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ABSTRACT: The article present results of economic efficiency evaluation of storage technology for elec-
tricity from coal power plants in large-scale chemical batteries. The benefits of using a chemical
lithium-ion battery in a public power plant based on hard coal were determined on the basis of
data for 2018 concerning the mining process. The analysis included the potential effects of using
a 400 MWh battery to optimize the operation of 350 MW power units in a coal power plant. The re-
search team estimated financial benefits resulting from the reduction of peak loads and the work of
individual power units in the optimal load range. The calculations included benefits resulting from
the reduction of fuel consumption (coal and heavy fuel oil — mazout) as well as from the reduction
of expenses on CO, emission allowances.

The evaluation of the economic efficiency was enabled by a model created to calculate the NPV
and IRR ratios. The research also included a sensitivity analysis which took identified risk factors
associated with changes in the calculation assumptions adopted in the analysis into account. The
evaluation showed that the use of large-scale chemical batteries to optimize the operation of power
units of the subject coal power plant is profitable. A conducted sensitivity analysis of the economic
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efficiency showed that the efficiency of the battery and the costs of its construction have the greatest
impact on the economic efficiency of the technology of producing electricity in a coal power plant
with the use of a chemical battery. Other variables affecting the result of economic efficiency are
the factors related to battery durability and fuels: battery life cycle, prices of fuels, prices of CO,
emission allowances and decrease of the battery capacity during its lifetime.

KEYwoRrDs: electricity production, energy storage for grid application, lithium-ion battery, evaluation of
economic efficiency

Introduction

The public power industry in Poland is currently based on fossil fuels — mainly coal. Despite
some slowdown that has been visible in recent years, the rapid development of the power indu-
stry based on renewable power sources — mostly photovoltaic and wind energy is expected (Mi-
nistry of Energy 2018). One of the disadvantages of the wind power include instability in terms
of electricity supply and the need to provide power reserves in a national power system in the
form of power sources based on fossil fuels (Ministry of Energy 2018). Power from renewable
sources supplied to a power network combined with changes in the consumer demand result in
the operation of a conventional power plant being based on high variability — both annual and
daily (Trzmiel 2016). Consequently, the efficiency of electricity production decreases. One of the
methods to stabilize the operation of a conventional power plant operating in this mode is to use
a high capacity battery. The battery could be used to supply the network with additional volumes
of electricity during peak demand hours and to store surplus energy generated during periods of
decreased demand.

Increasing interest in storage technologies is primarily expressed by distribution system ope-
rators as there is a need to stabilize the operation of the power grid and balance variable supply
and demand. The development of large-scale electricity storage technologies is also beneficial
for generators of electricity. Combining sources of generation with electricity storage could al-
low energy units to work at the optimal efficiency point.

There are various ideas where and how to store electricity. Pumped-storage power plants
followed by storage using compressed air have been the most widely used so far (Luo et al.
2015; NETL 2008). The battery market is currently growing dynamically, with lithium-ion
batteries playing a leading role. The alternative technology is energy storage in the form of
hydrogen chemical energy through electrolysis (Komorowska and Gawlik 2018; Chmielniak
et al. 2017). However, high hydrogen production costs limit the use of this technology. The
benefits include long-term storage, for example of energy generated in summer, which can be
used in winter (Ceran 2018). Figure 1 presents energy storage technology depending on the
form of stored energy.
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Fig. 1. Classification of electricity storage technologies (Luo et al. 2015)

Rys. 1. Klasyfikacja technologii magazynowania energii elektrycznej

The short-term storage of electricity called peak shaving is often based on lithium batteries.
The assessment of various electricity storage technologies presented in the paper (Hiremath et
al. 2015) indicates that lithium-ion batteries are the most suitable for the power grid. Moreover,
the assessment presented in the paper (Terlouw et al. 2019) indicated a positive impact of the
lithium-ion batteries such as minimizing expenses and CO, emission. The review of available
literature on lithium-ion batteries is presented in the paper (Peters et al. 2017). The paper (Pellow
et al. 2020) is focused on the use of lithium-ion battery in the grid and emphasizes the significant
impact of the phase of usage on the results of the assessment of various electricity storage sys-
tems. The work (Krupa et al. 2018) presents the forecasted increase in the installed capacity of
energy storage in lithium-ion technology in Poland by 2030 from 0.8 MW in 2017 to 410.6 MW
in 2030. The main factor determining the development of this area is the increase in the share
of PV installations in an electricity grid system. The first lithium-ion energy storage facilities
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created in Poland are 36 kWh in Warsaw (Innogy Group), 1.5 MWh in Puck and 27 MWh in
Gdansk (Energa) (Krupa et al. 2018).

In turn, an increase in the power and capacity of implemented or planned energy storage
systems is observed in the world. In 2017, the largest energy storage to date was created using
lithium-ion batteries at Hornsdale Wind Farm in Australia. The storage was created to ensure the
stability of the electricity grid and to prevent power outages. The 100 MW/129 MWh storage
facility was constructed by Tesla, Inc. at a cost of USD 50 million. It is owned and operated by
Neon.

Tesla is currently working on a new large-scale energy project in California for Pacific Gas
and Electric Company (PG&E) at the Moss Landing Power Plant. The 183 MW/730 MWh in-
stallation will be assembled from several hundred Megapack lithium-ion batteries with a capaci-
ty of 3 MWh (Tesla). There, Vistra/Dynegy also plans to build a 300 MW storage with a capacity
of 1.2GWh by the end of 2020 (Vistra Energy 2018). In addition, two smaller storages are to be
built at the Moss Landing power plant: 75 MW/300 MWh Hummingbird Energy Storage LLC
and Micronoc Inc 10 MW/40 MWh.

AES Alamitos has begun work on creating 400 MWh Fluence Battery Storage System in
Long Beach, Southern California for the Alamitos Energy Center (AEC). The storage is set to
be launched in 2021. A second similar storage called Strata Solar, 100 MW/400 MW, is to be
built in Oxnard, southern California. The battery will be made of smaller units of 10 to 40 MW
by different manufacturers (AES 2019).

Florida Power & Light’s plans to install 30 million solar panels in Manatee, Florida, by 2030
and in 2021 to build the world’s largest 409 MW/900 MWh Manatee Energy Storage Center
owned by NextEra, which will be solar powered on an industrial scale. The facility will replace
two existing 1650 MW gas power plants (FPL 2019; NextEra Energy).

This article presents the results of a technical and economic analysis of the cooperation of
power units of a coal power plant with a large-scale chemical battery. The analyzed energy
storage should perform a systematic function in a power plant that would balance the ratio of
generated and received volumes. Energy storage could be used as a measure to reduce peak
loads, adjust load profiles, compensate power losses, load dips on the load side and reactive
power. The direct benefit of using such energy storage systems may include the optimization
of operation of energy units and therefore a decrease of unit costs of energy production and
a decrease of unit emissions of pollutants associated with the energy production process. In
addition, the optimization and stabilization of power units will result in their longer service
life and lower expenses on ongoing repairs and maintenance. Due to the availability of data,
the article is limited to estimating the benefits of reducing fuel costs (coal, mazout) and the
purchase of CO, emission allowances.
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1. Materials and methods

1.1. Description of the analyzed technology

The subject of the analysis is a 350 MW coal power plant supplying the Polish power system.
The analyzed power plant consists of 6 power units with a power input in the fuel of 560 MWt
for each dust boiler. Steam from boilers feeds six condensing turbines with rated powers in a unit
system: 225 MW (5 turbines) and 220 MW (1 turbine). The turbine rotors are connected by
means of a clutch with power generators and work with three cooling towers.

In order to choose a storage technology, in addition to technical criteria such as energy and
power density or energy conversion efficiency, the research team took the degree of develop-
ment, the availability of the technology and, above all, the possibility of working near the opera-
ting power plant into account. The analysis covered the process of storing electricity in a battery
composed of lithium-ion cells of 100 MW electrical power and a 400 MWh capacity. According
to the literature data (Luo et al. 2015; Mongird et al. 2019) the efficiency of such batteries ranges
from 77% up to 97%. In the analyses, the efficiency value from the middle of this range equal
to 86% has been used. As there is a lack of data for large-scale installations, literature data for
smaller cells were applied using proportional coefficients. Such an approximation is justified
for technological reasons, as high-capacity batteries are constructed from smaller unit cells. For
example, Tesla’s planned large-scale energy storage at the Moss Landing Power Plant with a ca-
pacity of 183 MW/730 MWh will be assembled from several hundred Megapack lithium-ion
batteries with a capacity of 3 MWh.

Due to the high quality and reliability of the source data, the analysis assumes the technology
of electricity storage in lithium-ion batteries and the assumptions described in the paper (Elling-
sen et al. 2014) for a 253 kg battery with a capacity of 26.6 kWh. The research team decided
to use an NCM cell with an aluminum collector coated with lithium-nickel-cobalt-manganese
oxide with stoichiometry Li (Ni;;3Co,3Mn;,3) O, as a cathode, and an anode in the form of
a copper collector coated with graphite.

Although the operation of power units is at the disposal of a distribution system operator, this
analysis assumes the possibility of cooperation of power units with a hypothetical large scale
battery under exclusive conditions. This means that the battery will only serve the power plant
included in the analysis presented in this paper.
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1.2. Data used for the analyses

The actual operational data for 2018 were used to assess the economic efficiency of the large
scale battery electricity storage technology. The following data provided by the power plant
operator were used for the analyses:

4 efficiency characteristics of six power units,

4 the operating time and volume of electricity production per hour in 2018,

4 fuel consumption of individual power units in 2018,

4 calorific value of coal and auxiliary fuels used in the power plant in the analyzed period.

The total unit construction cost of a large-scale lithium-ion battery was based on the literature
data (Mongird et al. 2019) with its value ranging from USD 300/kWh (price level as of the year
2018) to USD 100/kWh (forecasted value in the year 2025). In the analyses the value from the
middle of this range, i.e. USD 200/kWh, was applied. With the assumed unit cost of building
a battery, its capacity of 400 MWh and a rate of USD 1 = PLN 3.90, the estimated total cost of
building a battery will be about PLN 312 million.

The average cost of fuel (coal and mazout) was assumed on the basis of data made available
by the power plant operator for the first half of 2019. The initial purchase price for CO, emission
allowances was adopted on the basis of SPOT quotation on December 4, 2019 on EEX — Primary
Market Auction (PL). Assuming the exchange rate of EUR 1 = PLN 4.30, it amounted to PLN
103.63/Mg CO,.

Operating characteristics of power units of the analyzed coal power plant were used to esti-
mate the benefits resulting from the optimization of their operation. These characteristics show
dependencies between gross fuel (coal) consumption per unit of electricity produce and unit
load. These properties of individual power units of the analyzed power plant are presented in
Figure 2.

The optimal operation point of power units is located near the nominal load, about 220 MW.
This is represented graphically in Figure 3 in the form of averaged characteristics of all active
power units of the coal power plant.

1.3. Assessment methodology

The basic methodological assumption of the economic efficiency evaluation is the use of
large-scale chemical batteries to optimize the electricity production process in the analyzed coal
power plant. Based on the analysis of data for 2018 concerning the volume of electricity genera-
tion by individual power units, it was found that they often did not work within the optimal load
range required to achieve the highest generation efficiency. This was related not only to increased
fuel consumption per unit of electricity produced, but also to an increased number of times that
boilers are put out of operation and then started again. The relaunch of boilers require additional
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Fig. 2. Operational characteristics of the power units of the analyzed coal-fired power plant
Source: own study based on data from the power plant operator

Rys. 2. Charakterystyki eksploatacyjne blokéw energetycznych analizowanej elektrowni weglowej
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Fig. 3. Dependence of gross efficiency of power units on their load (average of all power units)
Source: own study based on data from the power plant operator
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amounts of fuel, not only coal, but also much more expensive mazout. According to the data of

the operator of the analyzed power plant, the additional fuel consumption of power unit associa-

ted with the ramp-up after its shutdown is as follows:

4 “hot” ramp-up (the power unit shutdown does not last longer than 8 hours): 68 tons of coal
and 23.6 tons of mazout,

4 “warm” ramp-up (the power unit shutdown lasts 8 to 50 hours): 107 tons of coal and 28.1 tons
of mazout,

4 “cold” ramp-up (the power unit shutdown is longer than 50 hours): 117.2 tons of coal and

39.5 tons of mazout.

In 2018, the total number of startups of abandoned power units was over 300. Additional fuel
consumption for these startups amounted to about 9100 Mg of mazout and about 32,700 Mg of
coal. The main reasons for such uneven operation of power units were the fluctuations in elec-
tricity demand caused by:

4 daily irregularity in the consumption of electricity by its recipients,
4 uneven and unpredictable production of electricity from renewable sources, mainly wind
power.

In 2018, the maximum hourly values of electricity production reached as much as 206%
of the average daily value. This resulted in the uneven operation of individual power units and
periodic shutdown of some of them. This is illustrated by a daily operating profile of the power
plant on the selected day of the winter and summer period presented in Figure 4.
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Fig. 4. Power unit operation profile in selected days of the year 2018
Source: own study based on data from the power plant operator

Rys. 4. Profil pracy blokéw energetycznych w wybranych dniach roku 2018

The above illustration clearly shows the shutdown phases of individual units and periods of
partial load operation. For example, during the summer peak at 2 p.m. all units were operating in
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the load range from 88 to 95% of the plant’s capacity. On the selected day of the winter period,
however, there were large fluctuations in the production volume and some power units were shut
down. During the night hours, only two units operated within the load range below 30% of the
power plant’s capacity. During peak hours between 10 a.m. and 6 p.m. it was necessary to start
all the units. Around 2 p.m., they reached over 90% of the power plant’s capacity.

Fluctuations in the load of power units occur throughout the year. Figure 5 presents a profile
of the work of the units in 2018, which shows breaks in the operation of individual units and the
momentary degree of load.

The functioning of a large-scale chemical battery in the structure of a power plant would sta-
bilize the operation of individual power units. During hours of reduced demand for electricity in
the grid, the surplus electricity would be stored in a battery, and in the event of increased demand
for electricity, the battery would be a complementary source of electricity, without the need to
quickly relaunch the boilers. Therefore, the capacity of the battery was selected so that it fits the
maximum difference in the amount of electricity produced, defined as the difference between the
daily average calculated from hourly values and the maximum hourly value. In 2018, the total
value was approximately 400 MWh.

The analyses used the methodology developed by UNIDO (United Nations Industrial De-
velopment Organization). This methodology concerns the standardization of project planning,
implementation, as well as the activity and effects of the project itself. Here, from the investor’s
point of view, it is the financial viability of the project that is the overriding criterion in the as-
sessment of the investment. UNIDO recommends the use of discounting methods such as taking
the change in value of money over time into account. An investment is defined as the long-term
commitment of economic resources to produce and benefit from net profit in the future. There-
fore, the discounting of cash flows has become a commonly accepted method of project assess-
ment (Behrens and Hawranek 1991).

In order to determine the economic efficiency of the technology for storing electricity from
a coal power plant in large-scale chemical batteries, the Net Present Value (NPV) and the Internal
Rate of Return (IRR) of such investment were calculated.

The NPV indicator allows to determine the current value of cash inflows and outflows related
to realization of analyzed investment. The result is obtained in monetary units and the following
formula was used to calculate it (Marcinek 1997; Sierpinska and Jachna 2000; Rogowski 2018):

NPVzi[NCFi- 1 J M

pars (1+w)

where:
NCF; — annual project cash flow in years i =0, 1,2, 3 ... n,
w — discount rate.

The IRR is the interest rate at which the updated value of cash flow is equal to current value
of cash flow. This is the interest rate at which the net present value of the analyzed investment is
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equal to zero (NPV = 0). The IRR therefore directly shows the profitability rate of the investment
under analysis. The IRR is calculated from the following formula (Marcinek 1997; Sierpinska
and Jachna 2000; Rogowski 2018):

i(NCF ;J =0 @)
i=0

" (1+IRR)

The following items are included in cash flow:

4 investment expenditure related to the construction of a large-scale chemical battery installa-
tion,

4 savings from reduced fuel consumption: the results of improving the efficiency of electricity
generation and reducing the number of start-ups of boilers that were shut down,

4 savings resulting from the reduction of expenditure on CO, emission allowances as a result
of the reduced amount of burnt fuels (coal and mazout).

The savings were calculated as the difference between actual fuel consumption for 2018 and
the quantities estimated for the operation of a power plant with the battery. It is not possible to
estimate the value reliably and therefore the analyses do not include the costs and benefits related
to the use of the battery, such as:

4 lower costs of repair and maintenance work on power units as a result of improved operating
conditions and fewer shutdowns,
4 costs of battery repair and maintenance.

It was assumed that the above costs and benefits would be at a similar level, i.e. they would
not have a significant impact on the results of the analyses.

The analysis was performed at fixed rates. This prevented errors due to the uncertainties as-
sociated with the available inflation forecasts. Therefore, the calculation uses a discount rate of
5%, which is recommended by the European Commission for analysis in fixed prices (EC 2015).

At present, there is a lack of long-term operating data on the operation of large-scale chemi-
cal batteries in the power industry that would allow the actual lifetime of these devices to be de-
termined. Literature sources determine the lifetime of lithium-ion batteries in the range between
5-16 years (Rydh and Sanden 2005; Chen et al. 2009; Luo et al. 2015; Siedlecki et al. 2015).
Based on the these as well, as the level of the technological progress in production of lithium-ion
batteries, the 15-year battery life was assumed in the analyses. Additionally the sensitivity analy-
sis, which examined the impact of the shortened battery life on the economic efficiency assumed
in the study, was made.

Along with the number of cycles of battery discharge and recharge, its capacity and efficiency
decrease is observed. There is no actual data from long-term operation of the large-scale chemi-

<
<

Fig. 5. Load of power units in 2018
Source: own study based on data from the power plant operator

Rys. 5. Obcigzenie blokow energetycznych w roku 2018
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cal batteries which would indicate the rate of that process. It is also difficult to determine the re-
lationship between the battery life cycle counted in years and number of discharge and recharge
cycles, while taking the decrease in the battery efficiency and capacity into account. Therefore,
the impact of the capacity and efficiency decrease in the analyzed large-scale chemical battery
on economic efficiency results was examined in the sensitivity analysis.

Changes in fuel prices and CO, emission allowances were projected for the period covered
by the analysis on the basis of available reports (World Bank Group 2019; KOBIZE 2019). The
adopted price forecasts are presented in Table 1.

TaBLE 1. Forecasts for prices of fuels and CO, emission allowances

TaBELA 1. Prognoza cen paliw i uprawnien do emisji CO,

S Prices of CO, emission allowances Hard coal prices Crude oil prices
EUR/Mg CO, USD/mt USD/bbl
2020 28.66 71.00 58.00
2021 31.45 69.81 59.10
2022 32.00 68.65 60.22
2023 32.00 67.50 61.37
2024 29.00 66.38 62.53
2025 26.00 65.27 63.72
2026 24.00 65.47 62.66
2027 21.00 65.67 61.61
2028 21.00 65.87 60.56
2029 23.00 66.07 59.50
2030 27.00 60.00 70.00
2031 27.00 60.00 70.00
2032 27.00 60.00 70.00
2033 27.00 60.00 70.00
2034 27.00 60.00 70.00
2035 27.00 60.00 70.00

Source: World Bank Group 2019; KOBIZE 2019.

The obtained results of the economic efficiency evaluation were analyzed using a sensitivity
method. The purpose of the sensitivity analysis is to determine the impact of changes in selected
input variables of the bill on the level of economic efficiency indicators of the analyzed electri-
city storage technology. First, the expected values of these indicators are calculated, which are
most realistic under the given conditions of investment uncertainty. Then, the values of suc-
cessively selected variables are changed and the strength and direction of the impact of these
variables on the performance level are examined. Each input variable may change by a certain
number of percentage points above or below the expected value whereas other conditions remain
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unchanged. In addition, for each of these revised figures, compared to the baseline scenario,
a new value of economic efficiency indicators is calculated. The scope of the analysis is limited
to those variables that will have the greatest impact on the result, i.e. the value of the economic
efficiency index. These are the so-called critical variables.
The following critical variables identified for the analyzed electricity storage technology
were analyzed:
4 changes in capital expenditure related to the construction of a large scale battery: deviations
of £10%, £30% and +50%,
4 changes in prices of fuels used to produce electricity in the analyzed public power plant (coal
and mazout): deviations of £10%, +30% and +50%,
changes in prices of CO, emission allowances: deviations of £10%, £30% and £50%,
battery efficiency: deviations of 5%, £10% and +15%,
changes in the battery capacity: decrease of the capacity by 5%, 10%, 15%, 20%, 25% and
30%, which corresponds to a battery capacity of 380 MWh to 280 MWh,
4 changes in the battery life cycle: decrease of the battery life cycle by —6.7%, —13.3%, —20.0%,
—26.7%, —33.3% and —40.0%, which corresponds to a lifetime of 14 to 9 years.

++ 4

2. Analysis results and discussion

The optimization of the operation of individual power units of the analyzed coal power plant
with the use of a large-scale chemical battery allowed to estimate the following financial benefits:
4 reduction of expenses on basic fuel (coal) as a result of improved efficiency of electricity

production,

4 reduction of expenses on fuel required to relaunch of boilers as a result of a reduction in the
number of shutdowns caused by decreases in demand for electricity in the network,

4 reduction of expenses on the purchase of CO, emission allowances as a result of reduced fuel
consumption (coal and mazout).

As the analyses were conducted on the basis of actual operational data for the year 2018,
no active calculation model managing battery operation in real-life operating conditions, was
created. It was assumed that at the time when the consumers’ demand for electricity is greater
than 220 MWh, the necessary power units operate under load close to their optimum efficiency
range, which is approximately 220 MW (Fig. 2 and Fig. 3). With this assumption only one power
unit works under partial load, beyond its optimum efficiency. The battery is therefore used only
to level operation of those power unit that works under partial load within a particular time. The
calculations assume that the battery equalizes the operation of the power units to the level at which
the value of the standard deviation is the lowest. The calculations were based on hourly values,
which represent the difference between the actual production volume in 2018 and the multiple of
220 MWh. Figure 6 shows the load on these power units considering the battery operation.
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Figure 7 summarizes the electricity production volume of the analyzed power plant with the
amounts of electricity assigned to charge the battery and returned from the battery to the power grid.
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Fig. 6. Load on power units working below the efficiency optimum considering the battery operation
Source: own study based on data from the power plant operator

Rys. 6. Obciazenie blokow energetycznych pracujacych ponizej optimum sprawnosciowego z wykorzystaniem
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Fig. 7. Comparison of the electricity production volume of the analyzed power plant with the amounts of electricity
assigned to charge the battery and returned from the battery to the power grid
Source: own study based on data from the power plant operator

Rys. 7. Zestawienie wielkosci produkeji energii elektrycznej analizowanej elektrowni z ilo$ciami energii elektrycznej
przeznaczanymi do tadowania akumulatora oraz oddawanymi z akumulatora do sieci energetycznej
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Table 2 presents actual operating data for 2018 compared to the estimated fuel consumption
when using a large-scale chemical battery in order to optimize the operation of individual power
plant units. Calculations for power plant operation based on a battery take electricity losses re-
sulting from the assumed battery efficiency of 86% into account.

TABLE 2. A list of actual operating data for 2018 with the results of the calculation of fuel consumption
by the power plant using a large-scale chemical battery to optimize the operation of power units

TABELA 2. Zestawienie faktycznych danych eksploatacyjnych za rok 2018 z wynikami obliczen zuzycia
paliwa przez elektrowni¢ przy wykorzystaniu chemicznego akumulatora wielkoskalowego
do zoptymalizowania pracy blokow energetycznych

Calculations
Item Unit Operating data for pO\.’V61‘ plfmt Savings in 'fuel
for 2018 operation using consumption
a battery
Coal consumption Mg/year 2,324,082 2,279,063 45,019
Mazout consumption Mg/year 9,131 4,760 4371

Source: own calculation based on data from the power plant operator.

The calculated savings in fuel consumption allowed to calculate the reduction of CO, emis-
sions to the atmosphere. Calculations related to the operation of the power plant using the bat-
tery were made based on the correlation between the load of each power unit and the unit con-
sumption of the chemical energy in relation to the unit of electricity produced (Fig. 2). The
calculations also included the reduction of fuel consumption for restarting power units (fewer
shutdowns). CO, emission from the power station operating without the battery is the actual
operational data for the year 2018.

They are presented in Table 3. The calculations were based on the actual CO, emission fac-
tors of the analyzed power plant determined on the basis of operating data for 2018.

Determined savings in fuel consumption and reduction of CO, emission were used to calcu-
late the monetary benefits generated by the battery applied to optimize the operation of power
plant units. The results are presented in Table 4.

NPV and IRR efficiency ratios were calculated on the basis of calculated investment spending
on the construction of the battery and the financial benefits resulting from its use. Cash flows for
one-year investment realization period and 15-year exploitation period are presented in Table 5.

Based on the cash flows presented in Table 4, the following values of economic efficiency
ratios were calculated:

4 NPV =PLN 57.54 million,
4 IRR=7.7%.

The obtained results indicate that the use of a large-scale chemical battery to optimize the
operation of power units in a public coal power plant is economically efficient under the adopted
calculation assumptions. The NPV indicator takes a positive value and the IRR indicator is hi-
gher than the discount rate used in the calculation. It should be noted, however, that the economic
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TaBLE 3. The ecological effect of using a large-scale chemical battery to optimize the operation of power
units in terms of reducing emission of CO, into the atmosphere

TaBeLA 3. Efekt ekologiczny wykorzystania chemicznego akumulatora wielkoskalowego
do zoptymalizowania pracy blokéw energetycznych w zakresie redukcji emisji CO, do atmosfery

No. Item Unit Value

| Unit CO, emission in the process of coal combustion in the analyzed Mg CO,/Mg coal 198
power plant

2 | Savings in coal consumption Mg/year 45,019
Avoided CO, emissions from coal combustion due to battery use

3 Mg CO,/ 89,151.08
(No. 1 x No. 2) g Mfyear ’

4 Unit CO, emission in the process of burning mazout in the analyzed Mg CO,/Mg mazout 133
power plant

5 | Savings in mazout consumption Mg/year 4,371
Avoided CO, emissions from mazout combustion due to battery use

6 Mg CO,/ 14,555.76
(No. 4 x No. 5) g Mfyear :

7 I;);al avoided CO, emissions from fuels combustion due to battery Mg CO,/year 103.706.84

Source: own calculation based on data from the power plant operator.

TaBLE 4. Financial benefits of a large-scale chemical battery applied to optimize the operation
of power units generated by increased efficiency of electricity generation and reduced emission of CO,
into the atmosphere

TABELA 4. KorzySci finansowe wykorzystania chemicznego akumulatora wielkoskalowego
do zoptymalizowania pracy blokow energetycznych w wyniku zwickszenia efektywno$ci wytwarzania
energii elektrycznej i redukcji emisji CO, do atmosfery

Reduction
Unit price of consumption/ Financial benefits
Item ——
‘emissions
PLN/Mg Mg/year PLN mln /year
Benefits of reducing coal consumption 300 45,019 13.51
Benefits of reducing mazout consumption 1,800.00 4,371 7.87
Benefits of reducing CO, emissions 103.63 103,707 10.75
TOTAL 32.12

Source: own calculation based on data from the power plant operator.

efficiency is decisively influenced by the amount of savings on the purchase of CO, emission
allowances. Otherwise the construction and use of a large scale battery would not be cost-effective
due to insufficient reduction in fuel consumption resulting from its use. After taking the losses
related to the assumed battery efficiency into account, the amount of coal burned decreases only
by about 1.9%.
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TABLE 5. Cash flows for the purpose of calculating NPV and IRR economic efficiency ratios of electricity

storage technology from a coal power plant in a large-scale chemical battery

TABELA 5. Przeptywy pieni¢zne na potrzeby wyliczenia wskaznikow efektywnosci ekonomicznej NPV

i IRR technologii magazynowania energii elektrycznej z elektrowni weglowej w wielkoskalowym

akumulatorze chemicznym

. . Savings
1
Capltal Savings in fuel (coal) Savings in fue in expenses for
expenditures for (mazout) expenses .
Year of . expenses related to the purchasing CO, Cash flow
. the construction related to the use of ..
Analysis use of the battery emission allo- [PLN mln]
of a battery the battery
[PLN min] [PLN mln] [PLN] wances
[PLN mln]
2020 312.00 0.0 0.0 0.0 -312.00
2021 0.00 15.49 8.46 14.02 37.98
2022 0.00 15.23 8.62 14.27 38.13
2023 0.00 14.98 8.79 14.27 38.04
2024 0.00 14.73 8.95 12.93 36.62
2025 0.00 14.48 9.12 11.59 35.20
2026 0.00 14.53 8.97 10.70 34.20
2027 0.00 14.57 8.82 9.36 32.76
2028 0.00 14.62 8.67 9.36 32.65
2029 0.00 14.66 8.52 10.26 33.44
2030 0.00 13.32 10.02 12.04 35.38
2031 0.00 13.32 10.02 12.04 35.38
2032 0.00 13.32 10.02 12.04 35.38
2033 0.00 13.32 10.02 12.04 35.38
2034 0.00 13.32 10.02 12.04 35.38
2035 0.00 13.32 10.02 12.04 35.38

Source: own calculation.

A sensitivity analysis was conducted in order to thoroughly analyses the impact of particular
calculation assumptions and operating data on the results of economic efficiency of battery usa-
ge. The results show how the critical variables listed in the description of the methodology influ-

ence the obtained NPV values. The results are given in Table 6 and Figure § presents a graphical

interpretation of the obtained calculation results.

The results of the sensitivity analysis allow to determine the following hierarchy of the impact

of the analyzed critical variables on the economic efficiency of battery usage in a coal power plant:
1) changes in battery efficiency,
2) changes in battery construction costs,

3) changes in battery life cycle,
4) changes in coal and mazout prices,
5) changes in prices of CO, emission allowances,

6) changes in battery capacity.
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TABLE 6. Results of sensitivity analysis for storage technology of electricity from a coal power plant
in a large-scale chemical battery

TaBELA 6. Wyniki analizy wrazliwosci dla technologii magazynowania energii elektrycznej z elektrowni
weglowej w wielkoskalowym akumulatorze chemicznym

Deviations from the initial value and resulting values

ALV Unit for individual deviations

Sensitivity to changes of capital expenditures — battery construction cost

Deviations from the initial value % -50 =30 -10 0 10 30 50

Z:;S?r‘:;;fgzt of battery [li\SN?l/ 100 140 | 180 | 200 | 220 | 260 | 300

NPV PLNmlIn | 213.54 | 151.14 | 88.74 | 57.54 | 26.34 | —36.06 | —98.46
Sensitivity to changes of fuel prices (coal and mazout)

Deviations from the initial value % -50 =30 -10 0 10 30 50

Coal price — the prices level from

the first year of the analysis PLN/Mg 175 245 315 350 385 455 525

Mazout price — the prices level

from the first year of the analysis PLN/Mg 950 1,330 | 1,710 | 1,900 | 2,090 | 2,470 | 2,850

NPV PLNmln | —64.56 | —15.72 | 33.12 | 57.54 | 81.96 | 130.80 | 179.64
Sensitivity to changes of prices of CO, emission allowances
Deviations from the initial value % =50 =30 -10 0 10 30 50
Price of. CO, emission allowances curo/Mg
— the prices level ﬁom the first o, 14.33 20.06 | 25.79 | 28.66 | 31.53 | 37.26 | 42.99
year of the analysis
NPV min PLN | -5.13 19.94 | 45.01 | 57.54 | 70.07 | 95.14 | 120.21
Sensitivity to changes of battery efficiency
Deviations from the initial value % -15 -10 -5 0 5 10 15
Battery efficiency % 73.1 77.4 81.7 86.0 90.3 94.6 98.9
NPV PLN miIn |-143.01 | —68.73 | —2.27 | 57.54 | 111.66 | 160.85 | 205.77
Sensitivity to decrease of the battery capacity
Deviations from the initial value % 0 -5 -10 -15 -20 -25 =30
Battery capacity MWh 400 380 360 340 320 300 280
NPV PLNmln | 57.54 5243 | 4731 | 4220 | 37.08 | 31.97 | 26.85
Sensitivity to decrease of the battery life cycle
Deviations from the initial value % 0 -6.7 |-133 | -20.0 | -26.7 | -333 | —40.0
Battery life cycle years 15 14 13 12 11 10 9
NPV PLNmln | 57.54 40.52 | 22.65 3.89 | —15.81 | —36.50 | —58.22

Source: own calculation.

The obtained results also indicate that the loss of economic efficiency of the analyzed battery
technology for optimization of coal power plant operation occurs with relatively small devia-
tions assumed in the calculation of critical variables. These are the following values for each
critical variable:
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=4—Sensitivity to changes of capital expenditures - battery construction cost
=fi=Sensitivity to changes of fuel prices (coal and mazout)
A= Sensitivity to changes of prices of CO2 emission allowances
=>=Sensitivity to changes of battery efficiency

Sensitivity to decrease of the battery capacity
—@—Sensitivity to decrease of the battery life cycle
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Fig. 8. Graphical interpretation of the results of sensitivity analysis for storage technology of electricity
from a coal power plant in a large-scale chemical battery
Source: own study

Rys. 8. Interpretacja graficzna wynikow analizy wrazliwosci dla technologii magazynowania energii elektrycznej
z elektrowni weglowej w wielkoskalowym akumulatorze chemicznym

a) decrease in battery efficiency to about 81.9%,

b) increase in the cost of building a battery to about USD 237 kWh,

c) decrease in battery life cycle to 11 years,

d) decrease in coal and mazout prices by about 23.56%,

e) decrease in CO, emission allowance prices to about EUR 15.51/Mg CO,.

The obtained results indicate which directions of development and promotion of electric
energy accumulation technologies should be adopted by a public power facility.

85



N

www.czasopisma.pan.pl m www journals.pan.pl

Conclusion

The economic analysis-together with the assumed calculation assumptions-gives positive
results of effectiveness expressed by NPV and IRR indicators:
4 NPV =PLN 57.54 million,

4 IRR=7.7%.

The results show that savings on the purchase of CO, emission allowances should be inc-
luded in the calculations as they decisively influence on the level of economic efficiency. This
is due to a slight reduction in fuel consumption as a result of using the battery to optimize the
operation of power units in a power plant. After taking the losses of electricity related to the assu-
med battery efficiency into account, the amount of coal burned decreases only by about 1.9%.
Since in the last few years there has been a significant increase in the prices of CO, emission
allowances (from about EUR 5/Mg CO, in 2017 to over EUR 25/Mg CO, in 2019), and the
forecasts presented in the KOBIZE report (KOBIZE 2019) do not assume that their prices will
fall below EUR 20/Mg in the 2030, the use of batteries may be very economically viable in the
future. Moreover, technological progress in the field of electricity storage and the spread of this
technology will contribute both to an increase in the efficiency of batteries and a reduction in
the unit investment in their construction. Given the development of renewable energy sources,
which is characterized by the instability of the electricity supply and the existing volatility of de-
mand from electricity consumers, the use of large scale batteries in a coal power plant to stabilize
the operation can be considered a very beneficial solution.

The conducted sensitivity analysis of the economic efficiency of the technology of electricity
production in a coal power plant with the use of a chemical battery allows the impact of particu-
lar variables on the obtained analysis results to be assessed. This allows to indicate which criteria
decide about the profitability of development projects related to the analyzed use of large-scale
electricity storage facilities based on lithium-ion batteries. The efficiency of the battery and the
costs of its construction have the greatest impact on the economic efficiency of the technology of
producing electricity in a coal power plant with the use of a chemical battery. Other variables af-
fecting the result of economic efficiency are the factors related to battery durability and fuels: bat-
tery life cycle, prices of fuels, prices of CO, emission allowances and the decrease of the battery
capacity during its lifetime.

This publication has been financed by the Ministry of Science and Higher Education, Poland, grant number:
10174019.
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Piotr KRAWCZYK, Anna SLIWINSKA, Mariusz CWIECZEK

Ocena efektywnosci ekonomicznej technologii magazynowania
energii elektrycznej z elektrowni weglowej w wielkoskalowych
akumulatorach chemicznych

Streszczenie

Artykul przedstawia wyniki oceny efektywno$ci ekonomicznej technologii magazynowania ener-
gii elektrycznej z elektrowni weglowej w wielkoskalowych akumulatorach chemicznych. Na podstawie
danych eksploatacyjnych za rok 2018 oszacowano korzysci z wykorzystania chemicznego akumulatora
litowo-jonowego przez elektrownie zawodowa opalang weglem kamiennym. Przeanalizowane zostaty
potencjalne efekty zastosowania akumulatora o pojemnosci 400 MWh do optymalizacji pracy blokoéw
energetycznych elektrowni weglowej o mocy 350 MW. Oszacowano korzysci finansowe, bgdace efek-
tem redukcji obcigzen szczytowych oraz pracy poszczegdlnych blokéw energetycznych w optymalnym
zakresie ich obcigzenia. W obliczeniach uwzgledniono korzysci wynikajace ze zmniejszenia zuzycia
paliw (wegla i mazutu) oraz wynikajace ze zmniejszenia wydatkéw na zakup praw do emisji CO,.

W celu oceny efektywnosci ekonomicznej zbudowano model, w ktérym wyliczono wskazniki NPV
i IRR. Przeprowadzono tez analiz¢ wrazliwo$ci uwzgledniajaca zidentyfikowane czynniki ryzyka zwigzane
ze zmianami przyjetych zatozen obliczeniowych. Przeprowadzona analiza wykazata optacalnos¢ stosowa-
nia wielkoskalowych akumulatorow chemicznych do optymalizacji pracy blokow energetycznych elek-
trowni weglowej. Przeprowadzona analiza wrazliwosci wykazata, ze najwigkszy wpltyw na efektywnos¢
ekonomiczng technologii produkcji energii elektrycznej w elektrowni weglowej z wykorzystaniem aku-
mulatora chemicznego ma sprawno$¢ akumulatora, a w nastepnej kolejnosci koszty jego budowy. Kolejne
zmienne wptywajace na wynik efektywnosci ekonomicznej to czynniki zwigzane z trwato$cig akumulatora
i paliwami: okres eksploatacji akumulatora, ceny paliw, ceny praw do emisji CO, emitowanego w wyniku
ich spalania i spadek pojemnos$ci akumulatora w okresie jego eksploatacji.

Srowa KLuczowe: produkcja energii elektrycznej, magazynowanie energii elektrycznej do zastosowania
W sieci, baterie litowo-jonowe, ocena efektywnosci ekonomicznej
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