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Abstract— The large-scale use of renewable energy sources 

and combined heat and power plants and the unstable, poorly 

controlled nature of consumption aggravate the problem of energy 

storage. When designing and operating storage plants, the task is 

to ensure their profitability. Usually optimization tasks are 

formulated with the goal of maximizing profits. When solving 

these problems, significant difficulties may arise, since in the 

general case they are nonlinear, stochastic, multistage and contain 

a large number of decision and state variables. This article is 

devoted to the problem of ensuring acceptable accuracy and time 

spent on maximizing profits of pumped storage hydropower 

plants. Based on an analysis based on the data from a real power 

plant, Nord Pool electricity price records and mixed integer linear 

programming, the dependence of the optimisation results on the 

initial state of the reservoirs and the duration of the planning 

period is shown. The results can be used both when controlling real 

stations and at the stage of their feasibility study. 
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plant; floating photovoltaic plant; optimisation 

I.  INTRODUCTION 

The large-scale use of renewable energy sources [1-3] and 
combined heat and power plants (CHPP) is an important and 
necessary step towards limiting greenhouse gas emissions into 
the atmosphere and mitigating the climate change. Nevertheless, 
a further increase in the use of these energy sources is associated 
with the need to solve the complex task of ensuring balance of 
generation and consumption. Intermittent generators and the 
unstable, poorly controlled nature of consumption aggravate the 
problem of energy storage [4-7]. Energy storage technologies 
have to integrate rapidly developing intermittent energy sources 
like wind and solar in the power system. Various technologies 
of storage plants (SP) are intensively researched and already 
used: pumped storage hydropower plants (PSHP), rechargeable 
batteries, electrical vehicles, hydrogen storage, compressed air 
energy storage, reservoir and poundage hydropower plants etc. 
[8, 9]. When designing and operating a storage plant, the task is 
to ensure their profitability. Usually, optimization tasks are 
formulated with the goal of maximizing profits, which depends 
on volatile prices in the electricity markets. 

There are numerous approaches in scientific literature to 
solving the task of storage plant scheduling optimization. 

For instance, the authors of [10] deal with the problem of 
devising optimal bidding strategy for a multi-unit pumped 
storage plant. They propose a solution employing evolutionary 
tristate particle swarm optimization. The same authors have also 
proposed a multi-looping sequential optimization approach 
using mixed integer programming [11]. A number of scientific 
publications investigate optimal scheduling models of SP 
operation [12-14]. The existing literature on solving pumped 
hydropower storage scheduling problems can be divided into 
three time categories: short, medium and long-term planning. In 
[15], the authors formulate the optimization task as a mixed 
integer problem. They use a multi-stage looping optimization 
intraday algorithm for SP, considering e.g. reservoir limits, 
quarter-hourly prices, grid charges and machine availabilities. 
The algorithm has been tested in a real-life application. In [16], 
the SP production planning problem is also modelled by mixed 
integer linear programming, taking into account the spot and 
frequency markets. Short-term scheduling of the SP is resolved 
by a heuristic method in [13] and by the linear programming 
method in [17]. Medium-term planning (one week) of SP 
operation is discussed in [18]. The authors use an optimization 
model based on genetic algorithms (an evolutionary algorithm). 
A model was proposed for the coordinated operation 
optimization on a weekly horizon for a hydroelectric 
development including a large hydropower plant and a large SP. 
Long-term (one year) planning optimization of SP operation is 
presented in [19]. A fast maximisation algorithm using dynamic 
programming [20], taking into account all the technical 
assumptions and operational restrictions, is proposed. A model 
for optimizing the operation of a hybrid PV power plant. The 
aim of this paper is to present a model for the optimal operation 
of PV-PSHPP to minimize the operation cost and the cost of PV 
energy curtailment.   

Summing up the publications on various types of SP, we can 
note: 
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• The existence of a large number of models and 
algorithms for optimal control of the process of energy 
storage and generation. 

• The complexity of the optimization problem, since, in the 
general case, they are non-linear, stochastic, multi-stage 
and contain a large number of decision and state 
variables. 

• The need for ensuring acceptable accuracy and 
calculation time. The essence of this problem is easily 
explained by the type of the objective function, which 
can be written as:  

𝐶𝑇𝑝𝑙⨳ = 𝑬⟮𝑭(𝑃𝑝𝑟
𝑡 ,𝑊𝑡 ,𝑊𝐺

𝑡 ,𝑊𝐶
𝑡 , 𝑇𝑝𝑙 , 𝑆𝑜)⟯ → max (1) 

where 𝐶𝑇𝑝𝑙⨳ stands for the mathematical expectation of SP 
profit obtained during the planning period Tpl ; F — the profit 
estimation procedure; 𝑃𝑝𝑟

𝑡 ,𝑊𝑡 ,𝑊𝐺
𝑡 ,𝑊𝐶 

𝑡  — multidimensional 

process changing in time: 𝑃𝑝𝑟
𝑡  stands for the energy market 

prices; 𝑊𝑡 is the amount of electricity generated by PV 
technology; 𝑊𝐺 

𝑡 is the amount of electricity generated by SP; 
 𝑊𝐶

𝑡 stand for the energy amount consumed by SP; So - reservoir 
levels at the beginning and the end of the planning period.  

 𝑊𝐺
𝑡 ,𝑊𝐶

𝑡 ,  should be considered as decision variables. 
𝑊𝑡  𝑎𝑛𝑑 𝑃𝑝𝑟

𝑡  are state variables; various methods of prediction 

[21] are used to set these variables, which are most often 
combined with the scenario approach [22]. Note that the number 
of decision variables can be quite significant. Maximization 
procedure (1) must be implemented taking into account many 
technical, economic and environmental limitations [23, 24]. 
Typically, the synthesis and application of procedure (1) is based 
on prediction and modelling of the processes of change during 
the planning horizon: electricity prices; energy generated by SP; 
energy consumed by the SP, revenues and expenses of the plant, 
control actions that set the operation mode of the plant and the 
network. Based on the use of the appropriate maximization 
procedure, a search is carried out for control actions that 
establish the operation mode of the SP.  Expression (1) can be 
reduced to the form: 

𝐶𝑇𝑝𝑙∗ =
1

𝑁
∙∑∑𝐹(𝑃𝑝𝑟

𝑡 ,𝑊𝑡 ,𝑊𝐺
𝑡 ,𝑊𝐶

𝑡 , 𝑇𝑝𝑙 , 𝑆𝑜)

𝑇𝑝𝑙

𝑡=1

𝑁

𝑛=1

 (2) 

Where N is number of scenario. To generate scenario, you 
can use one of the known methods [25]. 

Despite the widespread use of procedures of the form (2), the 
issue of a reasonable choice of the duration of the planning 
period and the initial state of the SP remains unsolved. This 
article presents an attempt to fill this gap. 

The case study presented below is based on the example of a 
real, large-scale SP, using its technical parameters, as well as the 
parameters of an additional large-scale floating solar plant with 
photovoltaic technology (FPV), which can be placed in the 
reservoir of a pumped storage hydropower plant (PSHP). We 
consider only one storage power plant operational strategy – a 

stand-alone storage plant benefiting solely from price 
differences in the day-ahead market (i.e. price arbitrage). The 
PSHP in question is not intended for long-term storage of energy 
and benefiting from seasonal price variances. Rather it exploits 
the short to medium-term price spread. 

The remaining part of the paper is organised as follows: 
Section II contains the case study and results. In this section, the 
description of the object under study is provided. Additionally, 
the objective function and constraints are also described. Finally, 
this section deals with the research topic of this paper, namely, 
determination of the optimal initial water head level striving to 
maximize the benefit from an FPV-PSHPP system. Section III 
summarizes the key conclusions of the paper. 

II. CASE STUDY AND RESULTS 

A. Object under study 

The large-scale PSHP currently existing in Lithuania [26], 
which is supposed to be supplemented by an FPV [27] plant is 
selected as the object under study. Parameters of the FPV-PSHP 
system are presented in Table I. We assume that the hypothetical 
combined plant is a participant of the Nord Pool day-ahead 
electricity market.  

TABLE I.  FPV-PSHP PLANT PARAMETERS   

Parameter, Unit of measurement Value 

Upper reservoir area, km2 3.05 

Maximum water head, m 113.5 

Minimum water head, m 105.0 

Number of reversible pump-turbine units, pcs 4 

Rated unit capacity in generation mode, MW 225.0 

Rated unit capacity in pumping mode, MW 220.0 

Efficiency in generation/ pumping mode, % 90.0 / 80.0 

Rated capacity of FPV, MW 250 

Total reservoir volume, m3 48,000,000 

When planning the operation, we assume that the pump-
turbine units at each hour can work only with rated power and 
that simultaneous operation in both the generation mode and the 
pumping mode is impossible. The use of solar energy is 
completely dependent on the mode of the PSHP: if this plant is 
operating in a generator or in an idle state, then the solar energy 
is transferred to the grid; if pumping mode is selected, then solar 
energy is used on site, reducing energy consumption from the 
grid. Rated FPV capacity (250 MW) corresponds to the area of 
the upper reservoir (3,000,000 m2).   

B. Objective functions and constraints 

For ease of reading, we present the objective function (3) 
with only one pump-turbine unit. In the case of several units and 
scenarios, two additional summation operators are included; the 
number of decision (Boolean) variables increases in proportion 
to the number of units, however, these changes do not cause 
fundamental complications. Given the assumptions made, the 
task of maximizing the income of the FPV-PSHP (𝐼𝐹𝑃𝑉−𝑃𝑆𝐻𝑃

∗ ) 
can be written in the following form:  



 

 

𝐼𝐹𝑃𝑉−𝑃𝑆𝐻𝑃
∗ =∑𝑃𝑔𝑒𝑛

𝑡 ∙ 𝜏 ∙ 𝜂𝑔𝑒𝑛 ∙ (𝑃𝑟 𝑚𝑎𝑟𝑘
𝑡 ) ∙ 𝛽𝑔𝑒𝑛

𝑡

𝑇𝑝𝑙

𝑡=1

+ 𝑃𝐹𝑃𝑉
𝑡 ∙ 𝜏 ∙ (𝑃𝑟 𝑚𝑎𝑟𝑘

𝑡 ) ∙ 𝛽𝐹𝑃𝑉,𝑔
𝑡 − 𝑃𝑝𝑢𝑚𝑝

𝑡 ∙ 𝜏 ∙
1

𝜂𝑝𝑢𝑚𝑝

∙ (𝑃𝑟 𝑚𝑎𝑟𝑘
𝑡 + 𝑃𝑡𝑟𝑎𝑛)   ∙ 𝛽𝑝𝑢𝑚𝑝

𝑡

+ 𝑃𝐹𝑃𝑉
𝑡 ∙ 𝜏 ∙ (𝑃𝑟 𝑚𝑎𝑟𝑘

𝑡 + 𝑃𝑡𝑟𝑎𝑛) ∙ 𝛽𝐹𝑃𝑉,𝑝
𝑡 → 𝑚𝑎𝑥 

() 

where 𝑃𝑔𝑒𝑛
𝑡  — the unit’s operational range in generator mode 

at the t-th hour, MW; 𝜏 — sampling step (one hour); 𝜂𝑔𝑒𝑛 — 

efficiency coefficient in generator mode; 𝛽𝑔𝑒𝑛
𝑡  — Boolean 

(decision) variable (1 — in generator mode); 𝑃𝐹𝑃𝑉
𝑡  — amount of 

generated energy from FPV at the t-th hour, MW; 𝛽𝐹𝑃𝑉,𝑔
𝑡  — 

Boolean (decision) variable (1 — in case of selling energy to the 
grid); 𝑃𝑝𝑢𝑚𝑝

𝑡  —the unit’s fixed capacity in pump mode at the t-

th hour, MW; 𝜂𝑝𝑢𝑚𝑝 — efficiency coefficient in pump mode; 

𝑃𝑡𝑟𝑎𝑛 — electricity transmission tariff [28], €/MWh; 𝑃𝑟 𝑚𝑎𝑟𝑘
𝑡  — 

the electricity market price at hour t, €/MWh; 𝛽𝑝𝑢𝑚𝑝
𝑡  — Boolean 

(decision) variable (1 — in pump mode); 𝛽𝐹𝑃𝑉,𝑝
𝑡  — Boolean 

(decision)  variable (1 — in pump mode).  

The first addend of the summation in the objective function 
denotes the income from the PSHP produced energy sold in the 
market. The second addend is the income gained from selling 
the FPV production; the third – the value of the energy 
consumed by the PSHP in pumping mode (hence the negative 
sign), and, finally, the fourth addend is the value of the FPV 
produced energy used for powering the pumps (i.e., it is the 
avoided cost incurred by producing energy for powering the 
pumps locally, instead of purchasing it from the market). 

The solution of the problem (3) should be carried out taking 
into account the constraints as follows: 
 

{
 
 
 
 
 
 

 
 
 
 
 
 

  

𝐻𝑚𝑖𝑛 ≤∑(𝐻𝑖𝑛𝑖𝑡 +∑𝐻𝑑𝑖𝑠 ∙ (−𝛽𝑔𝑒𝑛
𝑛,𝑡 + 𝛽𝑝𝑢𝑚𝑝

𝑛,𝑡

𝑀

𝑛=1

))

𝑇𝑝𝑙

𝑡=1

≤ 𝐻𝑚𝑎𝑥,   

∑∑𝐻∆ ∙ (−𝛽𝑔𝑒𝑛
𝑛,𝑡 + 𝛽𝑝𝑢𝑚𝑝

𝑛,𝑡 )

𝑀

𝑛=1

𝑇𝑝𝑙

𝑡=1

= 𝐻𝑖𝑛𝑖𝑡 − 𝐻𝑓𝑖𝑛𝑎𝑙                      

𝛽𝐹𝑃𝑉,𝑔
𝑡 + 𝛽𝐹𝑃𝑉,𝑝

𝑡 ≤ 1, ∀𝑡 ∈ 𝑇

𝛽𝐹𝑃𝑉,𝑝
𝑡 = 𝛽𝑝𝑢𝑚𝑝

𝑛,𝑡 , ∀𝑡 ∈ 𝑇, ∀𝑛 ∈ 𝑀  

 𝛽𝑔𝑒𝑛
𝑛,𝑡 + 𝛽𝑝𝑢𝑚𝑝

𝑛,𝑡 ≤ 1, ∀𝑡 ∈ 𝑇, ∀𝑛 ∈ 𝑀

 

 

(4) 

where 𝐻∆ — water discharge/charge during operation of one 
unit for one hour in order to generate rated power or pump with 
maximal capacity respectively, m; 𝐻𝑚𝑖𝑛 — minimal water level 
of PSHP reservoir, m; 𝐻𝑚𝑎𝑥 — maximal water level of  PSHP 
reservoir, m; 𝐻𝑖𝑛𝑖𝑡  — initial water level of PSHP reservoir, m; 
𝐻𝑓𝑖𝑛𝑎𝑙  — final water level of reservoir, m; N — total number of 

generation units; n — index of generation unit. 

The problem represented by expressions (3) and (4) contains 
Boolean variables and could be solved using mixed integer 

linear programming, but in the formulation under consideration, 
the length of the planning period in (3) and  initial and final water 
level of PSHP reservoir are additional unknowns, which 
prevents the direct use of linear programming. Fortunately, this 
problem can be overcome by treating named parameters as 
hidden variables [29] and looking for its value based on a simple 
enumeration method [25].  

C. Forecasting of state variables 

To predict electricity prices, we use the time series of Nord 
Pool 2018 historical data [30] (see Fig. 1) and a naive approach, 
that is, we assume that the prices of the previous year (records 
of 2018 were used) will be repeated in the future.  

 

Fig. 1. Historical hourly electricity market price for LV bidding area 

To predict the production of solar energy, we utilize the well-
known approach [31] based on the lagging time series of 
production records of neighbouring photovoltaic plants. For this, 
during 2018, records of the generation of 20 distributed PV 
plants with a total capacity of 60 kW were collected [32, 33]. 
The generation volume of an FPV plant is estimated (example 
see Fig. 2) by introduction of a scaling factor. Forecasts are 
based on a naïve approach, i.e. we assume that annual generation 
will be repeated each year of the planning period.  

 
Fig. 2. Prediction of PV plant power generation 

D. Results 

The following assumptions and conditions are taken into 
account:  

• The final water level is constrained to equal the initial 
level in all the simulations performed, i.e., the second 
constraint in (4) additionally has an ‘equal to zero’ 
condition. 
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• The profit dependence on the initial water level is tested 
for different planning periods (168, 336 and 672 hours).  

• The beginning of the planning period in all cases 
coincides with the commencement of the work week. 

• Optimisation problem (3)–(4) is solved using the 
computing environment for engineers and scientists, 
namely, MATLAB 2018b, with the optimisation toolbox 
and respective mixed-integer linear programming 
(MILP) optimisation solver – “intlinprog” [34]. Duration 
of 168 hours planning period optimisation is 
approximately 10 seconds.  

Fig. 3-6 outline (FPV-PSHP + TSO) profit dependence on the 
initial reservoir water level. Informative text boxes show water 
level in PSHP reservoir and the respective profit in the cases of 
the highest (circle markers) and lowest (diamond markers) 
profitability for the considered planning periods. 

 

Fig. 3. FPV-PSHP + TSO profit dependence on the initial water level for 
planning periods  31/07/2018 - 06/08/2018 (yellow),  31/07/2018 - 13/08/2018 

(grey), 31/07/2018 - 27/08/2018 (blue) 

 

Fig. 4. FPV-PSHP + TSO profit dependence on the initial water level for 

planning periods: 15/01/2018 - 21/01/2018 (yellow), 15/01/2018 - 28/01/2018 

(grey), 15/01/2018 - 11/02/2018 (blue)  

 

Fig. 5. FPV-PSHP + TSO profit dependence on the initial water level for 
planning periods: 16/04/2018 - 22/04/2018 (yellow), 16/04/2018 - 06/05/2018 

(grey), 16/04/2018 - 13/05/2018 (blue) 

 

Fig. 6. FPV-PSHP + TSO profit dependence on the initial water level for 
planning periods: 15/10/2018 - 21/10/2018 (yellow), 15/10/2018 - 28/10/2018 

(grey), 15/10/2018 - 11/11/2018 (blue),  

Fig. 3–6 correspond to the different seasons of the year, and 
the blue, gray and yellow curves relate to differing lengths of the 
planning period (672 hours, 336 hours and 168 hours 
respectively). The presented curves allow us to conclude that 
there is a weak dependence of profit on the initial level of the 
reservoir. The exception is the winter season and the weekly 
planning period. 

Once an optimal initial water levels are detected (Fig. 3-6) 
the FPV-PSHP profit can be calculated. Table II shows the 
dependence of FPV-PSHP profitability in different seasons of 
the year depending on the length of the planning period. For each 
of the subcases, the optimum initial/final water level is selected 
and presented, i.e., the one providing the largest profit for the 
particular time horizon. Furthermore, unlike in the calculations 
for the cases in Fig. 3–6, for the results in Table II, the 
transmission tariff for consumed energy is disregarded. 

TABLE II.  WATER LEVEL VARIATION AND FINAL PROFIT AFTER 

OPTIMISATION OF FPV-PSHP WITH DIFFERENT PLANNING PERIODS 

Planning 

period (h) 

Water level 

(m) 
Week 1 Week 2 Week 3 Week 4 

Profit 

(k€) 

SUMMER 

672 
Hinitial 11.30 10.59 11.30 11.30 

2 756 
Hfinal 10.59 11.30 11.30 11.30 

336 
Hinitial 12.70 10.57 12.70 11.28 

2 758 
Hfinal 10.57 12.70 11.28 12.70 

168 
Hinitial 10.60 10.60 10.60 10.60 

2 749 
Hfinal 10.60 10.60 10.60 10.60 

AUTUMN 
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max  :  3 889 k€ ; WL: 13.5 m

P336
max :   1 082k€ ; WL: 13.5m

P168
max :    459 k€ ; WL: 13.5m P672

min  :  3 595k€ ; WL: 5.1 m

P336
min :  1 012 k€ ; WL: 5.1 m

P168
min :     309 k€ ; WL:  5.1m
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min  :  2 520 k€ ; WL:  5.1 m
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min :  1 531 k€ ; WL: 13.4m
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min :    796 k€ ; WL:   5.1m



 

 

672 
Hinitial 11.30 7.94 5.11 12.00 

2 135 
Hfinal 7.94 5.11 12.00 11.30 

336 
Hinitial 11.30 7.94 11.30 12.00 

2 128 
Hfinal 7.94 11.30 12.00 11.30 

168 
Hinitial 11.30 11.30 11.30 11.30 

2 115 
Hfinal 11.30 11.30 11.30 11.30 

WINTER 

672 
Hinitial 5.00 10.66 11.37 13.49 

2 228 
Hfinal 10.66 11.37 13.49 5.00 

336 
Hinitial 10.60 10.60 10.60 13.43 

2 193 
Hfinal 10.60 10.60 13.43 10.60 

168 
Hinitial 5.00 5.00 5.00 5.00 

1 972 
Hfinal 5.00 5.00 5.00 5.00 

SPRING 

672 
Hinitial 13.50 11.38 5.00 11.38 

3 432 
Hfinal 11.38 5.00 11.38 13.50 

336 
Hinitial 13.50 11.38 13.50 11.38 

3 291 
Hfinal 11.38 13.50 11.38 13.50 

168 
Hinitial 13.50 13.50 13.50 13.50 

3 224 
Hfinal 13.50 13.50 13.50 13.50 

 The results presented in Table II reflect the dependence of 
the four-week profit on the duration of the planning period. In 
cases where the planning period was chosen equal to one or two 
weeks, the calculation of monthly profit was carried out by 
repeating the weekly (or biweekly) planning for a period of a 
whole month. As one would expect, the greatest profit can be 
obtained with the longest planning period. However, its growth 
compared to the two-week period is insignificant (4% in spring). 
At the same time, a short planning period (one-week) leads to a 
loss of profit of 10% (in winter) compared to the two-week case. 
The obtained estimates of profit allow us to conclude that it is 
most constructive to select the duration of the planning period 
equal to two or more weeks.  

III. CONCLUSIONS 

• The choice of the operating mode of storage power plants 
can be made on the basis of the formulation and solution 
of a complex optimisation problem that requires 
prediction of the processes of price changes and power 
generation for a long period and with high resolution. 

• In the tasks of optimizing the management of the 
operating modes of energy storage power plants, it 
becomes necessary to decompose them in time, to choose 
the duration of the planning period and the initial and 
final state of energy storage systems.  

• An increase in the duration of the planning period leads 
to an increase in profit and a decrease in dependence on 
the initial and final state of storage systems. However, 
this effect weakens when the duration of the planning 
period is equal to two weeks or more.  

• The use of integer linear programming provides an 
acceptable time to search for the optimal solution. 
Optimisation problem can be solved using the computing 
environment MATLAB 2018b` release with appropriate 
optimisation toolbox and respective mixed-integer linear 
programming (MILP) optimisation solver – “intlinprog”.  
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