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Abstract

:

Combining wind and hydropower facilities makes it possible to solve the problems caused by power supply shortages in areas that are remote from the central energy system. Hydropower plants and highly manoeuvrable hydroelectric units successfully compensate for the uneven power outputs from wind power plants, and the limitations associated with them are significantly reduced when they are integrated into the regional energy system. Such an integration contributes to increasing the efficiency of renewable energy sources, which in turn reduces our dependence on fossil resources and decreases their harmful impact on the environment, increasing the stability of the power supply to consumers. The results of optimisation calculations show that a consumer load security of 95% allows the set capacity of RESs to be used in the energy complex up to 700 MW. It is shown here that the joint operation of HPPs and WPPs as part of a power complex and hydraulic energy storage allows for the creation of a stable power supply system that can operate even in conditions of variable wind force or uneven water flow. The conclusions obtained allow us to say that the combination of hydro- and wind power facilities makes it possible to solve the problem of power supply deficits in the regions of Kazakhstan that are remote from the central power station. At the same time, hydroelectric power plants and highly manoeuvrable hydroelectric units successfully compensate for the uneven power output from wind power plants and significantly reduce the limitations associated with them during their integration into the regional energy system.
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1. Introduction


In 2010, the use of wind energy broke new records: the installed capacity of wind power plants (WPPs) across the world reached about 180 GW, with an electricity generation of about 350 TW·h, which is about 3% of the total produced electricity [1,2]. On average, every three years, the installed capacity of wind power plants across the world doubles, and the share of wind power in the total electricity generation is also growing [3]. In some countries, this share is already very high: 20% in Denmark, 15% in Portugal, 14% in Spain, 9% in Germany. Along with the growth in the share of wind power, the need for power accumulation and redistribution has increased [4,5,6]. As is known, wind has a stochastic–deterministic nature of occurrence and is characterised by significant fluctuations in when the energy arrives depending on weather conditions. As a result, constructing large wind farms and increasing the share of wind power, especially in energy-deficient areas, can lead to a deterioration of power quality and disruptions in the energy supply [7,8,9].



There are 59 wind power plants and a total installed capacity of about 1409.55 MW operating in Kazakhstan [10]. Among them are the following:



Abay Oblast with seven facilities and a capacity of 129.7 MW;



Zhetysu oblast with two facilities and a capacity of 100 MW;



The Almaty region with ten facilities and a capacity of 146.5 MW;



Akmola region with eighteen facilities and a capacity of 441.35 MW;



Zhambyl Oblast with ten facilities and a capacity of 275.65 MW;



The North-Kazakhstan region with two facilities and a capacity of 5.5 MW;



Atyrau Oblast with one facility and a capacity of 52.8 MW;



Mangistau Oblast with four facilities and a capacity of 15.9 MW;



The Kostanay region with two facilities and a capacity of 98 MW;



The Aktobe region with two facilities and a capacity of 96.45 MW.



The largest WPP in Russia is Kochubeyevskaya, having a capacity of 6.1 MW. Nevertheless, the interest in renewable energy in the country has been growing [11]. According to the strategy for increasing the share of energy generated from renewable sources in the total energy balance of the country, the share of RESs in Russia by 2020 should reach 1% of the total electricity generated. The peculiarity of Russia is the presence of energy-deficient areas that are remote from the central energy system and an underdeveloped grid infrastructure. In these areas, the construction of renewable energy source (RES) plants including RESs seems to be particularly urgent. At the same time, the problem of the accumulation and redistribution of energy from RESs over time becomes no less important than in countries with developed wind energy infrastructure [12,13,14].



In the energy system centralised in Kazakhstan, for the redistribution and accumulation of electric power, the regulating capabilities of hydroelectric power plants (HPPs) and gas turbine power plants (GTPPs) as well as accumulating capabilities of large hydro accumulating power plants (HEPPs) are used [15]. However, as the world’s experiences have shown, when introducing large HPPs, even when they are connected to the central energy system, in the area of connection, there may be problems related to the quality of the electricity produced. This is a factor limiting the introduction of HPPs [16,17]. In addition, the market value of such electricity is lower because it cannot be guaranteed.



This problem is proposed to be solved with the help of HPP-WPP power complexes, which act in the power system as a single object and control and load regulation at the intra-station level [18]. The idea of combining HPPs with WPPs or other RES power plants proposed in [19] was further developed in [20,21]. Across the world, similar works are being carried out in Canada, Australia, and a number of EU countries. At the same time, the issues of the joint operation of HPPs and WPPs in different countries are being solved and implemented in different ways, taking into account the specifics of the energy infrastructure and market of the countries.



Almaty Oblast has many natural opportunities for the production of “green” electricity. In addition to the potential of the sun and wind, the Samruk-Energy Company pays special attention to the development of hydropower, as evidenced by the projects completed for the construction of the Moynak HPP and modernisation of the Shardara HPP [22]. The company’s portfolio includes a number of projects for the construction of new hydropower plants. In particular, the construction of the counter-regulating Kerbulak HPP on the Ili River has a capacity of 40 MW, which will allow for the uneven weekly and daily releases of the Kapshagayskaya HPP and transferring the station to the mode of covering peak loads using the total available capacity. Also, the company is conducting pre-project works on the construction of HPPs on the Shelek River in order to create a source of electricity for supplying it to the deficient energy system of Almaty region. In the long term, the company plans to implement a project for reconstructing and modernizing the HPP cascade in Almaty region. The project will make it possible to effectively utilise the hydrotechnical resources of the Bolshaya Almatinka River by increasing electricity generation at the reconstructed HPP-1 and HPP-2 [23].



In addition to the joint operation of hydropower plants and WPPs and a hydraulic energy storage, there are other systems that integrate renewable energy sources.



Solar thermal power plants (STPPs) are characterised by high efficiency (up to 40%), year-round availability, low operating costs, and the possibility of combining with other energy sources. However, they also depend on solar radiation, require significant capital investment, occupy a lot of space, and face heat storage problems [18].



Bioenergy utilises organic waste and renewable resources, reducing greenhouse gas emissions and creating agricultural jobs. Despite this, bioenergy depends on climatic conditions, the availability of raw materials, and faces logistical and storage problems. In addition, there may be environmental risks associated with deforestation.



Geothermal energy provides stable electricity production (24/7). It is characterised by low greenhouse gas emissions and is independent of weather conditions. However, such production requires high capital costs for drilling wells; it is available only in a limited number of locations and can create environmental problems [19]. Tidal power plants are characterised by stable 24/7 power generation, high energy density, and low greenhouse gas emissions. But they are also geographically limited, require high capital investment, and can negatively affect the environment.



Wave power plants have high energy density and are independent of weather conditions, but they are also characterised by high capital costs, limited geography, and complex technology [20]. Hybrid power plants, combining different energy sources, improve system reliability and stability, optimise resource utilisation, and reduce costs. However, they require complex technology and additional research.



Energy storage systems increase the stability and reliability of power systems by reducing the need for backup capacity. But they require high battery costs and have a limited lifespan. Smart Grids optimise energy use, improve the supply–demand management, and increase the reliability and security of power systems. However, they require significant investments in infrastructure modernisation and the implementation of new technologies.



Forecasting and demand management reduce peak loads and optimise the use of renewable energy sources. But this approach requires an integrated approach and consumer participation. Energy efficiency reduces energy consumption, reduces greenhouse gas emissions, and saves money. However, it requires investments in the modernisation of buildings and equipment [21]. At the same time, as the analysis of different energy systems has shown, the choice of the optimal method for renewable energy integration depends on specific conditions, such as the geographical location, resource availability, economic factors, and project goals and objectives.



The novelty of this work is the solution to the problem of the optimisation of water and energy regimes in the energy complex. This is the solution of a nonlinear problem of mathematical programming and the search for the parameters of the target function and a number of linear mode constraints of the energy system.



The criterion of minimum deviations from the specified load regime is chosen as an optimisation criterion while observing the restrictions imposed and delivering the guaranteed power of the energy complex and the security required. This methodology can be applied in projects of large HPPs and the hydraulic energy storage in energy-deficient regions of Russia for the justification of the installed capacity of HPPs. It can be integrated into their energy complex on the basis of the existing HPPs.



The research is structured as follows: Section 2 presents a mathematical model for the optimisation of water energy regimes of HPP operation under joint operation and WPPs and a scheme of the HPP-WPP energy complex. Section 3 presents the solution to the problem of the optimisation of water energy regimes in the energy complex. Section 4 presents the results of the optimisation of water energy regimes in the power complex and a diagnostic verification of the developed model. It was implemented through examples of existing HPPs and known parameters of operation modes, which were observed in past periods. An algorithm generalised for the joint operation of HPP-WPP is proposed. Section 5 provides a discussion of the results of the developed methodology and its use in the design of a wind farm in conjunction with the use of the reservoir of the Almaty HPP. It will ensure the stable operation of the wind farm in the regional energy system and the energy storage and allow for guaranteed power generation in the periods required. The section presents the main conclusions of the work and recommendations of the theoretical and practical nature based on the analysis of the combined power-generating complex and the energy storage.




2. Methods and Materials


The main task in the methodology is “calculation of optimal water-energy regimes of the HPP-WPP power complex for a given planning period”, which can be used at the level of a generating company to forecast and ensure the guaranteed capacity of their power complex on the electricity market [24].



The results of solving this problem are the following. The first is the amount of energy production by the HPP-WPP power complex, including the schedules of guaranteed capacities of HPPs and WPPs for the planning period and their availability. The second is a schedule of water-level fluctuations in the reservoir and in the lower reach and a schedule of the operation of culverts and other regime characteristics. They, in turn, can be useful initial information when solving the tasks of planning daily and weekly modes of the power system of the region operational correction of the operating modes in the power complex [25]. A practical solution of the set task is performed with the help of the developed software on the basis of the simulation mathematical model reflecting in maximum detail and accurately the real conditions of the operation of HPPs and WPPs, characteristics of hydropower equipment, HPPs, hydraulic structures, reservoir, power system, and a number of other parameters. Simulation modelling is a simple and accurate method of solving multiobjective optimisation problems, which allows the mathematical approach with the experiences and intuition of an engineer to be combined [26].



The mathematical problem of the optimisation of the water and energy mode of the HPP operation during the joint operation and WPPs is formulated as follows. The following boundary conditions are set: initial water levels in the reservoir and downstream; the forecast schedule of wind speeds for the planning period; characteristics of the equipment and structures of HPPs and WPPs. It is required to determine the mode of operation in time of the HPP-WPP power complex, which ensures the fulfilment of the optimisation criterion adopted, without violating the given restrictions imposed on the HPP mode [27].



The scheme of their power complex and the adopted assumptions are discussed below. The authors proposed a scheme of the HPP-WPP energy complex and a common switchgear (Figure 1).



The following assumptions are made in the scheme under consideration:



	
WPPs are located in close proximity to HPPs and the load centre, so grid losses are not taken into account;



	
Wind turbines are spaced optimally and do not shade each other.






Let us consider the WPP model. The operating mode of WPPs depends on the load distribution between the HPPs in its composition. Let us introduce a parameter of the WPP mode, which is vector of the load distribution between WPPs     φ →  t  = (  φ 1  ,  φ 2  , … ,  φ i  ,  φ  i + 1   ,  φ m  ) ,   where t is the number of WPPs;   0 ≤  φ i      N  H P P      N  H P  P i    avail      ≤ 1   is the degree of load on the i-th WPP; t is a considered moment of time. When    φ i  = 0  , HPPs are switched off; when    φ i  = 1  , the power of HPPs is equal to the available power that is maximum at the current wind speed of    N  H P P   avail   =  f P  ( U ) ,   where    f P  ( U ) k   is the characteristic of the HPP power output.



Then, the capacity of WPPs as part of the power complex of    N  W P P   pc     can be represented as follows:


   N  W P P   pc   ( m ,   φ →  t  ) ≤  N  W P P   avail   ( m ,  U t  ) ≤  N  W P P   nom   ,  



(1)




where    N  W P P   avail   ( m ,  U t  )   is the available capacity of WPPs (when     ∑  i = 1  m    φ i  = 1    );    N  W P P   nom     is the nominal capacity of WPPs.



The second is the hydropower plant model. The operating mode of HPPs depends on the flow rate through the hydroscheme. Let us introduce a parameter of the HPP mode, which is the vector of the flow distribution through the HPP hydroscheme:


    Q →  t  = (    Q →  t  hu    ,   Q →  t c  ,   Q →  t  o t h e r   ) ,  








where     Q →  t  hu   = (  Q 1  ,  Q 2  , … ,  Q i  ,  Q  i + 1   ,  Q n  )   is the vector of the distribution of flow rates through hydro units [28], where n is the number of hydro units of HPPs; Qi is the flow rate through the z-th hydro unit;     Q →  t c  = (  Q  b s   ,  Q  ss   )   is the vector of flow rates through culverts; Qss is the flow rate through bottom spillways; Qbs is the flow rate through surface spillways;     Q →  t  o t h e r     is other flow rates through the hydro unit (for sluicing, seepage, etc.).



Then, the capacity of HPPs as part of the energy complex [29] of    N  Hydro   pc     can be represented as follows:


   N  Hydro   pc   ( n ,   Q →  t  ) =   ∑  i = 1  n   (  Q i  hu    η i   H i  )  γ c    ≤  N  Hydro   avail   ( n , H ) ,  



(2)




where    η i  =   ∑  i = 1  n   (  H i  ,  Q i  )     is the efficiency of the i-th hydropower unit of HPPs, determined by the operating characteristic ψi; Hi is the head at the i-th hydropower unit determined by the following formula:


   H i  =  Z t  −  z t  − Δ  h i  −    α  υ i 2    2 g    ,  



(3)




where   Δ h   is the head losses in the water-conducting path; Zt is the level in the upper embankment of HPPs, determined according to the water volume in the reservoir of Vrest:


   Z t  = Z (  V  r e s t   ) ,  



(4)




where zt is the level in the downstream of HPPs depending on the water flow rate through the hydroscheme outlet in the NB [30] as follows:


   z t  = z (  Q  t − 1   ) + ( z (  Q t  ) − z (  Q  t − 1   ) )   1 −  e  −    Δ t    T c         + (  z  t − 1   − z (  Q  t − 1   ) )  e  −    Δ t    T c       ,  



(5)




where   Δ t   is the interval calculated; Tc is some parameter.



The volume of water in the reservoir is described by the following formula:


   V  r e s t   =  V  r e s 0   +   ∑ 0 t   (  Q  w t   −  Q t  ) Δ t ,    



(6)




where Qwt is the water inflow to the reservoir; υq is the flow velocity at the outlet of the suction pipe of the i-th hydropower unit:


   υ q  =   ∑  i = 1  n        Q i     ω i        ;  



(7)




where    ω i    is the area of the outlet opening of the suction pipe of the i-th hydraulic unit:


    Q →  t  hu   =  q ⇀  (  N  Hydro   , H ) ,  



(8)




where   q ⇀   is the vector function of the optimal load distribution between units.



Let us determine a balance of energy capacities [21]. For this purpose, let us divide the planning period T into k periods (Figure 2), within which the guaranteed energy output should be ensured by regulating the load at HPPs as follows:




    T →  = (  T 1  ,  T 2  , … ,  T  j − 1   ,  T j  ,  T  j + 1   , … ,  T k  ) .   









The guaranteed capacity of WPPs when operating together with HPPs depends on the regulation period Tj and the wind regime expected in this period [31]. The regulation period depends on the useful capacity of the reservoir and the installed capacity of WPPs, which can be daily, weekly, monthly, etc. [32,33]. At the same time, the actual output from WPPs as part of their energy complex and the guaranteed output from WPPs allowed for by load regulation should coincide at the end of the following planning period:





     ∫ 0   T k      N  WPP   pc      ( m ,   φ →  t  ) d t = Δ  E e  +    ∫  j = 1  k      ∫   T  j − 1      T j      N  WPP t   guar         d t ,  



(9)




where    N  WPP t   guar     is the guaranteed capacity of WPPs;   Δ  E e    is unbinding due to the forecast error or impossibility to ensure the regime required.



The guaranteed capacity of a hydropower plant depends on the river flow expected and the useful capacity of the reservoir [34]. At the same time, the average flow rate for the regulation period Tj of the hydrosystem operating as a part of the power complex should be equal to the guaranteed average discharge through the hydrosystem (   Q j  dh   ,  ) as follows:


   Q j  dh   + Δ  Q e  =   1   T j        ∫   T  j − 1      T j      Q t  d t ,     



(10)




where   Δ  Q e    is the non-convection of the flow. As a rule,    Q j  dh     and permissible limits of   Δ  Q e    are set by actual emergency release of the control volume when establishing reservoir regimes. The actual emergency release of the control volume is the volume of water that is released from the reservoir of HPPs or WPPs in the event of an abnormal situation, such as a sudden rise in the reservoir water level or damage to the dam or turbines.



Therefore, the capacity of the energy complex of    N   Hydro + WPP    pc   ( n ,   Q →  t  , m ,   φ →  t  )   is formed as the sum of that guaranteed for the planning period capacities of HPPs    N  Hydro t   guar     and WPPs    N  WPP t   guar    . Within the planning period, the share of HPS coverage in the load schedule changes according to the wind regime [35], and the capacity balance must be observed as follows:


     P  load t   =  N   Hydro + WPP    pc   ( n ,   Q →  t  , m ,   φ →  t  ) + Δ  N t  pc   =  N  Hydro   pc   ( n ,   Q →  t  ) +  N  WPP   pc   ( m ,   φ →  t  ) +  N  e t   Hydro   + Δ  N  e t   WPP   =     =  N  Hydro t   guar   +  N  WPP t   guar   ,    



(11)




where Ploadt is the load power of the consumer.



To calculate water energy regimes of the HPP-WPP power complex, Equations (2)–(11) are solved jointly.




3. Optimisation of Water and Energy Regimes of the Energy Complex


The problem of the optimisation of water and energy regimes in the power complex is a nonlinear mathematical programming problem and a convex target function and a large number of linear regime constraints [36].



Solving multiobjective optimisation problems of WPP and HPP power generation using simulation modelling is a complex process that requires an integration of mathematical methods, engineering knowledge, and intuition. First, it is necessary to formulate the problem, clearly defining the objectives of the optimisation (maximizing power generation, minimizing costs, or ensuring the reliability of the power supply). Then, resource constraints, technological parameters such as HPP and WPP capacity, wind availability, water levels, and environmental regulations must be considered. Quantitative indicators to assess the quality of the solution such as the cost of energy, capacity utilisation rate or emission levels should also be defined. The next step is to create the simulation model by selecting the simulation modelling software, taking into account the requirements for accuracy, computational speed, and functionality. It is necessary to define the elements of the energy system (HPPs, WPPs, transmission lines, consumers) and their interaction, assign values of parameters (equipment capacity, efficiency coefficients, cost of energy resources), and program the logic of the energy system operation in the form of an algorithm for controlling the capacity of HPPs and WPPs, depending on the water level, wind speed, and electricity demand. It is important to consider the performance of wind turbines for HPPs and to take into account the specifics of a particular energy system (e.g., a terrain for HPPs, characteristics of the reservoir for HPPs). It is also necessary to assess possible risks and abnormal situations (e.g., equipment outages, sudden changes in weather).



The criterion of minimum deviations from the specified load mode is chosen as an optimisation criterion, while observing the constraints imposed and delivering the guaranteed power of the energy complex and the security required [37] as follows:




   Δ  E e  pc   =    ∫ 0 T   (  P  load t   −  N   Hydro + HPP    pc   (   φ →  t  ,   Q →  t  , n , m ) )    d t → min   



(12)





Depending on the parameter being fixed, the independent variables in the model differ. For a given load scenario Pload, the independent variables will be     φ →  t  ,   Q →  t  , n , m  .



Obviously, the more hollow the characteristic of HPPs, the more often HPPs operate in the maximum generation mode. For multi-unit HPPs and rotary-blade turbines, the following is true:    N  WPP   pc   (   φ →  t  , m ) =  N  WPP   avail   (  U t  , m ) .   In this case, the target function will have only three independent variables, which are     Q →  t  , n , m ,  . And the problem is reduced to the search for the optimal parameters of the power complex and operating modes, which can allow for HPPs without leaving the constraints imposed on the operating modes [38,39].



The limitations of the model are given below. The constraints imposed on the HPP regime are conditioned by the “Basic Rules for the Use of Reservoir Water Resources”, actual emergency release of control volume decisions, and the technical characteristics of equipment and structures. The main restrictions are the following:



	
The reservoir water level of    Z  min   ≤  Z t  ≤  Z  max   ,   where, as a rule, Zmin is the level of the maximum volume in the reservoir; Zmax is the optimal water level in the reservoir or according to the actual emergency release of control volume decisions [40];



	
The water flow rate through HPP units of    Q i  min   (  H t  ) ≤  Q i  hu   ≤  Q i  max   (  H t  ) ,   where    Q i  min   (  H t  )   and    Q i  max   (  H t  )   are limitations on the hydroturbine capacity;



	
The maximum capacity of HPP hydroelectric units as follows:   0 ≤  N  Hydro   pc   ≤  N  Hydro   max   ,   where    N  Hydro   max     is the sum of maximum capacities of all hydroelectric units that are available for the operation;



	
The flow rate through the following culverts:    Q  bs   +  Q  ss   ≤  Q c  max   (  H t  ,  z t  ) ,   where    Q c  max   (  H t  ,  z t  )   is the maximum flow rate that can be passed by the culverts at a given head and the full opening of the gates;



	
The water level in the downstream as follows:    z  min   ≤  z t  ≤  z  max    ;



	
The following HPP head:    H  min   ≤  H t  ≤  H  max     [41];



	
The head when manoeuvring the gates as follows:


       H t  ≤  H  bs   max   ,      H t  ≤  H  ss   max   ;      











	
The water discharge through the following HPP main stem:    Q t  ≤  Q  max   ;  



	
The rate of the change of the reservoir level as follows:      d Z   d t    ≤  δ  max    ;



	
Under conditions of the reservoir outlet to the set reservoir elevation at the end of the following planning period:   Z ( T ) ≅  Z n    [42].






Equation (12) is solved using numerical methods. The regulation period of Tj is divided into s intervals of   Δ t  , within which the averaged values of the mode parameters are considered as follows:


  Δ  E e  pc   =   ∑  j = 1  k     ∑  s = j   j + 1    (  P   load    s   −  N   Hydro + WPP    pc   (   φ →  s  ,   Q →  s  , n , m ) ) → min .      



(13)







The simulation modelling of an energy hybrid power plant based on HPPs + WPPs is an accurate approach to solving multiobjective optimisation problems for several reasons. Firstly, simulation allows models of complex systems to be built using mathematical interdependencies. Instead of complex equations, the behaviour of the system can be modelled step by step using logical rules and probabilistic events. Secondly, simulation models can be easily adapted to changes in the system, adding new elements and changing parameters, allowing you to quickly test different scenarios and optimise solutions. Third, simulation models can account for many real-world factors, such as random events, outages, and changes in demand, making the simulation results more realistic. In addition, simulation modelling allows for multiple simulations by changing input parameters and analysing different scenarios. This enables a more complete analysis and optimal solutions by considering all important factors. It is important to select and adjust the model correctly to obtain accurate and realistic results.



The following computer and software were used for the analysis of energy calculations and simulation of the HPP + WPP power system. These are the AMD Ryzen 9 5950X processor, 32 GB RAM, SSD NVMe M.2 PCIe 512 Gb, the NVIDIA GT-1080 graphics card, the operating system (Windows simulation software, which is MATLAB 2022 and Python v. 3.11 including NumPy, SciPy, Pandas, Matplotlib libraries for data analysis, simulation, and visualisation).




4. Algorithm of the Joint Operation of HPP-WPP


The diagnostic verification [43] of the developed model was conducted using examples of the existing HPPs and known parameters of operation modes, which were observed in past periods. For example, the fluctuations modelled in the HPP reservoirs under known dispatch loads were compared with the real observed fluctuations in upstream levels at the HPP site. The accuracy of modelled regimes depends on the quality and accuracy of initial data. The permissible error in the approximation of characteristics is assumed to be 1%; the calculation error is assumed to be 5%. In case of the deviation from the permissible error norms, corrections are made in the models and the specification of initial data [44].



The generalised algorithm of the software system created by the authors on the basis of the developed model is shown in Figure 3. Based on statistical and forecast information on the wind and river flow, grid load, reservoir parameters and HPP equipment capabilities, the optimal operation mode of the power complex is calculated to ensure (independent of natural wind characteristics) power generation guaranteed in a certain time interval (estimated) and the rational use of the reservoir for its accumulation [4,45].



The capacity installed for WPPs is 500 MW and 2530 MW for HPPs. The operation mode will be understood as a provision of the guaranteed capacity and weekly regulation. The generation of the power complex is 278.8 MW h, including HPPs at 250.54 MW h and WPPs at 28.26 MW h.




5. Discussion


The methodology developed was tested based on the design of the Almaty wind farm and the installed capacity of up to 1 GW. The project allows for the use of the Almaty HPP reservoir to ensure the stable operation of the wind farm in the regional energy system and the energy storage and a generation guaranteed during the required periods. The capacity of HPPs is 2530 MW; the usable capacity of the reservoir is 45.6 km3.



Six start-up complexes of the Almaty wind farm (100, 200, 300, 500,700 and 1000 MW) were calculated, and 72 operating modes of the Almaty HPP were analysed for three design periods, corresponding to several scenarios of changes in the river flow and wind regime.



The calculations were performed using data on weather conditions in the construction area and the HPP operation modes for the last few years (from 2020 to 2023). The following assumptions were made in the HPP-HPP power complex considered and a common distribution system as follows: HPPs are located in close proximity to HPPs and the load centre; therefore, the losses in the grid are not taken into account. HPPs are located at an optimal distance and do not shade each other.



For the energy calculations based on reservoir volumes, the data on meteorological conditions in the area of the HPP construction and its operation modes for the last several years were used. The meteorological data include average daily, average monthly, and annual air temperature; maximum and minimum values; precipitation (rain, snow); intensity. There are also seasonal and annual variations, such as wind speed, wind direction, gust frequency, seasonal and annual variations, solar radiation intensity, the number of sunshine hours per day and per year, and relative air humidity. The data on hydropower plants include the schedule of the operation, the amount of energy produced in different periods of time (days, months, years), the amount of water released from the reservoir changes in the water level in the reservoir, and the maximum and minimum capacity of the hydropower plant.



Data analysis includes studying the relationships between meteorological conditions and the HPP operation mode, analysing seasonal changes in meteorological conditions and the HPP operation mode and using the data on meteorological conditions to predict the HPP operation mode in the future. The use of these data made it possible to assess the potential of renewable energy sources in the area of HPP construction to optimise its operation mode, taking into account weather conditions, and to plan the integration of renewable energy sources in the energy system. Analysis of the data on meteorological conditions and the HPP operation mode is a complex task that requires special knowledge and tools. And it will be the subject of another research paper written by the authors in the future.



The guaranteed capacity of HPPs as part of the energy complex was set based on the load data for the past periods during 2020–2023, which is    N  d a t a   Hydro   ( t )  . The guaranteed capacity of WPPs was calculated as the average capacity expected for the following regulation period:


   N  guar   WPP   ( t ) =    ∫  j = 1  k      ∫   T  j − 1      T j      N  WPP         ( t ) d t .  











Twent-two units and rotary-blade turbines of the PL60 type (n = 22) are installed at HPPs, which allow for wide characteristics of HPPs and allow HPPs to operate in the maximum generation mode   (   φ →  t  = 1 ) .  



The optimality condition is assumed to be the following:


  1 −    Δ  E e  pc   (   Q →  s  , m )    E  load      → ξ ,  








where ξ is the load coverage required.



The combined operation of HPPs and WPPs and the results of the energy capacity obtained are in agreement with other works [20]. This publication confirms that the combination of HPPs and WPPs is an effective way to increase the share of renewable energy sources in the power system. The results we obtained were compared with the data from [20], which confirmed the accuracy of our proposed model and are presented in Table 1 for the comparative energy performance. The model presented in [20] differed a little in the level of detail and the type of data used (weather data, load schedules, and the optimisation algorithm). Therefore, there was very little difference in the results. The importance of the guaranteed capacity “one week ahead” should be noted as assumptions indicating an emphasis on ensuring consumption stability, reducing the dependence on wind fluctuations and changes in the parameters of the hydroelectric basin. It is also noted that the maximum share of wind power is achieved during low-water periods. This confirms the tendency, which is noted in our work, that HPPs can compensate for the lack of hydropower during low-water-flow periods. The results obtained (about 700 MW at 95% of load availability) are slightly different from the results of [20] due to different input data, such as the wind energy potential in a particular area, grid characteristics, and CO2 reduction targets.



Figure 4 shows the schedule of the joint operation of Almaty HPPs and HPPs planned for construction in Almaty for one month of the average water year and the guaranteed capacity “for a week ahead”. The share of HPP energy and the installed capacity of 500 MW in covering the load schedule in the design month fluctuated in the range of 0–75%, averaging 10%. At the same time, the operation mode of the reservoir changes insignificantly. By the end of the month, the water level in the reservoir grades for all modes was almost the same. The maximum share of wind energy (30%) is achieved in low-water periods (e.g., September), which can be considered as an ideal complement to the deficits of hydropower during this period. The results of optimisation calculations show that in the case of 95% of the consumers’ load coverage, it is possible to accept a given capacity of wind power plants as part of their energy complex of about 700 MW.



As a result of this work, it is possible to draw a conclusion about additional costs, which will be required by the joint operation of HPPs and WPPs as a part of their energy complex and the hydraulic energy storage. This system undoubtedly has a number of advantages but requires additional costs, which should be taken into account when assessing the feasibility of the project. The additional costs can be divided into several of the following categories: investment costs, operating costs, environmental costs, and financial costs. Investment costs include the construction of the hydraulic energy storage (HES), the modernisation of the existing HPPs, and the construction of WPPs. The construction of HES is a particularly significant part of the investment costs, demanding significant land acquisition, civil works, and engineering solutions. The modernisation of the existing HPPs may need a replacement of the equipment, the construction of new transmission lines, and automation of the control system. Operating costs include the operation of HES, the operation of WPPs, and the management of the system. HPPs require regular maintenance, as well as the monitoring of water levels and the turbine operation. The operation of the WES demands expenditures for wind turbine maintenance, blade repair and replacement, and the monitoring and management of the WES operation. The integration of HPPs, WPPs, and HES into a single system requires the development of efficient control algorithms, which may lead to additional costs for software, personnel training, and technical support. Environmental costs are related to the environmental impact that may arise during the construction of HPPs. The costs of mitigating environmental impacts such as environmental remediation or the implementation of compensation measures should be considered. Financial costs include project financing, which may require additional sources of financing (loans, investments). The costs of interest on loans and financial management should be considered. Additional factors that may influence the feasibility of a project include resource availability, the regulatory environment, and socio-economic factors. The availability of necessary land water and construction materials as well as existing laws and regulations can affect the cost and timing of the project. The impacts of the project on regional development job creation and social conditions also need to be considered. The joint operation of HPPs and WPPs as part of their power complex and HES can be an effective solution to increase the share of renewable energy and to improve the sustainability of the power system. However, it is necessary to carefully analyse all additional costs associated with such an integration in order to assess the system feasibility in specific territorial conditions.



Therefore, combining wind power plants with hydroelectric power plants to redistribute hydraulic energy reserves and the predominance of HPP power in energy-deficient areas can have both positive and negative consequences. On the one hand, it can improve the reliability of the energy supply as wind power plants compensate for the instability of the HPP operation caused by seasonal fluctuations in water availability and other natural factors. Wind farms can produce power during periods of low water availability when HPPs are not operating at full capacity, thus ensuring a stable energy supply. Such a combination would also reduce the need for fossil fuels, reducing greenhouse gas emissions and dependence on energy imports. Wind farms and hydropower plants are renewable energy sources that do not produce harmful emissions, making them more environmentally friendly and sustainable. Wind farms, when operated in ‘peaking’ mode, can allow for additional capacity and reduce the need to release water from hydropower reservoirs, which improves the utilisation of water resources.



The development of WPP and HPP infrastructure leads to the creation of new jobs in manufacturing installation and the operation of the equipment, which stimulates the region’s economy. On the other hand, the construction and the integration of WPPs and HPPs into a single system require significant investment, which may be an obstacle to project implementation. The integration of WPPs and HPPs into a single system demands the development of complex systems for control regulation and synchronisation of the equipment operation, which creates technical difficulties. The construction of WPPs and HPPs can sometimes have a negative impact on the environment, such as on biodiversity or landscape. Consequently, the interconnection of wind and hydropower plants can be an effective solution to improve energy security and environmental sustainability in energy-deficient areas but needs a careful assessment of both the positive and negative impacts. In-depth analyses of technical and economic factors need to be carried out, taking into account the specifics of a particular region and the characteristics of the energy system.



The joint operation of WPPs and HPPs and the hydraulic energy storage (HES) as part of a single energy complex is an effective way to create the sustainable energy supply system for the development and growth of the region’s energy system. WPPs provide energy during periods of high winds. HPPs provide energy during periods of sufficient water flow, and HPPs store excess energy from WPPs and HPPs during periods of high generation and release it at times of low generation or high demand, ensuring the stability of the energy supply. This increases the share of renewable energy in the region’s total energy mix and reduces the dependence on fossil fuels. Combining different types of renewable energy sources with hydropower plants reduces the risks of instability in the electricity supply due to changes in weather conditions (e.g., reduced wind speed or water levels). SNPPs can balance the power fluctuations in WPPs and HPPs, allowing for more stable generation and the supply of electricity. HPPPs can be used to manage electricity demand by releasing energy stored during periods of peak demand and reducing the load on the main generators during these periods. This reduces the need for building new generators and improves the efficiency of the existing infrastructure. A hybrid HPP-HES-WPP energy complex allows for the creation of a flexible energy supply system that is capable of adapting to changes in demand and generation conditions. Such a system is more resilient to abnormal situations and allows for more efficient utilisation of available resources. The operation and maintenance of the hybrid power complex require specialised knowledge and experiences. It is necessary to develop a monitoring and control system that ensures the safe and efficient operation of all the components in the energy complex. Regular maintenance and repair of HPPs, WPPs, and SHPP equipment are demanded, including training qualified personnel. Creating the hybrid HPP-HES-WPP power complex is a complex task that requires careful planning and the integration of different technologies. However, this methodology allows for numerous benefits for the development of a sustainable energy system, increasing the reliability of the energy supply, reducing the dependence on fossil fuels, and improving the environmental sustainability of the region.




6. Conclusions


The combined operation of HPPs and WPPs as part of their hydropower complex and the hydraulic energy storage enables the creation of a sustainable energy supply system that can operate, even under conditions of variable wind force or irregular water flow. This combination also helps to increase the efficiency of renewable energy sources, which, in turn, reduces the dependence on fossil resources and the environmental impact. In addition, the integrated use of hydro- and wind power allows for a stable power supply in areas where traditional energy sources cannot provide reliable power. This is especially relevant for remote and sparsely populated areas, where the construction of large energy facilities is inexpedient due to economic or environmental reasons.



Therefore, combining hydro and wind energy opens up new opportunities for energy development, increasing energy sustainability and providing access to clean and affordable energy for consumers. Combining hydro- and wind power facilities makes it possible to solve the problems of power supply shortages in areas that are remote from the CES. HPPs and highly manoeuvrable hydroelectric units successfully compensate for the uneven power output from wind power plants and significantly reduce the limitations associated when integrated into the regional energy system.
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Figure 1. Schematic diagram of the HPP-WPP power complex. 
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Figure 2. Graphs of the actually produced    N  WPP   pc     and guaranteed    N  WPP   guar     capacities of WPPs in the considered planning period of T. 
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Figure 3. The generalised algorithm of the joint operation of HPPs-WPPs:  Q  is the water consumption, m3/s;    W s      is the wind speed, m/s;  T  is the temperature, °C;   P     is the precipitation, mm;  U  is the relative humidity, %;  R  is the wind direction;    W L      is the minimum reservoir volume, m3;    W m    is the maximum reservoir volume, m3;  D  is the reservoir diameter, m;  B  is the reservoir area, m2;    H c    is the head at the inlet, m;    S p    is the specific power, kW/m3/s;  L  is the load (power consumption), MW;    P c    is the wind farm power, MWt;    S h    is the hub height, m;    E  W F     is the wind farm energy output, MW;    L R    is the regulation load factor, %. 
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Figure 4. The power generation of the HPPs-HPPs complex and the guaranteed (for a week ahead) capacity of HPPs: 1—HPPs-HPPs complex; 2—HPPs only; 3—HPPs as part of their energy complex. 
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Table 1. Results of the comparative evaluation of the energy parameters presented in [20].
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	Parameter
	This Work
	Paper [20]





	The total output from the power complex, MW h
	278.8 MWh,
	329.56



	HPPs, MW h
	250.54 MWh,
	295.76



	WPPs, MW h
	28.26 MWh.
	35.54



	The installed capacity of WPPs, MW
	500
	600



	The installed capacity of HPPs, MW
	2530
	3000



	The share of HPP energy, %
	0–75

(10 on average)
	0–85

(22 on average)
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