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Abstract: Due to the increasing installed power of the intermittent renewable energy sources in the
European Union, increasing the operation flexibility of the generating units in the system is necessary.
This is particularly important for systems with relatively large installed power of wind and solar.
Plasma technologies can be used for that purpose. Nonetheless, the wide implementation of such
technology should be economically justified. This paper shows that the use of plasma systems for
increasing the flexibility of power units can be economically feasible, based on the results of a net
present value analysis. The cost of the installation itself had a marginal effect on the results of the net
present value analysis. Based on the performed analysis, the ability to lower the technical minimum
of the power unit and the relationship between such a technical minimum and the installed power of
a plasma system can be considered decisive factors influencing the economics of the investment for
such an installation. Further research on better means of prediction of the minimum attainable load,
which would allow determining the influence of implementation of a plasma system, is recommended.
This will be the decisive factor behind future decisions regarding investing in such systems.

Keywords: plasma-assisted combustion; net present value analysis; flexibility of power unit

1. Introduction

Due to the concerns regarding the impact of anthropogenic CO2 emissions on the climate,
renewable energy sources are becoming increasing popular. Different types of renewable energy
sources can be associated with different thermo-ecological costs [1–3] and varying influence on the
energy supply systems [4–9]. Currently, because of the increasing installed capacity of the intermittent
renewable energy sources (RES) connected to the electric power systems in European Union countries
(including Poland), it seems necessary to increase the flexibility of operation of the generating units
in the system and thereby minimize the necessity of their frequent shutdowns. This is particularly
important when due to the inflow of large quantities of wind and solar energy, a power generation unit
would have to operate below its technical minimum, creating serious electric energy supply reliability
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problems [10]. This is especially relevant as a large number of these units belong to the distributed
generation (DG), and distribution systems were not originally designed to accommodate such amounts
of DG units [11].

One can distinguish three principal types of energy sources:

• Intermittent—the energy supply is not controlled, or a such control is severely limited;
• Controllable, inflexible—the energy supply can be controlled, but due to the low flexibility of the

sources they cannot be used to balance variations in the energy supply from uncontrollable sources;
• Controllable, flexible—it is possible to flexibly respond to changes in electricity demand and

supply in the electric power system, thereby guaranteeing energy supply security.

The aim of this paper is to determine if the use of plasma systems for increasing the flexibility
of power units can be economically feasible. This feasibility can be determined based on established
methods, such as net present value (NPV) analysis.

The most common types of power plants (PPs) based on intermittent energy sources are wind
and solar power plants. A good example of power plants using inflexible controllable energy sources
are nuclear power plants, which are usually baseload PPs, i.e., their load can be changed only to a
limited extent. In order to meet the peak load demand, they often need to operate in conjunction with
flexible sources.

For example, in the French electric power system, most of the installed RES capacity comes from
hydroelectric power plants, i.e., pumped-storage power PPs or weekly- and daily-regulation (pondage)
water storage PPs [12]. An example of the growing share of installed RES capacity in the electric power
system (and the resulting problems) is the German market, where currently this capacity is comparable
with the installed capacity based on conventional sources [13].

The character of the operation of the sources varies greatly (Figure 1). Controllable energy sources
(sources in which electricity production can be adjusted can be regarded as controllable [4]) differing
in their flexibility predominate in conventional energy generation. In the case of intermittent energy
sources, due to their character, production adjustment is very limited, since they are unable to meet the
demand on their own and thus have to rely on flexible sources balancing the grid load (natural gas,
hydroelectric, hard coal, and lignite, as shown in Figure 1) [14].

Energies 2020, 13, x FOR PEER REVIEW 2 of 17 

 

power generation unit would have to operate below its technical minimum, creating serious electric 
energy supply reliability problems [10]. This is especially relevant as a large number of these units 
belong to the distributed generation (DG), and distribution systems were not originally designed to 
accommodate such amounts of DG units [11]. 

One can distinguish three principal types of energy sources: 

• Intermittent—the energy supply is not controlled, or a such control is severely limited; 
• Controllable, inflexible—the energy supply can be controlled, but due to the low flexibility of 

the sources they cannot be used to balance variations in the energy supply from uncontrollable 
sources; 

• Controllable, flexible—it is possible to flexibly respond to changes in electricity demand and 
supply in the electric power system, thereby guaranteeing energy supply security. 

The aim of this paper is to determine if the use of plasma systems for increasing the flexibility of 
power units can be economically feasible. This feasibility can be determined based on established 
methods, such as net present value (NPV) analysis. 

The most common types of power plants (PPs) based on intermittent energy sources are wind 
and solar power plants. A good example of power plants using inflexible controllable energy sources 
are nuclear power plants, which are usually baseload PPs, i.e., their load can be changed only to a 
limited extent. In order to meet the peak load demand, they often need to operate in conjunction 
with flexible sources. 

For example, in the French electric power system, most of the installed RES capacity comes 
from hydroelectric power plants, i.e., pumped-storage power PPs or weekly- and daily-regulation 
(pondage) water storage PPs [12]. An example of the growing share of installed RES capacity in the 
electric power system (and the resulting problems) is the German market, where currently this 
capacity is comparable with the installed capacity based on conventional sources [13]. 

The character of the operation of the sources varies greatly (Figure 1). Controllable energy 
sources (sources in which electricity production can be adjusted can be regarded as controllable [4]) 
differing in their flexibility predominate in conventional energy generation. In the case of 
intermittent energy sources, due to their character, production adjustment is very limited, since they 
are unable to meet the demand on their own and thus have to rely on flexible sources balancing the 
grid load (natural gas, hydroelectric, hard coal, and lignite, as shown in Figure 1) [14]. 

 
Figure 1. Generation of electric energy in the German electric power system, with division into 
sources, as of June 2019 (1—pumped-storage hydroelectric; 2—hydroelectric; 3—natural gas; 
4—hard coal; 5—biomass; 6—lignite; 7—wind; 8—photovoltaic; 9—nuclear) [14]. 

Nowadays, there seems to be no single best way to deal with the influence of intermittent RES, 
and intensive development is focused both on energy storage [7,15] and on new ways of increasing 

Figure 1. Generation of electric energy in the German electric power system, with division into sources,
as of June 2019 (1—pumped-storage hydroelectric; 2—hydroelectric; 3—natural gas; 4—hard coal;
5—biomass; 6—lignite; 7—wind; 8—photovoltaic; 9—nuclear) [14].

Nowadays, there seems to be no single best way to deal with the influence of intermittent RES,
and intensive development is focused both on energy storage [7,15] and on new ways of increasing the
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flexibility of existing power units [16,17]. It seems absolutely vital to find a solution enabling the quick
changing of loads of power boilers and reducing their technical minimum in order to minimize costly
start-ups and shutdowns of power generation units.

2. Potential of Plasma Technologies for Increasing the Flexibility of Power Units

Plasma is a medium that consists of positively and negatively charged particles, which is
produced when atoms in a gas become ionized [18,19]. Some call plasma the fourth state of matter [20].
Plasma techniques have a multitude of different applications in the field of energy and power
engineering [21–25]. Plasma technologies seem to be promising in terms of their potential regarding
increasing the flexibility of power units in energy systems with a relatively high installed power of
intermittent RES. This claim is based on both technical potential and on the fact that in a system with a
high share of intermittent RES, energy price is substantially low in the times of its greatest abundance.
In some of the cases, it implies negative energy prices [26] during the times when the plasma system
would consume it.

Plasma generated using air as a carrier gas can stabilize the flame and enhance the ignition [27,28],
which can be attributed not only to the thermal effect but also to the production of O atoms [29,30],
different radicals, and the effect of ionic wind [31]. The response of the flame for the introduction
of non-thermal plasma can be achieved even for the equivalence ratio of 0.95 [32]. Moreover, it has
been shown that the use of the nanosecond repetitively pulsed plasma discharges can accelerate a
propagating turbulent flame [33]. The thermal effect is also important, as reported by Messerle et al. [34].
The use of plasma technologies can significantly reduce the technical minimum of solid fuel-fired
power boilers [35–39]. Successful trials of plasma torches aiding the operation of power boilers
(27 boilers in Russia, Kazakhstan, South Korea, the Ukraine, Mongolia, and China) were reported
in the literature [40]. Successful trial start-ups (without the use of heavy fuel oil and air preheating)
were performed on the BKZ-420 power boiler in the generating unit of the Almaty Power Plant in
Kazakhstan [41]. The trials were carried out using Ekibastuz coal with a high ash content (40% when
dry) and a low calorific value (16.6 MJ/kg) [41]. Industry journals give examples of hard coal-fired
“oil-free” power generation units (2 × 600 MW) in Zetes (Turkey) [42]. The successful start-ups of
the boilers were conducted for a total of 168 h [42]. According to Karpenko et al., it is possible to
sustain and stabilize the combustion of pulverized coal with a relatively low volatile matter content
at the power of plasma torches amounting to about 2.5% of the burner’s rated power [40]. Research
on the application of the plasma technology in energy generation, including the direct starting of
utility pulverized fuel boilers, was also conducted in Poland [35,36,43–48]. These laboratory and pilot
studies were carried out on the pulverized coal boiler OP 130 in the Czechnica Combined Heat and
Power Station [43,44,46,47]. The studies have shown the viability of thermal plasma application for the
ignition and stabilization of the fuel-air mixture in pulverized-fired burners.

3. Capacity Market

It is hard to imagine that any technological solution can be practically implemented without
proving its economic viability. The capacity market makes it possible to trade in the volume of
generated electric energy, but the price on this market does not in any way reflect the costs involved in
securing energy supplies. Furthermore, at periodically high energy production by renewable energy
sources, the market price of the energy can fall sharply—there have been cases of a negative price
of electric energy on the spot markets (corresponding to the day-ahead market at the Polish power
exchange) in Western European countries due to the oversupply of energy from wind farms and
photovoltaic installations [26,38]. As a result, controllable and flexible conventional energy sources are
squeezed out of the market. For example, in the years 2012–2013, the income of the gas–steam power
stations in Germany and France was close to, and sometimes lower than, the costs of maintaining the
facilities in operation [49].
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The way in which electric power sectors in the world are organized varies greatly, but in each case,
the aim is to assure the continuity of energy supplies and reduce the risk of blackout. Such an assurance
requires strategic reserves, e.g., in the form of a hot reserve [49]. An increasingly number of countries
have introduced a capacity market, where instead of energy, “readiness to satisfy the demand” is
sold. The capacity market exists in such countries as Great Britain and the USA [50]. In Great Britain,
the capacity market is based on a system of auctions, where entities offer their readiness to assure
the satisfaction of the needs arising from the grid load [51,52]. In practice, this can be done through
generating unit operation under less than a full load within the so-called hot reserve. This entails
certain costs, and the idea behind capacity markets is to optimize the costs. For example, in Great
Britain, auctions for over 50.5 GW in the years 2016–2017 resulted in the price of 8.40 GBP for assuring
1 kW/year [53].

In Germany, in July 2016 the parliament passed a capacity market law and two other Acts
concerning the creation of a strategic reserve to be used only in cases when the power bought
on the capacity market is insufficient to balance the system [54]. The strategic reserve (German
Kapazitätsreserve) is to amount to 4.4 GW, and according to forecasts, is to entail costs ranging from
130 and 260 million euro per annum [54]. In addition, there is to be a reserve of 2.7 GW from older
lignite-fired generating units that are to be operated in this way until their complete shutdown in
2020 [54]. In return for this, the owners (power plants) will receive compensation for the potentially
lost revenues, in an amount estimated at 230 million euros [54]. Intensive work on the creation of a
capacity market, with a special focus on the demand side response, is underway in the Scandinavian
countries [55,56]. In the future, the activity of both small consumers [57,58] and prosumers [58,59] can
acquire significance, but in the nearest future, it clearly seems that older units, with full amortisation of
the investments, will perform best on the capacity market.

In Poland, the capacity market has been introduced only recently on the basis of the Capacity
Market Act of 8 December 2017 and the Market Rules [60]. The market has already been approved by
the European Commission [60]. The model of the capacity market in Poland is similar to the British
one and is based on auctions [52]. Auction parameters, such as capacity volume for a given period,
are specified through an Energy Minister order [60]. The auction conducted for 2021 resulted in the
sale of capacity obligations amounting to nearly 22.5 GW at the closing price of 240.32 PLN for the
assurance of 1 kW/year [60]. The planned power demand for 2022 is to amount to about 10.5 GW at the
starting price of 366.00 PLN/kW/year. For the year 2023, an auction for about 10.8 GW is planned [60].

In general, intensive work is being performed to build a common European market, allowing the
exchange of balancing resources and the activation of a replacement reserve with a new centralized
platform called LIBRA [61].

4. Method of the Analysis

In this study, the net present value (NPV) method was used to analyze the cost-effectiveness
of a plasma system for improving power boiler flexibility. This method is often used to assess the
profitability of projects in the energy sector [62].

4.1. NPV Method

The net present value method is a discount method for evaluating the cost-effectiveness of
projects [63]. NPV is a sum of money flows from a project, from which the initial capital outlays are then
deducted. This method enables one to compare the expenditures to be incurred to carry out a project
with all the money flows that the project can generate during its realization. Therefore, when calculating
NPV, one takes into account the current value of each of the flows [63]. Thus this method is based on
the theory of the time value of money. Discounting allows estimating the present value of a money flow
that the project owner expects in the future. It takes into account the potential possibilities of using the
capital of a given value through the selection of a discount rate for the calculations. The selection of a
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discount rate reflects the investor’s wishes, whereas in the case of cost–benefit analyses the selection of
a rate of return based on feasible rates of return on safe investments seems to be sensible and realistic.

The result of the analysis is relatively easy to interpret. When the result is greater than or
equal to zero (NPV ≥ 0), the project should be realized since it meets the investor’s expectations [64].
Otherwise, from the investor’s point of view, the realization of the project in the considered time
horizon is unprofitable.

NPV is calculated using the following equation [63,65–67]:

NPV =
n∑

i=0

CFi

(1 + r)n (1)

where:

CFi—cash flow in the i-th period;
n—number of periods;
r—expected rate of return.

As regards money flows, all the expected flows that will be generated by the project in the future
are taken into consideration. The values of the future money flows are substituted into the formula.
The time interval between the flows should be constant, but the flows need not be the same in each
of the periods. The analysis can be limited to a certain number of periods constituting the investor’s
investment horizon.

The expected rate of return can reflect the project investors’ expectations concerning the capital
raising costs or their profit expectations. The expected rate of return always applies to a single period
in which a money flow occurs.

4.2. Assumptions Made Prior to the Analysis

For the purposes of this study, several technical and financial assumptions were made. It was
assumed that the plasma system would be installed on a pulverized coal (PC) boiler, producing steam
for a 200 MWel power unit. Simulation data for this boiler were based on IASE (Institute of Power
Systems Automation) inhouse operational research and the WUST (Wrocław University of Science and
Technology) authors’ experimental research. It was assumed that plasma units would be installed on
two opposite burners (half the number of burners on a level) on each of the first three levels (altogether
six burners). In the literature on the subject, similar configurations can be found for boilers BKZ
160 [41] and BKZ 640-140 [40]. Plasma-assisted pulverized coal burners can be configured differently,
but this can affect only the uniformity of temperature distribution in the chamber volume and has no
bearing on the installation costs. Therefore a specific configuration should be adopted for a considered
particular case.

The rated power of 31.7 MW was assumed for the boilers. Since no relevant data were available,
different ratios of the power of the plasma torch to the thermal power of the burner on which the former
was to be installed, depending on the expected technical minimum level, were assumed. The literature
specifies the power supplied to plasma torches as approx. 2.5% of the burner’s thermal power, but there
is no information about the technical minimum at which this value was achieved [40]. The authors’
own research showed that a microwave plasma lance with power as low as 0.1% of the pulverized
fuel burner, integrated with the latter, could be used to maintain combustion at a technical minimum.
The minimum level of the power of a microwave antenna, assumed in this work, was 0.3% of the
pulverized fuel burner. The power used for calculations was higher for some of the cases, as it was
assumed that the power of the plasma torch would depend on the required technical minimum to be
achieved in accordance with the following equation:

Pplasma = P0·

(
Pmintech nom
Pmintech plasm

)Y

(2)
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where:

P0—assumed relative power of the plasma torch used to stabilize combustion, as % the burner’s
thermal power;
Pmintech nom—current boiler/generating unit technical minimum, as % of the rated boiler/generating
unit power;
Pmintech plasm—assumed boiler/generating unit technical minimum achievable with plasma assistance,
as % of the rated boiler/generating unit power;
Pplasma—required relative power of the plasma torch installed on the burner, as % of the burner’s
thermal power.

The technical minimum of the power unit was assumed to amount to 60% of the rated power,
which is a typical value for PC boilers of this class (the Polish OP650 being an example). It was
also assumed that by reducing the technical minimum of a boiler, shutdowns would be avoided,
which would translate into savings resulting from the avoidance of the costs associated with the later
re-starting of the boiler. In practice, boiler starting costs differ depending on the boiler’s thermal state,
i.e., the temperature to which it was cooled down. Moreover, hot start-ups occur more frequently
than cold start-ups. On the basis of the experience relating to boilers of this type, it was assumed that
owing to the use of the plasma system, 20 start-ups per year would be avoided. The average cost
(whose principal component is the cost of the used-up heavy fuel oil) of such a start-up was assumed
to amount to 9500 EUR.

Moreover, it was assumed that by avoiding a power generation unit shutdown through operation
at a reduced technical minimum additional revenue from the sale of the energy generated during this
time would be obtained. The average shutdown time of 24 h, which for 20 start-ups gives 480 operating
hours per annum, was assumed. For each of the technical minimum variants, the corresponding
electric energy generation level was calculated, deducting the auxiliaries associated with electricity
consumption by the plasma system. The price of the electricity was assumed to be 0.05 EUR/kWh,
based on the average value of the wholesale prices at the beginning of 2018 [68].

Furthermore, it was assumed that owing to the possibility of reducing the technical minimum,
the installation would bring in additional revenues from the capacity market, where the offered
power volume (kW/year) would be equal to the difference between the presently achievable technical
minimum and the new technical minimum achievable after the installation of the plasma system.
On the basis of the closing price at the first auctions for the year 2021, the capacity assurance obligation
price of 9.30 EUR/kW/year was assumed, based on the relatively low results of British auctions [53]—i.e.,
it was assumed that the prices would tend to go down with the development of the markets. As there
is an obvious and positive correlation between the prices of the capacity assurance and economic
performance of plasma-assisted combustion system, we believe this assumption is rather conservative
and could be treated as the worst-case scenario.

For the different variants mentioned above, analyses were carried out assuming the investment
cost of 370,000 EUR/100 kW of the plasma system power. A breakdown of the investment cost is shown
in Table 1. Moreover, for a selected technical minimum variant (30%), an NPV analysis was carried out
for different investment cost levels: from 370,000 to 260,000 EUR/100 kW of the plasma system power.

The costs estimations (Table 1) for each of the subsystems were based on the experience of authors.
Moreover, it was assumed that installation and start-up at the power unit will take 600 man-hours,
optimization of work will take 500 man-hours, and subsequent training of the power unit operators
will take 250 man-hours.
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Table 1. Breakdown of the investment cost of the plasma installation for assisted combustion in a boiler,
working with a 200 MWel power unit.

Category Cost, EUR

Power supply (incl. wires) 99,100.00
Plasma source (100 kW) 15,000.00

Control system 12,000.00
Torch cooling system 18,000.00

Air supply system 5500.00
Labor cost 135,000.00
Overheads 85,380.00

Total 369,980.00

The cost of a single man hour was estimated to be 100 EUR on average, which is fairly typical for an
experienced engineer in Western European countries. Overheads were assumed to be 30% of the sum
of all the other costs. Additionally, the fixed annual operational costs were assumed, i.e., 41,280 EUR of
labor and 20,000 EUR of consumable spare parts. The period of one year was assumed in all of the
NPV analyses. The latter were made for the investment horizon of 10 years. The expected return rate
of 9% was assumed in all of the NPV analyses. Additionally, the effect of the expected return rate on
NPV was examined for the variant with the technical minimum of 30% and Y = 1.

5. Results and Discussion

5.1. Results of Performed Analysis

At the moment there are no data that would allow one to definitely specify the technical minimum
achievable using plasma assistance. For this reason, several different variants of the demand for plasma
torch power at different technical minimum values were taken into account in the analysis.

Since at present there is no information concerning the minimal power of a plasma torch needed
to obtain ignition at different technical minimum values, the analysis was carried out for different
values of coefficient Y. As Figure 2 shows, the different assumed values of coefficient Y translate into
different values of the plasma torch’s power needed to sustain the combustion process at the reduced
technical minimum. In the case of NPV calculations, this would significantly affect the obtained results
because of the assumed constant investment costs per 100 kW of the power of the plasma torch.
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Regardless of the achieved technical minimum, the variant with the lowest technical minimum
yielded decidedly the best result for the same power of plasma torch (Figure 3)—a positive NPV
was reached already in the second year after the investment for the least lucrative variant (technical
minimum of 50%). This is due to the fact that in the case of the lowest technical minimum, the same
level of outlays in the zero year brings in the largest revenues from the capacity market. For the same
investment outlays (Y = 0) the stream of revenues is the deciding factor.
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Figure 3. Results of Net Present Value analysis for different variants of achievable power unit technical
minimum (MT) at coefficient Y = 0 (identical power of plasma torches assumed for all technical
minimum levels).

In the case of the NPV analysis carried out for different capital expenditures, where coefficient
Y = 0.5 can be used as a measure of the difference between the expenditures, the results (Figure 4) were
similar to the ones obtained for coefficient Y = 0 (Figure 3). The best cost performance characterized
the variant in which a technical minimum of 20% was achievable. However, the differences between
the NPVs for the particular variants were not highly significant due to the higher investment costs
stemming from the assumed higher plasma system power.
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At coefficient Y = 1 the results were slightly different (Figure 5), i.e., the least promising results
were for the variant with the lowest technical minimum (MT 20%) and for the variant permitting a
relatively small technical minimum reduction (MT 50%). In the case of MT 20%, because of the relatively
high capital expenses (for Y = 1), this variant becomes profitable (NPV > 0) as late as after seven years.
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Variant MT 50%, despite the substantially lower capital expenditures, becomes profitable towards the
end of the considered investment horizon (10 years). Also in the case of coefficient Y = 1.2, the two
extreme values of the achievable technical minimum resulted in the lowest cost-effectiveness (Figure 6),
but the difference between them and variants MT 40% and MT 30% was slightly more distinct.
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If plasma solutions become more widespread, the unit costs of such installations (EUR/100 kW),
will go down. Furthermore, the simultaneous retrofitting of several power generation units in a given
power plant would also improve the negotiation position of this entity in price negotiations. The effect
of a reduction in the investment cost of plasma installations for aiding boiler operation is shown in
Figure 7. Thanks to a reduction in the investment cost by about 35%, the period in which the project
can reach NPV = 0 can be shortened from about five to about three years.

Figure 8 shows the effect of the expected return rate on project NPV. For the considered case
(the power unit technical minimum amounting to 30% of the rated power, Y = 1) the project becomes
profitable (NPV > 0) two years earlier when the expected rate of return is changed from 15% to 6%.
In the considered 10 year investment horizon, the project can be regarded as economically viable
even if a return rate of 15% is assumed. The effect of the price of 1 kW obtainable at capacity market
auctions on project NPV is shown in Figure 9. This effect is considerable within the assumed 10 year
investment horizon.
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5.2. Non-Technical Risks of Investment in Plasma-Assisted Combustion Solution and Risk
Mitigation Strategies

Non-technical risks should not be overlooked in any decision process when an investment is to
be made in the energy sector. This is especially true for system power plants, which are supposed to
be responsible for the security of energy supply. One of the non-technical risks is the possibility to
be excluded from participation in the capacity mechanisms. In the European Union, only units that
emit 550 g of CO2 of fossil fuel origin per kWh of electricity can take part in the capacity market [69].
Moreover, such units cannot emit more than 350 kg of CO2 of fossil fuel origin on average per year per
1 kWel of installed power [69]. Both limits are calculated based on net efficiency at nominal capacity
under the relevant standards provided for by the International Organization for Standardization [69].
A simple calculation shows that a unit with an emission of 550 g of CO2 of fossil fuel origin per kWh of
electricity can operate for a maximum of 636 h per year. Consequently, an emission factor lower than
44 g of CO2 of fossil fuel origin per kWh of electricity is needed to operate for approximately 8000 h
per year (Figure 10).
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Coal-fired power plants achieve much higher values [70]. Nonetheless, EU regulations do not
exclude biomass [69,71] as long as sustainability requirements are maintained across the supply
chain [71,72]. Co-firing of coal with large shares of raw biomass is technically difficult [73,74]. However,
the use of torrefied biomass can be used to remediate this deficiency [73–79], as fuel properties can
be significantly improved by valorization through torrefaction [80–83]. Li et al. [70] reported that
it is possible to achieve net CO2 emissions that are lower than 400 g/kWh with a co-firing ratio of
50% [70]. Boylan et al. [84] reported successful co-firing trials, using a 40 MW PC boiler with a single
mill operation. Co-firing ratios ranged from 20% to 75% (by mass) and operation on 100% of torrefied
fuel was also possible [84]. Li et al. [85] performed simulations of co-firing of torrefied biomass in a
220 MWel power unit when using a part of the heat for torrefaction [85]. For this scenario, a slight
loss of efficiency was observed, with a maximum value of approx. 1% for a substitution ratio of 100%
and a torrefaction temperature of 300 ◦C [85]. However, the use of the torrefaction closer to the source
of the biomass may be more beneficial along the complete supply chain [86]. Furthermore, the sizes
of the technologies being market-ready or close to that stage also seem to favor this solution [87].
Pulverized torrefied fuel is considered to be more reactive in comparison to coal [88,89]. Thus it could
be reasonably expected that its use might help in the additional lowering of the technical minimum of
the unit.

Overall, many different concepts exist currently with the potential to lower the technical
minimum [16], thus increasing the benefits of participating in the capacity markets. However,
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these solutions should not be considered as a competition for plasma-assisted combustion, but rather
as complementary solutions that could lead to a synergetic effect, thus maximizing the profitability.
Further research on the extent of that synergetic effect is recommended.

6. Conclusions

The NPV analysis has shown that the use of a plasma assistance system in order to reduce the
technical minimum of 200 MWel power generation units can be economically viable. Many factors of
technical and economic nature have a bearing on the economic viability of such a project. The price
of 1 kW on the capacity market and the expected return rate are meaningful in the long term.
Since this market is not fully mature, one can expect that the prices of power will gradually go down,
especially considering the prices achieved on similarly structured mature markets (e.g., in Great
Britain). On the other hand, the decline in prices will undoubtedly be limited by the supply of new
power generation units on the capacity market and the forecasted increase in electric energy demand,
engaging increasingly greater generation capacities. Moreover, the increase in the installed capacity of
uncontrollable energy sources should naturally stimulate demand on the capacity market. Taking into
account the above factors, the use of plasma systems sustaining combustion and making it possible to
reduce the technical minimum of a boiler (and, consequently, of the power unit) seems to be worth
considering. The wider use of such systems will inevitably lead in the future to a reduction in the
necessary capital expenditures. Furthermore, the use of such systems in newly built units will result
in project cost savings owing to the elimination of the costs associated with the installation of the
lighting-up heavy fuel oil burners.

The cost of the installation itself had a marginal effect on the NPV. The obtained results indicate that
the ability to lower the technical minimum of the boiler is a decisive factor influencing the economics
of the investment for such an installation. In order to optimize such projects cost-wise, further research
on the plasma system’s minimal power (relative to the burner’s power) enabling ignition at different
technical minimum levels is needed. Further research is also needed in the field of modeling and
simulation of power boilers to confirm the possibility of reducing the technical minimum (for given
units) with regard to heat transfer in the boiler’s convection part at a reduced flue gas flow. Further
research is also needed on the effect of a leaner powdered fuel–air mixture on chimney loss. Owing to
the minimization of plasma power needed to sustain the combustion process, the capital expenditures
will be reduced, whereas the greater ability to reduce the technical minimum should significantly
increase the stream of capacity market revenues obtained by a power generation unit. Moreover,
the effect of scale was not taken into account in this assessment of the economics of such installations.
Therefore, results may be even better for power units of greater power, which nowadays are becoming
more common in modern power systems.
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43. Kobel, P.; Mączka, T. Plasma-assisted kindling of pulverized coal fired boilers. In XXI International Symposium
on Combustion Processes; Wydawnictwo Uczelniane Zachodniopomorskiego Uniwersytetu Technologicznego:
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wnękowego w muflonowym palniku pyłowym do rozruchu kotła energetycznego. In Aktualne Problemy
Budowy i Eksploatacji Kotłów: Jubileuszowa Konferencja Kotłowa 2009 z Okazji 60-lecia Fabryki Kotłów RAFAKO
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76. Jagodzińska, K.; Czerep, M.; Kudlek, E.; Wnukowski, M.; Pronobis, M.; Yang, W. Torrefaction of Agricultural
Residues: Effect of Temperature and Residence Time on the Process Products Properties. J. Energy
Resour. Technol. 2020, 142, 1–8. [CrossRef]

77. Sun, M.; Yang, Y.; Zhang, M. A Temperature Model for Synchronized Ultrasonic Torrefaction and Pelleting of
Biomass for Bioenergy Production. J. Energy Resour. Technol. 2019, 141, 102205. [CrossRef]

78. Rokni, E.; Liu, Y.; Ren, X.; Levendis, Y.A. Nitrogen-Bearing Emissions from Burning Corn Straw in a Fixed-Bed
Reactor: Effects of Fuel Moisture, Torrefaction, and Air Flowrate. J. Energy Resour. Technol. 2019, 141, 082202.
[CrossRef]

79. Akinyemi, O.S.; Jiang, L.; Buchireddy, P.R.; Barskov, S.O.; Guillory, J.L.; Holmes, W. Investigation of
Effect of Biomass Torrefaction Temperature on Volatile Energy Recovery Through Combustion. J. Energy
Resour. Technol. 2018, 140. [CrossRef]

80. Khalsa, J.H.A.; Leistner, D.; Weller, N.; Darvell, L.I.; Dooley, B. Torrefied biomass pellets—Comparing
grindability in different laboratory mills. Energies 2016, 9, 794. [CrossRef]

81. Park, S.; Kim, S.J.; Oh, K.C.; Cho, L.H.; Kim, M.J.; Jeong, I.S.; Lee, C.G.; Kim, D.H. Characteristic analysis
of torrefied pellets: Determining optimal torrefaction conditions for agri-byproduct. Energies 2020, 13, 423.
[CrossRef]

82. Bajcar, M.; Zaguła, G.; Saletnik, B.; Tarapatskyy, M.; Puchalski, C. Relationship between torrefaction
parameters and physicochemical properties of torrefied products obtained from selected plant biomass.
Energies 2018, 11, 2919. [CrossRef]
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