problem have been proposed at (Fleten 
et al., 2008; Karagiannopoulos et al., 2014; Kristoffersen et al., 2007).  
 Let us note that the problem (1) is not linked to the variation of the market 
prices and, therefore, not linked to the energy demand and the conditions of the 
energy production by the other power plants. 
 After the matching of the supply and demand offers of all the players in the 
market, hourly energy prices [ ic ] are known. So, one can compute the expenses 
for the support of the HPP that is rewarded by the fixed tariff:   

.-+%+= """ iwcwcc iiiss ,** .               (2) 
 The expression (2) can be used as a basis for the formulations of the next 
optimization problem. For the definition of this problem lets us assume: 
1.  Stakeholders of the HPP shall obtain the profit that is guaranteed by the law or 
regulations and provided by the solution of the optimization problem (1). 
2.  Stakeholders of HPP might require the additional profit in the case if the 
schedule is realized that requires less of the subsidies.  
3.  The objective function of the new optimization problem shall maximize the 
income from selling the energy at the market price with the considering constrains 
as in (1):  
{ } .-+= " iwcw iii ,maxarg** ,               (3) 
4.  Additionally obtained profit R' : 
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"" +%+=' ***
iiii wcwcR ,               (4) 

is shared among the participants. 
 The problem (3) has been also discussed in the literature (Karagiannopoulos et 
al., 2014), and can be solved by one of the earlier proposed methods or else by the 
proposed algorithm as described below (the advantages of that will be shown). 
 
The stochastic problem statement. Future market prices and water inflow in the 
river are the main processes which impact HPP revenues. Both processes are 
hard to predict because of unexpected market and weather conditions. Therefore, 
one shall approach it with the stochastic problem statement. 
 Let us assume that the income R for the planning period can be described by 
some, in the general case, nonlinear function: 

( ) ( )&=''= %+%+ ,,,,,,,,, XvcccllwwwR tttttott
o
t (( ,            (5) 

where o
tw  - the PP production as bid to be submitted to day ahead market; +' tw  - 

the positive (increase of production) deviation of the production; %' tw  - the negative 

(decrease of production) deviation of the production; ol  - an initial reservoir level; 

tl  - level of the reservoir at the end of the planning interval t =T; tc  - day - ahead 

market prices; +
tc  - intra-day market retail prices; %

tc  - intra-day purchasing prices; 

tv  - water inflow; X  - the joint set of all the stochastic parameters; &  - set of all 
the deterministic parameters. 
 The revenues are the function of many random variables (the number of 
variables is growing as the planning horizon is approximated by the discrete time 
intervals) and, therefore, are also random. 
 For such conditions one can formulate the problem of the maximization of the 
average (expected) revenue ][ R/  (W. Seifert; 1960): 

( ) )(,....][ XdXRR )&=/ ##
+*

*%

+*

*%

                 (6) 

 Applying (7) to determining the expected revenue, one can encounter 
significant difficulties that are caused by the high dimensionality of the integral and 
the probability function )(X) . When the duration of the planning interval is 168 
hours and the number of random processes is two (e.g. water inflow and day-
ahead market prices), the dimensionality of the set of random parameters is 2*168. 
 
The curse of the dimensionality and the proposed cure. The number of the 
optimization variables is growing as the planning horizon expands. Many nonlinear 
programming methods are losing the practical applicability once the number of 
variables is reaching several hundreds. Simultaneously, linear programming 
methods are operational with the thousands of variables. However, the 
linearization is leading to the loss in precision. To overcome this constraint, we 
suggest the following algorithm, as presented in Figure 1 that combines: 
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 - the linear programming (to obtain approximate solution for the water usage 
over a weekly or even longer horizon considering the weekly forecast); 
 - nonlinear programming to solve the day-ahead planning problem that is using 
one single parameter determined by the linear optimization – the water reservoir 
level in the end of the 24 hour planning horizon. 
 

 
 
FIGURE 1. Algorithm of for the multi-level solution of the optimization.  
 
 To maximize the nonlinear function of the type (6), we applied method of the 
generalized reduced gradient method (Lasdon et al., 1975). 
 Besides, the difficulties occurring at the large nonlinear problem as described 
above can be overcome by one or combination of the following techniques: 

• decrease of the planning horizon and the use of two-stage formulation to 
approximate the multi-stage problem; 

• involving the scenario based approach and the statistical models with the 
use of the historical records of the price variations and the water inflow to 
determine stochastic properties of these processes. These statistical models 
describe the properties of the processes, i.e. parameters variation in the 
future that is limited by the planning horizon (Kristoffersen et al., 2007).  

 The theory of the random processes refers to the method that gives simplified 
estimate of the expected value of the ergodic random process (W. Seifert; 1960). 
In this case, the problem of the computation of the ensemble average is replaced 
by the problem of computing the time average. The multidimensional integral of the 
kind (6) is replaced by the integral: 

( ) 0
1

2
3
4

5
&=/ #

+

%
*6

T

T
T

dtttXR
T

R )(,)(
2
1lim][  ,               (7) 

Since for the ergotic processes as the *6T  tends to infinity, the ensemble 

average ][ R/  and the time average ][R/  are identical. 
 In this case the computation of the average value of the random variables R  
can be performed without the explicit knowledge of the corresponding probability 
density function (Figure 2), instead the model is required that provides simulations 
of the realizations of the forecasted processes with the duration significantly 
exceeding the planning horizon).  
 
 

 
 

Linear approximation of  the 
problem (7*24=168 hours) Linear programming

Nonlinear  task statement 
f or 24 hours 

Generalized reduced 
gradient method

l2 4 w*i
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FIGURE 2. Transformation of the stochastic optimization problem.  
 
Simulating and forecasting of the random processes realization. Let us make 
the following assumptions to build the model for the forecasting of the process 
realizations: 
 1. The average properties of the addressed process might be forecasted 
by the models that are based on the artificial neural networks. The literature review 
dedicated to this topic one can find for example in (Ramos et al., 2002); 
 2. Statistical properties of the deviations from the forecasted average 
values are dependent only on the length of the interval between the instance of the 
forecast and the instance of the realization, as well as the particular hour in the 
day. 
 Once the assumptions above are accepted, we can proceed with the model as 
in Figure 3. The model frees us from the necessity to use the common yet not 
always justified hypotheses: independence of the random parameters, normal 
distribution of the deviation from the mathematical expectation as is frequently 
adopted in (Karagiannopoulos et al., 2014). 
 The structure of the neural network for the electricity price forecasting and the 
water inflow is shown in Figure 4. The input parameters are: week number in the 
year; hour in the day; hourly changes in the air temperature. 

 
 
FIGURE 3. The forecasting algorithm of random process realization.  
DB – the considered process realization data base; 
ANN – an artificial neural network. 
 
 The trained neural network is using recordings of the prices and the 
temperatures, as well as water inflows in the previous week to create the forecast 
or to simulate the future process. The example of the forecast is shown in Figure 5. 
 
 
 
 

 
FIGURE 4. Structure of the neural network for the electricity price forecasting 
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Shapley distribution. The final step in the proposed renewable support scheme is 
allocation of the additional profit among the participating parties. Several papers 
suggest application of the Shapley value and the similar Aumann-Shapley value to 
cost and/or profit allocation problems in power systems, including firm-energy 
rights allocation among hydro power plants, expansion planning, congestion 
management, inter-TSO compensations, ancillary services, fixed asset costs and 
loss allocation (Faria et al., 2009; Junqueira et al., 2007). 
The main idea of this paper is based of getting the additional income from the 
coalition creation between HPP and public trader. The Shapley value is one way to 
distribute the total gains to the players, assuming that they all collaborate. 
According to the Shapley value, the amount that player i gets given a coalitional 
game ( )Nv,  is: 

( )
{ }

{}( ) ( )( )SviSv
n

SnS
v

iNS
i %

%%
= "

7

 
\ !

!1!
)(8 .             (8) 

where S  - the coalition of players; 
( )Sv  - the worth of coalition S, describes the total expected sum of payoffs 

the members of S can obtain by cooperation; 
{}( )iSv   - the sum extends over all subsets S of N not containing player I; 

n - is the total number of players. 
 In this paper the simplified description of power system relations between PT 
and HPP is considered. PT is not producing energy, but provides HPP regimes 
planning and produced energy purchasing. The contribution of the HPP is only 
possible in a coalition with the PT and is independent of the participation or non-
participation of other PP in the coalition. Computing the Shapley value for players 
in this coalition leads to the expression, as follows: {}( ) ( )( ) 2/)( SviSvvi %=  8 . 
Therefore, the additional income from establishing the coalition shall be split in half.  
 
The case study 
 
The results below illustrate all the steps of the novel support scheme that is 
proposed for the cost efficient renewable integration in the electricity markets and 
the system. 
 
The core electrical characteristics of the HPP. The small hydro power plant has 
the following characteristics: the nominal power of the HPP equals 19.28 MW; 
change restrictions of water drop in a reservoir about 130.5 m-124.32 m; the 
turbine maximum water permeability after the turbine and the water throughput is 
around 17 m3/sec.; the area of the reservoir surface is 250000 m2. In accordance 
with the granted license, the HPP is guaranteed fixed power price of 0.07$/kWh as 
compulsory purchase price, or correspondingly is encouraged for the maximum 
power generation. 
 
Natural water inflow and the market price forecasting. The simulation of the 
random process in mid-term is performed by the artificial neural network. The 
structure of the ANN was given in Figure 4 and the algorithm in Figure 3. 
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a) b)

 
 
FIGURE 5. Daily variations on the electricity price and weekly variations of 
the water inflow 
  
To evaluate the accuracy, the comparison of the generated forecasts and the 
actual realizations for the price and the inflow are shown in Figure 5 a) and b). In 
Figure 5 a) - the red curve corresponds to the weekly forecast of the water inflow in 
the period of May, 12-18. The blue curve represents the real data of the water 
inflow during this period. The black dot curve is a water inflow in the previous 
week. 
 Similar results were obtained also for other trial days. We conclude that the 
ANN structure and the training are sufficient for the purpose. 
 The further results in Figure 6 a) and b) are the simulations by the ANN of the 
electricity market price and natural water inflow that are used in the case study for 
the stochastic formulations, i.e. classical scenario-based or ensemble average 
approach and the proposed time average based computation. 
 



Environmental Biotechnology and Engineering-2014 
 

303 
 

a) b) 

 
 
FIGURE 6. Natural water inflow and forecasted electricity market price charts 
example.  
 
The use of the water during the week. Using the forecasts of the prices and the 
water inflow and applying the liberalized algorithm to solve the problem for 168 
hours horizon, we can find optimal distribution for the water usage. The sample 
results of such optimization are presented in Figure 7. In the first 48 hours we 
observe relatively high prices resulting in the full usage of the available water. In 
the following period we anticipate lower prices, therefore the water gets 
accumulated 
 

 
 
FIGURE 7. Water level variations during the weekly planning.  
 
 Let us note that for the detailed nonlinear planning of the production in the first 
day, we only use the obtained reservoir level at the 24th hour. 
 
The evaluation of the accuracy of the time average approximation. To 
evaluate the accuracy of the proposed time average method, we conduct the 
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analysis for two different planning time horizons 2T when computing the 
expression (7): 2T=64 hours and 2T=168 hours. The maximal deviation in the 
results provided by both approaches was only 1.33%, which is considerably 
smaller than the gained additional profit (as will be shown below). Let us note that 
the application of the scenario-based approach and the computation of the 
ensemble average, the total duration of the simulation and the computational 
processes have been tens or even hundreds time longer. 
 
The allocation of the additional profit. The results of the optimization (1) and (3) 
are presented in Figure 8. a) and b). The revenues according to the time average 
approach for 24 h ahead are determined by using the multi-dimensional process 
with the duration of 168 hours. To determine the sensitivity of the income on the 
water inflow, three scenarios are considered as depicted in Figure 8.  
 

a)  b)

 
 
FIGURE 8. Generated power according a) market price schedule and b) fixed 
tariff (0.07 $/kWh).  
 
 According to the generated power chart, it is seen that in the market conditions 
SHPP generates maximum power during the hours then price is maximal (exhaust 
all permitted water before the dam and store that in lower price hours). 
Simultaneously, if we consider the case of the feed-in tariff, it tries to produce the 
maximal energy. So, the difference between these two generated power profiles 
and the obtained revenues provides the additional income, which should be 
distributed according to the formula (8). The results of the allocation of the 
additional income are presented in the Table 1. 
 

TABLE 1. PT and PP incomes within the framework of feed in tariff and 
market price. 
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Participants 
Water natural 
inflow change 
(Fig.3.) for 24 

hours , m3/sec 

Income without 
any coalition, 

according feed-in 
tariff, $ 

An additional 
income from 

coalition creation, $ 

Income with 
the additional 

gain from 
coalition, $ 

HPP 
1st water inflow 6909.56 881.16 7790.72 (11.3%) 
2nd water inflow 4228.07 639.16 4867.23 (13.1%) 
3rd water inflow 9652.94 893.39 10546.33 (8.5%) 

PT 
1st water inflow 0 881.16 881.16 
2nd water inflow 0 639.16 639.16 
3rd water inflow 0 893.39 893.39 

 
 This example demonstrates that both the HPP and the public trader could 
additionally get some income from the cooperation (by transaction through the 
bilateral contacts). The total welfare that is approximately of 20% higher than 
without the coordination, we consider to be significant. 
 
Conclusion 
 
To diminish the influence of the energy industry on the climate change, the global 
community involves various renewable resources support schemes. As the result 
of these measures, the number and installed capacity of the power plants with the 
renewable energy fuel is growing rapidly. 
 Support schemes or subsidies and the feed-in tariff, in particular, are 
inconsistent with the market mechanisms in the energy sector and do not 
contribute to the development of the economic efficiency in the renewable 
segment.  
 Collaboration of the power plant and the wholesaler can bring addition profit 
gain and shall stimulate energy production by the power plant in accordance with 
the schedule that is matching the demand curve and the possibilities of the rest of 
energy producers (or other market participants) 
 A creation of coalition does not require the repeal of the existing legislation on 
support of renewable energy sources. At the same time the results of this work can 
be considered as an argument for amendments of legislation in the future.  
 Short term planning (day ahead) and profit allocation can be fulfilled on the 
base of forecasts of the process, stochastic programming and the Shapley value. 
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