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Abstract. Energy and water management systems are closely interrelated through the operating regimes of 

Hydro Power Plants (HPP) or HPP cascades. This is first of all, characteristic of energy systems with a large 

share of HPP. One of such systems is the energy system of Siberia, which includes the Angara-Yenisei 

cascade of HPP, the largest in Russia and one of the largest in the world. The studies were carried out on the 

example of this energy system and the water management system of the Angara and Yenisei basins. A 

specific feature of the energy and water management systems of Siberia is a significant impact of stochastic 

factors on their operation. These factors include natural (water inflow in the reservoirs in the spring-summer 

period and outdoor temperature in the autumn-winter period), and also economic (demand for electric and 

thermal energy, electricity and heat prices) factors. The paper presents mathematical models for the joint 

study of energy and water systems. These models factor in the specifics of the systems during planning for a 

period of up to 1 year. Modeling of the interconnected operation of energy and water systems makes it 

possible to solve important problems. These are the improvement in the reliability and stability of the 

considered systems, increase in their economic efficiency (minimization of electricity prices for consumers), 

assessment and minimization of various risks, prevention from or reduction in possible damages, rational 

planning of repairs, the formation of fuel reserves at thermal power plants, and others. 

1 Introduction  

Energy and water systems are managed by various 

departments, as a rule, independently of each other. The 

legal and regulatory framework for these systems in the 

Russian Federation works also separately. Planning the 

operation of these systems focuses primarily on normal 

(average) operating conditions. Practical problems of 

studying the HPP operating regimes, however, are 

related to the periods of extreme conditions and the 

effect of these conditions on the stability and reliability 

of the systems. The extreme climatic situations in the 

water-energy systems lead to negative consequences, 

including significant socio-economic damages. 

Therefore, it is important to timely make management 

decisions to prevent (mitigate) the consequences of such 

events. By way of illustration, note the situation in the 

Angara basin and the Siberian energy system in recent 

years. In 2014–2018, an extreme water shortage was 

observed in the reservoirs of the Angara cascade. During 

this period, electricity generation from HPP decreased by 

15–20%. All participants in the water management 

sector encountered problems, the overall reliability and 

stability of the water and energy systems significantly 

declined. The problem is compounded by the fact that 

the existing planning and management system in the 

electric power industry suggests the estimation of long-

term energy system operating conditions and balances of 

electricity and power for a period of up to 1–5 years, 

while in water management, the forecasting horizon for 

water inflow into reservoirs and planning of HPP 

operating regimes is 1–3 months, and the forecasting 

period for air temperature is limited to 5–10 days. 

The problem of modeling the operation of energy 

systems with HPP, including optimization of their 

operation, started evolving as soon as energy systems 

came into existence. Modeling methods developed 

alongside with the complication of the systems and the 

emergence of new mathematical and information 

technologies. A great number of effective algorithms, 

methods and models have been developed in recent years 

to study the operating regimes of HPP and the 

functioning of energy and water systems. Many of them 

were created in the 1960s and 1970s and were 

subsequently used in automated dispatch control systems 

for energy systems, to perform water-energy 

calculations, and manage water and energy systems. 

Simulation and mathematical methods found wide use in 

the optimization of operating conditions (linear, 

nonlinear, dynamic programming, including stochastic 

and multi-criteria optimization, etc.) [1–5]. Apart from 

Russia and USA, there is a great experience in modeling 
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energy systems with high penetration of hydro in 

Norway, Canada, Brazil, and China [6–13]. 

Thus, to date, considerable experience has been 

gained in the practice of modeling energy systems with 

hydraulic and thermal power plants. Many issues, 

however, remain unsolved due to the complexity and 

versatility of the problem to be solved. Most models do 

not fully represent the constraints for hydroelectric 

power plants, such as the lack of data on the future 

hydrological regime of a probabilistic nature. This, in 

turn, leads to insufficient consideration of random 

nature-induced factors in planning the operating 

conditions of energy and water systems and ensuring 

their flexibility and reliability. This is especially true for 

long-term estimates of possible water inflows into HPP 

reservoirs and temperature changes. 

Most modern methods and models for managing the 

long-term operating conditions of HPP, water and energy 

systems for a period of more than 3 months rely mainly 

on statistical information on long-term average changes 

in water inflows, and long-term average annual, 

monthly, summer and winter temperatures over past 

periods. Traditionally, the Monte Carlo method is most 

often used to generate forecast estimates of stochastic 

indicators. Some studies suggest the use of an integrated 

approach for managing cascades of reservoirs with the 

priorities of meeting either water system requirements or 

energy system requirements [14–16]. Joint long-term 

operation of the two systems (energy and water), as a 

rule, is not considered. This is especially true for climate 

factors. 

Significant changes in socio-economic conditions, 

legislation, and regional climate changes in recent years 

associated with global processes require appropriate 

changes and additions to the methods and models of 

managing energy and water systems and their operation. 

The use of various prognostic methods and models is 

necessary to beforehand take account of possible 

changes in the indices of water content and temperature 

condition, including the data obtained with global 

climate models on the dynamics of the state of the 

atmosphere for a period of up to 1 year. Regular 

monitoring of such estimates and their refinement (at 

least 1 time per month) makes it possible to obtain more 

informed probabilistic scenarios of expected changes in 

natural factors for long-term planning of the energy and 

water systems. Their use allows increasing the efficiency 

of planning and management. 

This paper presents an approach used at the 

Melentiev Energy Systems Institute SB RAS (ESI SB 

RAS) to jointly model long-term operating regimes of 

HPP and HPP cascades (for example, the Angara-

Yenisei cascade) within energy and water systems, given 

climatic and other factors. 

2 A system of models for the joint study 
of water and energy systems 

A research team of ESI SB RAS has developed an 

approach [17–18] to comprehensively study the long-

term operation of water and energy systems with a large 

share of HPP (Fig. 1). 

 

Fig. 1. The scheme of models for integrated studies of long-term operation of water and energy systems 

 

This approach is implemented by 5 main blocks of 

the models: 

1. Models of building long-term scenarios of water 

inflows into HPP reservoirs and temperature conditions 

in winter and summer in a probabilistic form; 

2. Models of building energy consumption scenarios 

in a probabilistic form; 

3. Models of the water management system; 

4. Models of operating regimes of HPP and HPP 

cascades; 

5. Models of the energy system. 

Each block includes several models (simulation, 

optimization, and multi-criteria) that solve various 

problems, given the uncertainty of water inflows into 
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reservoirs, the amplitude and frequency of temperature 

anomalies in the studied regions, the requirements of 

water users, the amount of electricity consumption, 

forced and planned repairs of electrical equipment and 

electrical networks, constraints on maximum transfer 

capability of individual sections of the power grid in 

controlled cutsets, other factors, and limitations. 

Based on probabilistic long-term scenarios of water 

inflows into reservoirs and expected temperature 

conditions, the proposed approach provides optimal 

balanced operation of water and energy systems while 

ensuring reliability and uninterrupted energy and water 

supply to consumers at any considered time interval. 

2.1 Models for building long-term prognostic 
scenarios of water inflow into reservoirs 

In the context of global and regional climate changes, the 

use of hydro-meteorological statistics alone becomes 

ineffective for forecast estimates of water content and 

temperatures. Given the significant advancements in the 

creation and development of global climate models over 

the past decades, it seems appropriate to use them for 

long-term estimates of water availability and other 

hydro-meteorological indices. One of such models is the 

global climate model CFS-2 (Climate Forecast System) 

[19]. The results obtained with this model are updated 

daily in the form of ensemble forecasts of the state of the 

atmosphere and ocean with a time interval ranging from 

several hours to 10 months for the entire globe. The 

ensemble approach used in the model allows the 

formation of probabilistic estimates of the state of the 

atmosphere for the long term. 

To monitor, accumulate and process the results of 

modeling, we developed special components that can 

quickly generate long-term estimates of precipitation, 

temperature, pressure, and geopotential in the river 

basins of the studied energy system. Figure 2, for 

example, illustrates the forecast maps for analyzing the 

climatic situation in the basins of Lake Baikal and the 

Angara reservoirs for the summer period of 2020, as of 

January 2020. 

 

 

 

 

Fig. 2. An example of maps of prognostic indicators (average 

for the summer period of 2020): a) precipitation intensities; 

b) surface pressure at sea level; c) temperature conditions; 

d) dynamics of changes in surface temperatures in the area of 

the city of Irkutsk 

 

Based on the processing of ensemble forecasts of 

meteorological indicators in the considered region, one 

determines analog years that are closest in atmospheric 

state characteristics. The found analogs are used to form 

estimates of inflows into the cascade reservoirs in the 

form of ranges of probability distributions. The period 

from April to October is the most important for planning 

the operating conditions of the water management 

system of Siberia. The final ensemble forecasts are 

generated by an automated procedure, which cuts off the 

E3S Web of Conferences 209, 05014 (2020)
ENERGY-21

https://doi.org/10.1051/e3sconf/202020905014

3



 

unlikely events, processes regression relationships and 

relations between meteorological indices and river flows, 

and refines their boundaries based on expert estimates 

generated by other models [20, 21]. Temperature 

conditions are formed as anomalies of their spatial 

distributions. In Siberia, the temperature conditions are 

essential for planning the operation of the energy system 

in the winter heating period (from November to March), 

when possible generation and consumption of thermal 

energy varies widely [22–24]. 

2.2 Models for building long-term scenarios of 
electricity consumption in the energy system 

Electricity consumption in the energy system is 

probabilistic in nature. It is characterized by daily, 

seasonal, and interannual variability associated with the 

intensity of the consumer load, temperature conditions in 

the served territories, which significantly affects the heat 

output, and also with a possible connection of additional 

planned and unplanned consumers. 

Models for building long-term scenarios of electricity 

consumption are based on the accumulated statistical 

data for various temperature conditions, which make it 

possible to form regression relationships, with a focus on 

periods of maximum and minimum consumption in daily 

and seasonal resolutions. Available planned indices of 

demand for electricity and power, commissioning of new 

large electricity consumers are also used. 

2.3 Water System Models 

The system includes hydrological models based on water 

balance equations; hydraulic models for estimating the 

travel time of the water flow to different points of the 

river network; water management models to take into 

account the constraints of all water users and water 

consumers, as well as environmental and social 

constraints. For example, a hydrological model of a 

linear cascade or its part can be represented as: 
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dt
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where i – HPP index; t – time within a set interval 

],[ 0 Tt ; )(tVi
 – water volume in the reservoir; )(tPi

 – 

lateral (full) water inflow into reservoir; )(tQi
 – flow 

rate through the HPP; )(1 tQi
 – flow rate of water of the 

upper stage of the HPP cascade, given water travel time; 

TBTB PPQQ ,,,  – flow rates and lateral inflows in the 

areas below the last stage, where the river levels are 

monitored; )(ti  – function of additional effect of 

evaporation from the reservoir surface )(tR isp

i
, filtering 

through dam )(tR filtr

i
, changes in the underground 

component )(tR pz

i
, variations in the volume of water 

area between reservoir and upper stage of HPP. The 

values of functions )(ti , except for evaporation, can be 

neglected in practical calculations. This is due to the 

complexity of the estimates of these indices and their 

relatively small impact on the total inflow. The 

evaporation function plays a significant role in dry 

periods on Lake Baikal, therefore, its indices are 

included in the final available inflow to the Irkutsk 

reservoir. 

 For the specified time interval   equation (1) can be 

approximately written in the finite difference form: 
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where 
iiii RQPV ,,,  are average values of the 

functions on the time interval. 

Functions of water inflow )(tPi

  have large 

interannual and seasonal variations, which affects greatly 

both the water system and the energy system. 

The hydraulic models of steady-state flow can 

provide an estimate of the average flow at the point X, 

located at a distance from the initial one: 

)]()([1    TqqtTQtQ
T

Q X ,  (7) 

where Q , Q  are flow rates at the initial cross-

section for the previous and current ten days; q , q  – 

analogous lateral average ten-day inflows in the area; 

t ,   – travel time of the main and lateral inflows to 

point X; T – duration of ten days (с). 

The reservoir operating curves intended to manage 

the operating conditions at levels and given scenarios of 

water inflows into the reservoirs are used to make 

forecast scenarios of flow rates through HPP. The range 

of limiting flows goes to the block of models of HPP 

regime management. 

In addition to feasible flow rates through HPP 

according to the requirements of water users and water 

consumers, the models of water management system 

determine periods and assess probable water 

management, environmental, and social risks. 

2.4 Models of operating conditions of HPP and 
HPP cascades 

Power and electricity output at individual HPP varies 

widely, which is related to seasonal and interannual 

unevenness of water inflows into reservoirs and 

operation of the energy system at different time intervals 

according to load curves. For the HPP cascade, as a rule, 
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the interannual unevenness of the inflows decreases, 

except for cases of global low-water and high-water 

periods, covering large river basins. 

Modeling the operating regimes of HPP according to 

the generated scenarios of water inflows into reservoirs 

solves the following problems: 

1. Specification of water flow rates by reservoir 

operating curves: 

),,( gg

t

g

t

gg

t PHDQ  , (8) 

where gD – reservoir operating curve of HPP with 

index g; g – additional vector of the reservoir operating 

curve parameters; g

t

g

t

g

t PHQ ,,  – flow rate, the upstream 

reach level, inflow into the reservoir at time t. With the 

sufficiently long hydrological statistics available, the 

reservoir operating curves allow building efficient 

operating conditions for any intra-annual and intra-

month period for a given total inflow of water into the 

reservoir and the level of its upstream reach. The 

reservoir operating curves can be effectively used in 

simulation models for various studies. In the case of 

significant changes in hydrological characteristics 

compared to those observed previously, the effectiveness 

of their use in the calculation of flow rates decreases. 

To determine the effective operating regimes of HPP 

to meet the set constraints on flow rates generated in the 

block of the water management system in the form of 

)()()( maxmin tQtQtQ iii  , Ni ,1 , the ranges of flow rates 

for each time interval (a day, ten days, a month, a 

quarter) are specified using the reservoir operating 

curves given planned repairs. 

2. Determination of flow rates for cascade 

management according to the criterion of maximization 

of electricity output from the entire cascade: 
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with a set of constraints on flow rates, levels of 

upstream reach, power related to the type of loading the 

hydro units: 
g
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Additional constraints are all water management 

constraints. 

The optimization criterion may also be the maximum 

firm power of HPP in the winter period or for the entire 

water management year. 

The output of this block is the feasible (possible) 

ranges of electricity output for each HPP, the entire HPP 

cascade, and indicators of used capacity in different 

periods. 

For energy systems with a high share of hydropower 

plants, the main risks of operation management in the 

summer period are idle discharges through spillway 

structures of hydro systems, and an increased electricity 

output, when there is no corresponding demand and (or) 

it is impossible to fully use (transmit) it. The main risk in 

winter is the impossibility of providing firm power from 

HPP. 

2.5 Model of energy system 

Depending on the tasks being solved, which may include 

increasing the reliability and resilience of energy 

systems, increasing the economic efficiency of energy 

systems, assessing and minimizing various risks, 

preventing or reducing possible damage, rational 

planning of repairs, building up fuel reserves at Thermal 

Power Plants (TPP) and others, various formulations of 

the power system model are possible. In this case, the 

modeling of energy systems is reduced to solving the 

optimization problem, where the criterion for the 

efficiency of the energy system is reflected in the 

objective function, and the restrictions consist of balance 

restrictions and restrictions on variables. The main input 

parameters for the operation of the power system model 

block are: long-term energy consumption scenarios in 

annual, seasonal, monthly, weekly, daily and hourly 

sections; permissible operating modes of hydroelectric 

power stations taking into account all water management 

and energy restrictions, repair schedules for electrical 

equipment and electrical networks 

One of the criterion of electricity generation cost 

minimization, the input data are flow characteristics of 

generating plants, the required levels of consumer loads 

in the territorial energy zones, transfer capabilities of tie 

lines, auxiliary power consumption, and factors of power 

losses in the transmission lines of the energy system. It is 

necessary to determine the optimal load of power plants 

given some technical limitations on the operation of the 

energy system and its facilities, and the potential surplus 

(shortage) of generating capacity. 

The problem of planning the operation of the energy 

system for a period of up to 1 year is solved, the power 

balance is optimized for each hour of the calculation 

period. 

Mathematically, the problem of optimizing the 

energy system operation is formulated as follows: 

 
t i k

kitC min,,
 (11) 

subject to balance constraints: 

  
)( )(

,,,,, 0)1(
j j

ijtjitjijititit ZZZWP   (12) 

also variable constraints: 

ititit PPP ,,,  , 

 
)( )(

,,,,,

n k

kitnitit PPP , 

kitkikitkikikit PPC ,,,,,,,,, 2
1   , (13) 

ijtijt ZZ ,,0  , jitjit ZZ ,,0  , 

Tt ,,1 , Ii ,,1 , Kk ,,1 ,  

Nn ,,1 , Jj ,,1 , 

where 
kitC ,,

 – the cost of generating electricity per 

hour t at the k-th TPP in energy zone i; 
itP ,
 – generated 

power per hour t in energy zone i; 
itW ,
 – power 

consumption per hour t in energy zone i; 
jitZ ,

 – power 

flow over the connection between energy zones j and i 

per hour t; 
ji  – power loss coefficient; 

ijtZ ,
 – power 
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flow over the connection between energy zones i and j 

per hour t; 
itP ,
 – the total value of the minimum load of 

power plants per hour t in the energy zone i; 
itP ,
 – the 

total value of the maximum load of power plants per 

hour t in the energy zone i; 
nitP ,,

– loading of the n-th 

HPP per hour t in the energy zone i; 
kitP ,,
 – loading of 

the k-th TPP per hour t in the energy zone i; 
ki, , 

ki, , 

ki ,  – the coefficients forming the flow characteristic of 

the k-th TPP in the energy zone i; T – the number of 

hours of the calculating period; I – number of energy 

zones; K – number of thermal power plants; N – number 

of hydropower plants; J – number of energy zones. 

Problem (11)–(13) is solved by nonlinear 

programming methods. 
nitP ,,
 is determined when 

modeling the regimes of HPP and their cascades, while 

nitP ,,
 can have a constant value or be in the range 

nititnit PPP ,,,,,  , where 
nitP ,,
 is the minimum load of 

the n-th HPP at hour t in the energy zone i; nitP ,,  is the 

value of the maximum load of the n-th HPP per hour t in 

the energy zone i. 

After solving problem (11)–(13), an analysis is made 

of the results and modes in which no solution was found 

for various scenarios of water inflows and temperature 

conditions. As a result of several iterations according to 

model calculations with 
nitP ,,
 adjustment, the most 

optimal power system operating modes are selected 

according to the accepted criterion and electric power 

generation by the HPP of the power system. 

3 Conclusion 

The system of models presented in this paper allows 

studying the issues related to the management of HPP 

cascade operation within the water management and 

energy systems. It also enables us to formulate proposals 

for optimal long-term operating conditions, increase in 

stability, reliability, and efficiency of these systems 

while planning and managing them. 

Long-term scenarios of changes in hydro-

meteorological indices (water inflows into reservoirs, 

temperatures, precipitation), obtained using the 

processed data from global climate models, provide an 

opportunity to assess in advance the probable risks of the 

impact of stochastic factors on the operation of the water 

and energy systems with a large share of HPP. 
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