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Increasing capacity of intermittent generation brings new challenges to balance demand 
and supply in power systems. With retirement of conventional fossil generation, the role of 
energy storage is increasing. One of the most competitive storage technologies is pumped stor-
age hydropower plant (PSHP). Usually, such PSHPs are constructed as green field solutions, 
but in some cases conversion of a hydropower plant into a pump storage hydropower plant 
by building a pump station is possible. To evaluate the feasibility of such modernisation it is 
necessary to estimate the benefits of PSHP operation. The simplified model was developed for 
simulation of charging and discharging cycles of PSHP in Latvian power system and trading 
electricity in Nord Pool power exchange. The nature of this task is stochastic as the price vola-
tility has a trend to increase with expansion of wind and solar power plant capacity. Results of 
PSHP operation simulation were then used in the economic model to evaluate the feasibility 
of the proposed conversion. 
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1. INTRODUCTION

Among other targets, the European 
Green Deal provides the plan for decarbon-
isation of energy sector, where the major 
role is given to renewable energy sources 
[1]. Without any doubt, it is the right strat-
egy to combat the climate change, but to 
implement this policy, the industry is fac-
ing some technical challenges. One of the 
most complicated tasks is ensuring the 
security of electricity supply in the situation 
of growing capacity of intermittent gen-
eration, such as wind and solar. In power 
system with a high share of wind and solar, 
there are periods with high output of wind 
and solar when its capacity may exceed the 
demand, resulting in electricity prices close 
to zero or even negative. The opposite situa-
tion, which the German Energy Community 
calls “Dunkelflaute”, is the case with low 
wind and solar and, respectively, with high 
electricity prices [2]. Decommissioning 

of existing conventional fossil fuel-based 
power plant fleet is making the situation 
even worse, by creating the deficit of back-
up capacity. In the future energy systems, 
we are going to see more volatile electric-
ity prices with high peaks and very low or 
even negative off-peak prices. This creates 
a very good basis for investments in energy 
storage solutions, such as a pumped storage 
hydropower plant (PSHP).

The situation described above is very 
well illustrated when analysing the cor-
relation between electricity spot prices in 
Danish price area 1 (DK1) and wind gen-
eration output in the Nordic power systems. 
In Fig. 1, the trend analysis (fifth-degree 
polynomial) shows that the price is decreas-
ing from about 50 EUR/MWh in no wind 
situation to almost zero in maximum wind 
output [3]. 

Fig. 1. Electricity prices in Denmark price area DK1 as the function of wind generation  
output in the Nordic power systems.

Therefore, energy storage has an 
increasing role to provide a significant inte-
gration of the growing share of renewable 
energy sources and ensure system flexibil-

ity and security of supply. 
Great contribution to the development 

of storage optimization models was made 
by researchers of the Faculty of Electric and 
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Environmental Engineering of Riga Tech-
nical University. Mathematical model for 
optimization of Kruonis PSHP scheduling 
was described and verified in the case study 
in [4]. An algorithm for storage plant sched-
uling optimization with a particular focus 
on market situation in the Latvian bidding 
area was considered in [5]. The paper [6] 
presents a stochastic approach to solving a 
combined optimization problem for short-

term scheduling and long-term investment 
planning of storage power plants for a 
30-year long planning horizon. In [7], the 
stochastic optimization algorithm to solve 
the complex task of planning the operation 
of three hydroelectric power plants was 
proposed based on time average revenue 
maximisation and considering the random 
nature of the electricity prices and river 
water inflows.

2. PLAVINAS HYDROPOWER PLANT

Electricity generation of the Latvian 
hydropower plants provide a large share 
of renewable energy sources among other 
European countries [8]. Plavinas hydro-
power plant (HPP) with its ten hydroelectric 
units (HG) of Francis type and the installed 
capacity of 907.5 MW is the largest hydro-
power plant in the Baltic States and one 
of the largest in the European Union [9]. 
Plavinas HPP along with Kegums HPP and 
Riga HPP is located on the Daugava River, 
forming the Daugava HPP cascade. Thus, 
the upper reservoir of Kegums HPP is at the 
same time the lower reservoir of Plavinas 
HPP. The first hydroelectric set of Plavi-
nas HPP was launched in 1966, whereas 
the whole plant was put into full operation 
in 1968. During the period from 1992 to 
2014, the gradual reconstruction of all ten 
hydroelectric units of Plavinas HPP was 
performed. At Plavinas HPP, close atten-
tion is paid to safety of hydraulic structures. 
The modernisation of safety monitoring 
and control equipment has been performed, 
implementing a computerised system for 
observation, data collection and processing 
[10].

There is an urgent need to build an 
emergency spillway at Plavinas HPP, the 
necessity of which was emphasised already 
in 1994. The main objective would be to 

increase the dam safety level. Necessity 
of it is explained by stricter EU regula-
tion on probable maximum flood (PMF) 
values during extreme floods compared to 
an old USSR regulation being in force at 
the moment of designing and constructing 
the Plavinas HPP. Plavinas HPP discharge 
capacity at the upstream level is not suffi-
cient to discharge the PMF. Therefore, there 
is a need for additional discharge capacity 
[10], [11].

The concept of establishing the Plavinas 
pumped storage hydropower plant envis-
ages the possibility to convert the existing 
hydropower plant into a PSHP by building 
a pump station integrated into emergency 
spillways of Plavinas HPP for pumping 
water from Kegums HPP reservoir to Plavi-
nas HPP reservoir during off-peak periods 
with low electricity demand, high surplus of 
electric capacity and low prices. The accu-
mulated water would then be discharged 
through the existing Plavinas HPP hydro 
turbines during high electricity demand and 
high electricity prices.

One of the factors for successful con-
version of Plavinas HPP into a PSHP is that 
the installed capacity of the existing hydro 
units (10 units with flow capacity in the 
range from 260 to 280 m3/s each) is too high 
compared with the normal Daugava inflow, 
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and for this reason there is an additional 
reserve for draining the amount of water 

through the units, which can be provided by 
the construction of a pumping station.

3. PSHP MODELLING  

The parameters of Plavinas and Keg-
ums HPP reservoirs used in the calculations 
of the PSHP operating mode are given in 
Table 1. Permissible levels in reservoirs are 
an important factor in modelling the possi-

bilities of hydro storage. It should also be 
considered that the hydropower plant oper-
ates at peak loads and free water flow in the 
downstream reservoir is not provided.

Table 1. Data of Plavinas HPP Reservoir and Hydraulic Structures [10]

Rated electrical power, MW 907
Number of hydro units 10
Average perennial electricity generation, GWh 1 586
Average annual inflow, m3/s 576
Normal water level of upper reservoir (NUL), m 72.0
Minimal water level of upper reservoir, m 67.0
Average water level of upper reservoir, m 69.0
Water head at NUL, m 40
Upper reservoir 1-meter volume AB, mln. m3	 28.78
Lower reservoir 1-meter volume LB, mln. m3	 23.44
Minimum water level of lower reservoir, m 30.4

The operational condition of hydroelec-
tric power plants mainly depends on water 
inflow in the Daugava River, which has a 
distinctly seasonal character – the lower 
inflow is in summer and winter periods, 
while during spring floods it is the high-
est. Water supply is very uneven, both 
over several years and over one year. The 
unevenness of this inflow must be taken 
into account when modelling the operation 
of the pumping station, as there may not be 
available hydroelectric units for additional 
electricity generation in high water inflow 
periods, while during low-water periods 
there may not be enough water for pump-
ing.

According to the information of Latven-
ergo JSC, in 2004 the suitability of Kegums 
HPP and Plavinas HPP reservoirs for hydro 
accumulation was assessed. Within the 

framework of the Plavinas HPP emergency 
spillway study, the possibility of integrating 
a pumping station into the reserve spillway 
was assessed. From an economic point of 
view, a pumping flow of 80 m3/s provided 
by two pumping units is the most techni-
cally advantageous option. Fluctuations in 
reservoir levels caused by pumping are not 
significant in either Plavinas HPP or Keg-
ums HPP reservoir. Neither dam structures 
nor gates or any other element of the sys-
tem are subject to significant loads that may 
result from pumped storage operation [10].

Thus, a pumping station built into an 
emergency spillway has an advantage in 
terms of the investment that would be 
required to accomplish a green field proj-
ect. A large part of the investments (such as 
acquisition of land from owners, mobilisa-
tion of the project, most of the construction 
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works, transfer of works) that are attribut-
able to the preparation of construction site 
should not be attributed to the construction 
project of Plavinas HPP pumping station. 
However, the existing infrastructure needs 
to be considered – the capacity of the pump-
ing station is limited by the permissible lev-
els of reservoirs.

According to the technical estimates, 

the pumping station with a pumping flow 
of 80  m3/s, provided by two units, has an 
electrical load of 36 MW (2x18 MW) and 
a total efficiency of 84.6 %. If one specific 
hydro unit with a capacity of 90  MW is 
selected for generation, then the technical 
parameters of the possible Plavinas PSHP 
are given in Table 2.

Table 2. Plavinas PSHP Technical Parameters [10]

Parameters Pumping Generation
Water head, m 39 35
Water consumption, m3/s 80 284
Water consumption in 1 hour, thousand m3 288 1022
Installed electrical power (input/output), MW 36 90
Efficiency, % 84.6 92.6

Considering the technical parameters of 
the hydroelectric units, the pumping station 
should operate for at least 3.5 hours to pro-
vide water for the operation of the HG with 
a nominal capacity for one hour. Thus, the 
total PSHP efficiency can be calculated as:

	 (1)

where
 – the rated electrical power 

of the selected hydroelectric unit and pump 
station, respectively, MW;  – 
water consumption of the hydroelectric 
unit of HPP and pumps of pumping station, 
respectively, m3/s (from Table 2). 

4. ELECTRICITY PRICE ANALYSIS: FACTS AND FORECAST

Pumped storage hydroelectric power 
plants are mainly used for peak load shav-
ing or the so-called energy arbitrage. This 
means buying low-cost electricity for 
pumping when demand is low and selling 
electricity at a higher price during peak 
demand.

Electricity prices in the Latvian price 
area of the Nord Pool Spot power market 
have been analysed for the past 3 years [3]. 
The respective price duration curves are 
shown in Fig.  2. In  2020, negative prices 
appeared in the Latvian price zone for the 
first time. However, in general the price  
duration curve was flatter than in previous 

years – prices above 50 EUR/MWh appeared 
944 hours, while in 2019 and 2018 – 
3255 hours and 3846 hours, respectively. 
The maximum price peaks reached 200 
EUR/MWh similarly as in 2019, while the 
maximum price in 2018 reached 255 EUR/
MWh. In 2020, prices below 35 EUR/MWh 
appeared around 4900 hours, in 2019 – 
around 1800 hours and in 2018 – 1177 hours. 
In 2020, the average electricity price was 
the lowest – 33 EUR/MWh, which could 
be explained by lower electricity demand 
due to Covid-19. However, in the future, 
with the changing growth of wind and solar 
power plants in the Baltic region, greater 
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price fluctuations are expected, which may 
have a positive impact on the economic and 

payback performance of PSHP [6], [11].

Fig. 2. Nord Pool Spot electricity price duration curves in the Latvian price area.

In order to make the forecast of electric-
ity prices in the Baltic States, we shall sim-
ulate the effect of increasing wind capacity 
from existing 924 MW (EE: 320 MW, LV: 
66 MW, LT: 548 MW) to 2500–5500 MW 
in 2030 [12]–[14]. The projected increase 
of wind capacity will result in higher price 

fluctuation. For the purposes of our analy-
sis, we modified electricity price profiles. 
The principle of this modification is illus-
trated in Fig.  3. We reduced the lowest 
daily electricity prices to widen the differ-
ence between high and low prices.

Fig. 3. Modification of electricity price profiles to take higher  
intermittent generation capacities.
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5. CALCULATION METHODOLOGY 

Taking into account all the above data, 
as well as using historical data on the actual 
operation of hydroelectric units, reservoir 
downstream and upstream levels, and elec-
tricity prices on the Nord Pool Spot, we 
simulated the combined operation of the 
pumping station and existing hydroelectric 
units of Plavinas HPP. A simplified mod-
elling algorithm for the determination of 
PHSP operating condition is shown in Fig.  
4.

Based on the hourly electricity price 
data, the daily maximum price   is deter-
mined and the price ratio N is calculated as:

	 (2)

where
C(t) – the actual price at time t (t = 1 h).

The efficiency of the PSHP calculated 
according to Eq. (1) is 70 %, which deter-
mines the price ratio at which it would be 
useful to buy electricity for pumping and 
selling electricity on the exchange. At the 
price ratio N < 70 % pumping is provided, 
while during the daily peak load at high 
prices N ≥ 95–100  % generation is pro-
vided.

Before starting the operation of the 
pump, the permissible upper (AB) and lower 
(LB) reservoir levels, as well as the actual 
operation of the generators at Plavinas HPP 
( ) are checked. This means that 
the pumping station can only be operated 

when the hydroelectric units are still. If the 
permissible values are not exceeded, the 
pump with the rated electric power  is 
operated.

The amount of water  obtained 
during pumping is:

	  (3)

Plavinas HPP hydroelectric units have a 
technically permissible range within which 
they can operate. In this case, the minimum 
electrical power  of the generator 
is 65 MW, which corresponds to the water 
consumption of the turbine  (m3/s) 
determined according to Eq. (4):

	  (4)

where
9.81 – gravitational acceleration, m/s2; h – 
water head of Plavinas HPP, m;  – effi-
ciency of HG, % (see Table 2).

The pumped water volume is compared 
with the minimum water volume required 
for the operation of the hydraulic unit:

	 (5)

The operation of the hydraulic unit is 
activated depending on the available water 
volume  at the price ratio N ≥ 
99 %, which corresponds to the daily maxi-
mum price: 

	  (6)

where
 – water volume required for one-hour operation of the hydroelectric unit at 

rated capacity, m3. 
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(Price forecast)
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LB > LBmin
AB < ABmax
∑ Pgen = 0

HPP data on water 
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generator status

Yes

Yes

Pumping
Ppump

No

Wpump ≥ Wgen min

 Generation
Pgen min ≤ Pgen ≤Pg nom
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Yes

t = t + 1

AB < ABmax

∑ Pgen < nPgen
Yes

No

No

Start

End

t = 8760

Yes

No

No

No

No

Fig. 4. Simplified algorithm for calculation of PSHP operating regime.

As in case of pumping, the limitations 
of the water level of upper reservoir and the 
availability of hydroelectric units for gen-
eration are taken into account before oper-
ating the HG. In cases when the price peak 
is highly expressed, the algorithm predicts 
the operation of several generators simul-
taneously , where  is the number 
of hydroelectric units operated simultane-
ously: 

	  (7)

During the modelling, the permissible 

levels of reservoirs are observed, the change 
of which is calculated as:

	  
	  (8)

where
∆AB and ∆LB – changes in upstream and 
downstream water levels of Plavinas HPP, 
respectively, m;  and  – 
water volume of 1 meter at upstream and 
downstream reservoirs of Plavinas HPP, 
respectively, m3 (see Table 1).
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6. RESULTS AND DISCUSSION

Performing simulation according to the 
developed algorithm and historical electric-
ity price data of Nord Pool Spot for 2020, 
PSHP daily operating modes were obtained. 
The daily operating mode of Plavinas HPP 
on the example of 28 January  is shown in 
Fig. 5. In this example, the PSHP operated 
in pumping mode for 5 hours at a relatively 
low price and consumed 180 MWh of elec-

tricity, providing water for the operation of 
the generator during peak load. In this par-
ticular example, the hydro unit could oper-
ate for two hours generating 180 MWh of 
electrical energy. It can be seen that elec-
tricity prices remained high in the coming 
hours, so pumping stopped. In this example, 
the daily income of Plavinas HPP would be 
around 3100 EUR.

Fig. 5. Plavinas PSHP daily operation mode (28 January).

The operating modes of PSHP during 
the year are shown in Fig. 6. It can be seen 
here that no pumping takes place during the 
flood period (March to April). The water 
inflow into the Daugava exceeds 1000 m3/s 
and at night it provides a sufficient amount 
of water for the operation of all Plavinas 
HPP hydroelectric units during peak hours.

  

According to the simulation data, on 
average there were 2 hydroelectric units 
used for generation daily. The average daily 
additional peak capacity gain is 180  MW. 
In total, during the year about 60 GWh of 
electricity was generated in addition to the 
existing operation of Plavinas HPP, while 
consuming approximately 80 GWh of elec-
tricity in the pumping mode. 

Fig. 6. Annual operation of Plavinas PSHP.
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As a result of operation of the pumping 
station, the maximum change of the water 
level is +0.300 m in Plavinas HPP reservoir 
and -0.369 m in Kegums HPP reservoir. The 
permissible levels of the upper and lower 
reservoirs were not exceeded. Changes in 
the upper water reservoir levels during the 
pump operation are shown in Fig. 7.  There 
were 28 hours/year when the operation of 
the pumping station had to be limited due 
to the maximum allowable water level in 

the upstream reservoir. It should be consid-
ered that with the pumping of water from 
the lower reservoir of Plavinas HPP, the 
amount of water available for the operation 
of Kegums HPP is reduced. In some cases 
of low water inflow, the operation of Keg-
ums HPP may be affected. In this case, the 
operation of the pumping station should be 
limited, which would reduce the potential 
profit of the PSHP.

Fig. 7. Plavinas HPP upper reservoir water level fluctuations.

7. ECONOMIC ASSESSMENT

In 2004, the capital costs of the pump-
ing station were estimated as additional 
costs for the Plavinas HPP emergency spill-
way in the amount of approximately 21 
million EUR [10], [11]. Considering the 
construction cost growth index available at 
the Central Statistical Bureau [15], the costs 
of the pumping station today could amount 
to around 43 million EUR (specific capital 
costs around 1200  EUR/kW). Operating 
costs are assumed to be 1.75 % of capital 
costs, amounting to approximately 760 
thousand EUR/year. The discount rate is 
assumed to be 5 %.

Economic calculations showed that the 
daily price difference on the Nord Pool Spot 
market, which was around 30 % on average 

over the last three years, is not sufficient to 
ensure the capital investment return on the 
Plavinas HPP project. The possible profit 
from the operation of PSHP is about 800 
thousand EUR.

In order to simulate possible future situ-
ation with high price fluctuations, we used 
the modified price curve with an increased 
price difference between the daily maxi-
mum and minimum prices. By increasing 
price difference up to 40  %, we observed 
significant improvement of the economic 
indicators of PSHP. Table 3 shows various 
values of price differences and the corre-
sponding income, as well as the co-financ-
ing required to pay off the project over 30 
years.  
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Table 3. Some of the PSHP Economic Indicators at Various Price Differences

Average price difference, % 37 % 39% 40 %
Income, million EUR 1.2 1.4 1.5

Subsidy, % 85 % 75 % 70 %

As we can see, at average price differ-
ence of 40% the annual profit increased to 
1.5 million EUR, which can be returned in 
30 years if 70 % of investment is subsidised.  

It should be noted that the main limi-
tation of PSHP projects is the uncertainty 
about their future income. However, in 
addition to peak load balancing, storage can 
provide a number of other functions that 
do not currently have a revenue stream but 
have an economic value. First, the perfor-
mance of thermal power plants is optimised 

by reducing the need for changes in their 
capacity or start-up and shut-down times 
[16], [17]. The cost savings in this case are 
not considered in the PSHP economy. Sec-
ond, the non-revenue benefit of PSHP is the 
delivery of the necessary additional ben-
efits to the network, which currently does 
not have a market price, such as fast and 
ultra-fast ramp rates in capacity. It is very 
important for PSHP project developers to 
find a way to gain the income of these last 
two benefits.

8. CONCLUSIONS

The authors have come to the following 
conclusions:

1.	 Further improvement of the proposed 
algorithm for calculation of PSHP oper-
ating regime is possible to ensure vari-
able pumping and generation capacity 
of PSHP.

2.	 The algorithm for optimisation of PSHP 
operation has been implemented using 
MS Excel software and integrated with 
economic model. To improve the pro-
posed calculation method, it is sup-
posed to reproduce the model in more 
advanced software, for example Mat-
Lab.

3.	 Plavinas PSHP with the pumping capac-
ity of 80 m3/s can provide the amount of 
stored electricity around 60 GWh per 
year, while consuming approximately 
80 GWh of electricity in pumping mode. 
The availability of electrical capacity 
to cover peak loads is increased by an 
average of 180 MW.

4.	 The difference in historical hourly elec-
tricity prices of Nord Pool Spot has not 
been sufficient to ensure the recovery of 
the capital costs of PSHP development.

5.	 A favourable market for the high eco-
nomic efficiency of PSHPs is the one 
with large hourly price differences 
between low price and high price. In 
the future, with the increasing share of 
renewable energy sources, higher price 
differences are expected.

6.	 The economic benefits of PSHPs should 
be assessed appropriately in terms of 
the additional value they could bring to 
the energy system.

7.	 Pumping of water from the lower reser-
voir of Plavinas HPP in particular low-
water periods may disturb the operation 
of Kegums HPP by limiting the amount 
of available water. It would be neces-
sary to additionally assess whether 
restrictions on the operation of Kegums 
HPP are being created.
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