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Nowadays the planet is facing emerging global issues related to climate change, pollution,
deforestation, desertification and the number of challenges is expected to grow as the global
population is forecasted to reach 10 billion margin by 2050. A concept of circular economy
can have a positive contribution to the current development trajectories. In order to implement
it, preferably all the energy should be produced by using renewable energy sources, but there
has always been a challenge for storage of renewable energy. Therefore, considering techni-
cal and economical parameters, construction options for a pumped storage hydropower plant
in Latvia have been evaluated using the desk research methodology. Results have shown that
Daugavpils PSHP is the most attractive project from the technological point of view, but it
requires the greatest amount of investment and construction of Daugavpils HPP. At present all
the construction options for PSHP in Latvia are economically disadvantageous and would not
be viable without co-financing from European or national funds. Considering both technical
and economical parameters, the authors emphasise Plavinas PSHP construction option.
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1. INTRODUCTION

In the 21st century, the role of envi-
ronment and ecology is becoming increas-
ingly important. Climate change, water and
air pollution, deforestation, desertification
are problems that are directly and indi-
rectly influencing the standard of living for
a huge part of population worldwide [1].
The global population is growing and the
demand for such basic needs as food, hous-
ing and transportation is also increasing. For
a long time, our economy has been linear,
which is characterised by a ‘take-make-
dispose’ approach. In the long-term, it has
converted the planet Earth into a landfill, as
60 % of global waste is disposed. Current
development trajectories raise serious ques-
tions about the sustainability of the planet
Earth and require urgent action.

A promising concept in the scientific
and governmental environment on which
a more sustainable world can be built is a
circular economy. In 1966, American econ-
omist Kenneth Ewart Boulding drew an
analogy regarding rather circular than lin-
ear flow of material resources. It reflected
transformation from ‘cowboy economy’
characterised by endless resources and the
ability to abandon problems to ‘spaceship
economy’, where limited resources had to
be reused and recycled as a precondition to
sustainable life-support systems [2]. The
concept aims at increasing the resource effi-
ciency, closing resource and material loops,
designing out waste, sharing products,
extending the life time of products and ser-
vices, decreasing the demand for resources
and products and sustainable consumption.
Stable national economy, favourable politi-
cal environment, competitive business,
intensive cooperation between the academy
and business, secure social environment and
other factors are governed by the regulatory
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framework implemented by the state, which
enables the government to promote, restrict
and hinder the development of the national
economy [3]. Additionally, the research and
development (R&D) level and the develop-
ment of innovations are crucial factors for
any economy that follows global trends [4].
Great emphasis regarding the development
of economy is placed on the energy sector.
Within the concept of circular economy,
preferably all the energy should be pro-
duced from renewable energy sources. It
is in accordance with the aims of the Blue
Growth concept developed by the European
Commission [5]. Kurzeme Region contains
the greatest potential for renewable energy
resource development as it has more than
350 km long Baltic Sea coast [6]. However,
there are great challenges related to the stor-
age of renewable energy. Nowadays there
are such common storage technologies as
electric batteries [16], electric flywheels,
compressed air energy storage, supercon-
ductors, superconducting magnetic energy
storage systems, as well as pumped-storage
hydropower plants (PSHPs). New ways of
electric energy storage, such as using elec-
tric batteries of electric vehicles are consid-
ered [17]. As long as the PSHPs are linked
to 99 % of the globally installed capacity
of energy storage facilities, they have the
greatest influence on the energy sector and
the greatest potential in providing benefits
[7; 18].

If major trends in the era of energy transi-
tion, which determine the pathways for tech-
nological development, are being discussed,
then decarbonisation, increased share of
intermittent renewables and changing role
of conventional fossil generation should be
noted. As a result, there is an urgent need
for efficient and competitive storage tech-



nologies. Solutions for these challenges are
developed via sector coupling and power-
to-X. Sector coupling refers to the idea
of interconnecting the energy consuming
sectors — buildings (heating and cooling),
transport, and industry — with the power
producing sector via increased electrifica-
tion, e-hydrogen (power-to-gas) and e-fuels
(power-to-fuel) [8]. In the power-to-X
equation, X can refer to a number of things:
power-to-ammonia,  power-to-chemicals,
power-to-heat, power-to-hydrogen, power-
to-liquid, power-to-fuel and power-to-gas,
etc. [9]. At this point, the greatest emphasis
is placed on power-to-fuel and power-to-gas
to decarbonise global economy. This is a
great example of circular economy.

Developing the energy sector, especially
its core industry electricity, new tasks are
emerging, including integration of renew-
able energy resources into power systems.
Performing these tasks ensures more effi-
cient and stable electricity generation, trans-
mission and distribution. A significant part
of these tasks can be carried out by pumped-
storage hydropower plants (PSHPs), thus
removing load from production facilities.

The most important renewable energy
resources for electricity supply are solar and
wind energy, as they have already proven to
be the most appropriate among other renew-
able energy sources. Surplus power from
wind farms and solar power plants could be
used to pump water from the lower reservoir
to the upper reservoir, so that during periods
of power shortage PSHP could operate in
turbine mode and generate electrical power
covering the demand. However, these two
types of renewable energy in terms of their
unpredictable and unstable nature create
challenges for power systems.

Electricity demand is uneven every 24
hours. The greatest electricity demand is
in daylight and in the evening. Night is the
time when most businesses do not work and
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electricity demand is not so great. Based on
economic demand and supply law, it follows
that electricity is relatively more expensive
during the daytime compared to the night
hours. The difference in the electricity price
can be used by PSHPs.

PSHPs consume relatively cheap elec-
tricity during the night to pump water from
the lower reservoir to the upper reservoir.
However, during the day when electricity
is relatively expensive, water flows from
upper reservoir to lower reservoir through
the turbine and produces electricity that
can be delivered to consumers. In this way,
PSHPs equalize daily load schedule and,
based on electricity price difference at dif-
ferent times of the day, obtain economic
benefits. Additionally, PSHPs play a major
role in power regulation of nuclear power
plants. Power generation in nuclear power
plants cannot be easily stopped. Power
capacity of nuclear power plants could not
be reduced easily even in night time when
electric demand of power system is lower.
Excess power could be used to drive pumps
of PSHPs. During the day when demand is
growing, stored water in an upper pool of
PSHP could be used to produce electricity in
turbine mode. Therefore, the PSHP is used
to provide the base mode for nuclear power
plants. For example, Kruonis PSHP, which
is closest to Latvia, was built as support for
the Ignalina nuclear power plant.

Use of PSHPs for various applications
in many cases could be more economically
viable than if the same tasks were performed
by conventional power plants. The use of
storage technologies would also reduce
the environmental impact of power plants,
which is currently one of the priorities in a
large part of the world.

The main goal of the paper is to evaluate
possible construction of a pumped-storage
hydropower plant in Latvia and its contribu-
tion to Latvia.



The construction of PSHPs requires
large investment, and the payback period
is approximately 30 years. Considering
these factors and the fact that economic
growth of Latvia is limited, implementation
of all projects would be impossible, so the
authors of the article using the desk research
methodology will compare the options of

PSHPs and recommend one of the previ-
ously investigated projects (Daugavpils,
Plavinas or Riga) that would be most benefi-
cial to implement. Analysis of technological
indicators will be carried out based on the
developed projects. Economic indicators
will be analysed based on the Nord Pool
electricity prices.

2. PUMPED-STORAGE HYDROPOWER PLANTS

In the beginning, the authors would
like to provide a review of the advantages
and disadvantages of PSHPs (see Table 1).
Advantages of PSHPs are long service life,
low losses of energy storage, relatively high
efficiency (70-85 %) comparing to other ener-
gy storage technologies and the ability to
install very large storage capacity. The main
efficiency losses are related to gravity force,

which needs to be overcome when pumping
water from lower reservoir to upper reservoir.
On the other hand, implementing a PSHP
project takes long planning and construction
time, specific geographical conditions that
may be limited according to environmental
constraints. Large amount of initial invest-
ment and long payback period are PSHP
development hindering factors as well.

Table 1. Advantages and Disadvantages of Pumped-Storage Hydropower Plants (developed by the authors)

Advantages

Disadvantages

Long service life

Long planning and construction time

Low losses

Specific geographical conditions for upper reservoir
and lower reservoir

Relatively high efficiency

Low power and energy density

Ability to install very large storage capacity

Large amount of initial investment

Long payback period

In order to exploit the benefits of advan-
tages of PSHPs, it is important to under-

stand if electricity prices can ensure profit-
ability of PSHPs.

3. WIND POWER GENERATION AND ELECTRICITY PRICE ANALYSIS

Produced energy by solar panels and
wind generators, which are installed in the
territory of Latvia, is directly dependent on
the number of sunny and windy days during
the year. It is hard to forecast the amount
of energy produced by these technologies,
especially with the increasing influence of
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climate change.

Figure 1 shows the estimated wind
power and actual wind power from 8 July
2019 to 14 July 2019, which confirms the
unpredictability (average relative error —
50.6 %; maximum relative error — 200 %)
of this renewable energy source and proves



the need of the energy storage system.
It would be useful to use PSHPs, and the
Daugava River with its hydroelectric power

plants has good potential for the develop-
ment of PSHP in Latvia.
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Fig. 1. Wind power and wind power forecast from 8 July 2019 to 14 July 2019
(created by the authors from [10] and [11]).

Based on average electricity prices in
Latvia in different times around the clock,
the construction of PSHP in Latvia is sup-
portable. Taking into account that average
efficiency of PSHP is 77.5 %, the price dif-
ference should be at least 22.5 % to make
the use of PSHP profitable. This price differ-
ence will be sufficient to cover operational
expenses of PSHP. In reality the price vari-
ation shall be even higher to cover invest-
ment costs. Figure 2 illustrates that the low-
est average price in 2018 has been between
3 am and 4 am (37.39 EUR/MWh), but the

highest average price has been observed
between 9 am and 10 am (60.07 EUR/
MWh). The 37.8 % difference between
these prices can be used by PHSPs. Consid-
ering the fact that PSHPs would need more
than 1 hour in turbine and pump mode, the
authors have calculated the price difference
between average price at night (from 11 pm
to 6 am) — 39.07 EUR/MWh and average
price during the day time (from 7 am to 9
pm) — 56.09 EUR/MWh. Calculations have
shown the price difference of 30.3 %.

Average electricity price in Latvia in different times around the
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Fig. 2. Average electricity price in Latvia in different times around the clock in 2018
(created by the authors from [12]).

Considering electricity prices and the
expected development of wind and solar
energy systems, the authors can state that
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during periods of high wind power and
solar power, electricity prices could be very
low, but during cloudy and windless days



electricity prices could be high.
Taking into account the unpredictabil-
ity of wind power and average electricity

4. RESULTS AND DISCUSSION

prices in Latvia, further research regarding
construction options of PSHP in Latvia has
been carried out.

The authors have compared 3 PSHP
construction options in Latvia — Daugavpils
PSHP, Pump station combined with planned

1) Daugavpils PSHP

In 1986, the proposal for Daugavpils
PSHP was made by project institute
‘Hydroproject’. The idea for the con-
struction of the PSHP was related to the
Daugavpils hydro HPP construction, which
was already underway. It allowed using a
construction base located near Daugavpils,
equipment and personnel after commis-
sioning of Daugavpils HPP in 1990. These
conditions allowed starting construction
close to HPP. The construction location (see
Fig. 3) was picked 8 km from Daugavpils
HPP, which provided conditions to use the
reservoir of Daugavpils HPP as lower res-
ervoir of Daugavpils PSHP. The two fol-
lowing Daugavpils PSHP options were
presented: 1) installed power of 1574 MW
and 10 Francis (reverse) hydro units; and 2)
installed power of 1260 MW and 8 Francis
hydro units [13].

However, the authors offer construc-
tion options with 5 or 4 hydro units, which

emergency spillways of Plavinas HPP (Hydro-
electric Power Plant) (Plavinas PSHP) and
Pump station near Riga HPP (Riga PSHP).

are technologically and economically more
feasible under current conditions of the Lat-
vian energy sector.

Upper reservoir of
Daugavpils PSHP

Fig. 3. Planned location of Daugavpils PSHP.

It should be stated that the planned loca-
tion of Daugavpils PSHP is within the terri-
tory of Nature Park “Daugavas loki”, where
the construction and other economic activi-
ties are limited.

2) Pump Station combined with planned emergency spillways of Plavinas

HPP (Plavinas PSHP)

Plavinas PSHP is designed to store
potential energy by pumping water from
Kegums HPP reservoir (lower reservoir) to
Plavinas HPP (upper reservoir). Plavinas
PSHP is based on a pump station built into
emergency spillways of Plavinas hydro-
electric power plant [14]. The necessity
of emergency spillways at Plavinas HPP
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was emphasised already in 1994 and its
main objective would be to increase the
dam safety level of Plavinas HPP. Probable
Maximum Flood (PMF) flow in the dam
of Plavinas HPP with the probability of 1
in every 10000 years is 12600 m*/s. Exist-
ing spillways of Plavinas HPP dam has
the throughput of 8640 m?/s at the highest



permissible level in the reservoir (73.3 m
above sea level). In this case, there is a 3960
m?/s shortage in the throughput of the Plavi-
nas HPP dam that justifies the construction
necessity of emergency spillways. It could

also be used if smaller floods need to be
drained and it can operate independently.

Figure 4 illustrates optimal deployment
of the emergency spillways of Plavinas
HPP.

Fig. 4. Optimal deployment of the emergency spillways of Plavinas HPP [14].

The main environmental impacts from
Plavinas PSHP project implementation are
linked to migration disturbance of living
organisms to certain areas and creation of

additional erosion in the Daugava. Over-
all, no significant negative environmental
impacts were identified that could prohibit
the planned construction [14].

3) Pump Station near Riga HPP (Riga PSHP)

According to the Latvenergo Riga
PSHP assessment in 2012, the construction
of a separate pumping station is considered
to be the most efficient option. Hydro units
of Riga hydroelectric power plant would be
used to generate electricity [15].

Figure 5 shows the potential locations
of the pumping station — 1) the left side of
Riga HPP reservoir, near the Dry Daugava
(Pumping station 1); 2) near the dam of Riga
HPP, right coast of the Daugava (Pumping
station 2).

ping station 1

ot

Potential location of Riga PSHP pump
stations [15].
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In case of constructing pumping station
1 on the left coast of the Daugava, water
pumping would be done for 8 km via Dry
Daugava, which is the left tributary of the
Daugava, separated from the water course
by Dole Island. This pump station construc-
tion option would require 8 km deepening
of the water course, which would signifi-
cantly increase the required investment of
the Riga PSHP project. However, if the
pumping station were built on the right
coast of the Daugava (Pumping station 2),
the amount of water available for pumping
would be over 20 million m?, which could
provide a pumping station with a flow rate
of 160 m*/s for more than 24 hours, allow-
ing to conclude that the flow of water would
compensate the pumping of water [15].

The potential Riga PSHP pump sta-
tion deployment is close to the territory of
Nature Park “Doles sala”, where the con-
struction and other economic activities
are limited. Construction of pump station



could create adverse effects on coastal ero-
sion, biodiversity, geological processes and

4) Overview

The authors have compared technical
and economic parameters of 3 PSHP con-
struction options in Latvia — Daugavpils
PSHP, Pump station combined with planned
emergency spillways of Plavinas HPP and
Pump station near Riga HPP.

Table 2 reflects technical parameters
of Daugavpils, Plavinas and Riga PSHP
construction options. The greatest installed
power in the pump (826 MW) and turbine
(630 MW) mode is linked to the Daugavpils
PSHP construction option, which can be
justified by the fact that water head (73 m)
in this option is the greatest as well. Plavi-
nas PSHP installed power in turbine mode
is 8 MW higher than the installed power

Table 2. Comparison of Technical Parameters of PSHP

safety of current hydrotechnics [15].

of Riga PSHP in turbine mode. Water con-
sumption in turbine mode is lower than
water consumption in pump mode for all
construction options due to gravitational
force that must be overcome when pumping
water. In the option of Daugavpils PSHP, it
is planned to build a pumped-storage hydro-
power plant with an upper reservoir and 4
reverse hydro units, but in the case of Plavi-
nas and Riga PSHP construction options it
is planned to build a pumping station with
2 and 5-7 pumps, respectively. The lowest
specific water consumption is in the case
of Daugavpils PSHP. It is explaned by the
highest water head.

Construction Options in Latvia (developed by the authors)

Pump station combined .
. . Pump station near
Daugavpils PSHP with planned emergency .
. . Riga HPP
spillways of Plavinas HPP
Installed power in pum
P prmp 826 36.2 282
mode (MW)
Installed power in turbine
630 90 64.7
mode (MW)
Number of hydro units/ .
4 hydro units 2 pumps 57 pumps
pumps
Water head (m) 73 35 14
Efficient water volume
o 20.76 25.23 41
(million m%)
Water consumption in
960 80 159.3
pump mode (m*/s)
Water consumption in
. 968 262 478
turbine mode (m?/s)
Specific water consump-
tion in pump mode (m?/ 1.16 2.21 5.65
MW*s)
Specific water consump-
tion in turbine mode (m*/ 1.54 291 7.39
MW#*s)
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Table 3 reflects economic indicators
of PSHP construction options in Latvia.
Daugavpils PSHP construction option has
the largest consumed and produced amount
of electricity, which also generates the high-
est profit, but the investment is more than 30
times greater than the planned investment
for Plavinas PSHP, where only the con-
struction of a pumping station is planned.
The operating costs for the Daugavpils
PSHP construction option are also the high-
est ones. If 85 % of the investment were to

Table 3. Comparison of Economical Parameters of PSHP
Construction Options in Latvia (developed by the authors)

be covered by co-financing from European
or national funds, Daugavpils PSHP con-
struction option would pay off in 27 years,
Plavinas — in 26 years, but Riga — would not
pay off even in 50 years. Electricity con-
sumption and production volumes of dif-
ferent PSHP options were estimated based
on simulation of PSHP hourly operating
modes. For evaluation of annual revenue
values Nord Pool electricity price variations
were taken into account.

Pump station com-
L . bined with planned Pump station near
Economic indicator Daugavpils PSHP . .
emergency spillways Riga HPP
of Plavinas HPP
Consumed electricity in pump
2205 107 69
mode (GWh)
Produced electricity in turbine
1695 85 52
mode (GWh)
Annual electricity generation costs
. 74.471 3.665 2.310
(million EUR)
Annual revenue (million EUR) 87.014 4.343 2.679
Annual profit (million EUR) 12.543 0.678 0.369
Approximate volume of invest-
. 740.516 23.136 28.227
ment (million EUR)
Investment if 85 % is financed by
the government or the European 111.077 3.47 4.23
Union (million EUR)
Operating costs (million EUR) 3.7 0.4 0.2
NPV (million EUR) 14.16 0.493 -1.203
IRR (%) 9.1 9.2 5.5
Payback period, if 85 % of invest-
i . 27 26 >50
ment is subsidized (years)

The authors have carried out the com-
parison of advantages and disadvantages of
PSHP construction options in Latvia (see
Table 4). Advantages of Daugavpils PSHP
construction option are the most appropri-
ate water head of 73 metres and planned
reverse aggregates, which are common all
over world. However, the construction of
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Daugavpils PSHP construction option can
be carried out only if Daugavpils HPP is
built before that. Additionally, 85 % co-
financing from the Latvian government or
the EU is required to ensure the payback
period of 27 years. Implementation of
pump station near Riga HPP (Riga PSHP)
would require smaller investment volumes



compared to Daugavpils PSHP, but there
would be several disadvantages — the low-
est water head of all 3 construction options,
lack of global practices where PSHP is con-
structed as a pump station that is built next
to the HPP, potential higher required invest-

ment if a pump station is constructed near
Dry Daugava and possible Riga HPP level
restrictions related to the operation of Riga
port. Taking into account projected energy
prices, all three PSHP construction options
are economically disadvantageous.

Table 4. Comparison of Advantages and Disadvantages of PSHP Construction Options in Latvia

struction in Latvia (73 m) |«

» Construction of PSHP
is planned with reverse .
aggregates, which are
common all over world

* The lowest specific water
consumption, which is
explained by the highest
water head

Construction .
. Advantages Disadvantages
option
Daugavpils » The most appropriate * To implement Daugavpils PSHP construction project,
PSHP water head for PSHP con- there is a necessity to build Daugavpils HPP before that

85 % of co-financing from Latvia and the EU is required
to ensure the payback period of 27 years

Taking into account the estimated energy prices,
Daugavpils PSHP construction is economically disad-

vantageous without co-financing

Pump station Smaller investment .

combined with volumes compared to

planned emer- Daugavpils PSHP
gency spillways [+ Water head is 2 times .
of Plavinas HPP greater compared to

Riga HPP .
» Efficient use of emergency

To build a pump station combined with planned emer-
gency spillways of Plavinas HPP, there is a necessity to
build emergency spillways of Plavinas HPP

There is a lack of global practices where PSHP is con-
structed as a pump station that is built next to the HPP
Taking into account the estimated energy prices, Plavi-
nas PSHP construction is economically disadvantageous

spillways without co-financing
Pump station * Smaller investment » Lowest water head out of all 3 construction options
near Riga HPP volumes compared to e There is a lack of global practices where PSHP is con-
Daugavpils PSHP structed as a pump station that is built next to the HPP

Pump station construction option near Dry Daugava
would require 8 km deepening of the water course,
which would significantly increase the required invest-
ment

Possible Riga HPP level restrictions related to the opera-
tion of Riga port

Taking into account the estimated energy prices, Riga
PSHP construction is economically disadvantageous

even with co-financing

Considering the advantages and disad-
vantages of PSHP construction options in

Latvia, the authors would recommend the
construction of Plavinas PSHP.
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4. CONCLUSIONS

Having conducted the present research,

the authors have come to the following con-
clusions:

1.

Latvia currently does not have cheap
base power sources that can be used
for night-time pumping, so this power
would have to be imported. In the future
with growth of solar and wind capacity,
this source of cheap electricity for water
pumping will appear.

During peak hours, the existing Daugava
HPP cascade could be used in Latvia.
Therefore, the capacity of the Latvian
PSHP should be offered in the Baltic
market, competing with the Kruonis
PSHP.

The need for Latvian PSHP in the future
could be determined by the increasing
capacity of wind and solar power plants.
None of the PSHP projects (Daugavpils
PSHP, Pump station combined with
planned emergency spillways of Plavi-
nas HPP, Pump station near Riga HPP) is
economically advantageous taking into
account the current market situation. The
EU or national co-financing of 85 % is
required for projects to be viable.

From the technical point of view, taking
into account the most appropriate water
head, the best option is the construction
of a new Daugavpils PSHP. However,
this construction option is feasible only
in case if the Daugavpils HPP is built.
Daugavpils PSHP construction option
is the most expensive one (740.5 mil-
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