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Abstract: Hard coal is widely used as a source of energy, and a number of catalysts have been
developed to minimize the noxious impact of this fuel on combustion. This paper presents the
cost-efficiency analysis of a system for improving the combustion of solid fuels, especially fine coal, in
power boilers. The system is provided with a control and supervision device. It has been designed for
better accuracy in controlling the boiler operating parameters, with a view to improving combustion
efficiency due to the use of catalysts. The tests were carried out for system capacities ranging from 3
to 100 MW. It was found that, depending on the size of the system in the range of 3-100 MW, savings
in the fuel consumption ranged from 2% to 8% due to the implementation of novel solutions in the
boiler plant operation and from 2 to 6% due to the use of the combustion catalysts. Apart from
boosting energy efficiency, the use of catalysts and the efficiency-boosting system resulted in the
costs of overhauls being cut by about 20%. The payback time depends on system capacities, and it is
between 6.75 and 1.74 years for capacities ranging from 3 to 75 MW and 2.0 years for a 100 MW plant.

Keywords: fine coal; combustion; market analysis; Desk Research; efficiency; refurbishment; cata-
lysts; payback time

1. Introduction

During the last few decades, the consumption of energy has increased, specifically
owing to the development of new technology, based predominantly on a limited and unsafe
energy structure, composed of such fossil fuels such as hard coal, petroleum and gas [1].
More than 38% of electric energy globally is generated from hard coal [2]. For emerging
markets such as India or China, hard coal is an attractive source of energy because of its
high resources and low cost of mining [3].

Figure 1 shows total hard coal output in Poland and in the European Union (EU) in the
years 1990-2019. The diagram shows that the value has been going down almost incessantly
since 1990. In the year 2019, the hard coal production volume for the European Union was
65 10° t, which is 77% lower than the value of 277 10° t in the year 1990. In 1990, hard coal
was produced by 13 member states of the present European Union, compared with only
two states (Poland and the Czech Republic) in 2019 [4,5]. Poland produced 61.6 10° t of
hard coal, which was 95% of total hard coal production volume in the European Union,
whereas the Czech Republic did 3.4 10° t (5%) [6]. In comparison with 123 10° t in the year
2012, when the last peak in the hard coal production volume was observed in the European
Union, Poland cut its production volume by 22%, and the Czech Republic did by 70%. All
the other former hard coal-producing states had ceased their production by that time.

In the year 2019, 47% of hard coal was used for power generation. Since 2013, hard
coal supplies for power generation have clearly been decreasing. This is due to the fact
that hard coal tends to be replaced with natural gas and renewable sources of energy [4].

As regards the consumption of hard coal in 2019, the value for the European Union
was 176 10° t, of which more than 60% falls to Poland (39%) and Germany (23%), followed
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by France and the Netherlands (6% each). The decreasing trend in hard coal consumption
in the EU is confirmed by the fact that only 37% of hard coal consumption was satisfied
from production in the year 2019, compared with 71% in 1990 [4].
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Figure 1. Hard coal output in Poland and the European Union in the years 1990-2019 according
to [4,7].

In 2019, the European Commission declared that greenhouse gas emissions in Europe
would have been cut down by 50-55% by the year 2030 (in comparison with 1990) and that
complete carbon neutrality would have been achieved by the year 2050 [8]. According to
the Polish hard coal industry program, the domestic demand for hard coal by the year 2030
will be running according to one of the three possible scenarios, none of them forecasting a
rapid decline in hard coal production (Figure 2) [9].
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Figure 2. The forecast of hard coal production in Poland, 2019-2030 according to [9].
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The low scenario is based on the assumption that the total consumption of hard coal
in the domestic economy will have been cut down by 15% by the year 2030 in comparison
with 2019. This scenario is based on the lowest costs: although it leaves to the market
forces the problem of solving any issues arising in connection with investments in the
public power sector, it also is a source of problems for the hard coal mining industry, which
will have lost much of its market share for its product by the year 2030. On the other
hand, according to the reference scenario, the present level of demand for hard coal is
not going to change, even though some changes will be taking place in the consumption
structure, namely, growth in the public power sector and a decrease in households. The
structure of fuel consumption can also be affected if locally available resources, such as gas
and municipal waste, are used or if the share of renewable energy sources for generating
heat increases.

The high scenario is based on the assumption that the market for power coal in Poland
will develop. According to this variant, the total demand for hard coal will be more than
15% higher than in the year 2019. It also permits a higher demand for hard coal in the
public power sector and in new hard coal markets. The implementation of this scenario will
involve high expenditure to finalize any ongoing or planned investment projects concerning
new hard coal-based power plants in the public sector. In other market segments, departing
from hard coal at a slower rate may arouse opposition from local communities. Facing an
inevitable decrease in power hard coal consumption in market segments other than the
public power sector, domestic demand for hard coal will be affected by developments in
the public power sector and by the process of its consolidation [9].

Using a novel approach, based on the time series prediction method, Li et al. predicted
the consumption of hard coal in Poland by the year 2030. Based on that method, they found
that hard coal consumption would be decreasing gradually until the year 2027 and will
then stabilize, reaching a 20% lower level in 2030 than in 2019 [10].

The use of fossil fuels (hard coal, gas, petroleum) for the production of energy gen-
erates significant emissions of CO,, NOx, SO, and particulate matter, contributing to the
death of thousands of people [11]. Coal, sulfur, oxygen, hydrogen, small amounts of
nitrogen and traces of heavy metals are the main components of hard coal. Its combustion
generates toxic gases, such as carbon dioxide (CO,) and carbon monoxide (CO), sulfur
dioxide (SO,) and sulfur trioxide (SO3), as well as nitrogen dioxide (NO;) and nitrogen
monoxide (NO), which cause health effects and environmental problems [12]. These gas
emissions may cause various diseases which attack the skin, cardiovascular system, brain,
blood and lungs, and may lead to various kinds of cancer [13].

The combustion of hard coal generates the highest amount of CO, among all the fossil
fuels. Hard coal generates 58% more CO, than does petroleum and twice as much as natural
gas on combustion [14]. The use of hard coal as an energy carrier causes phenomena such
as smog, acid rain and the emission of particulate matter. High environmental pollution
caused by boilers and thermal plants based on the combustion of hard coal is regarded
internationally as the main subject of ongoing international research studies, focused on
how to reduce emissions generated by the combustion of hard coal as fuel [13].

Since hard coal and fine coal are widely used as energy sources in Poland, catalysts
are required to enable the reduction of the noxiousness of these fuels on combustion.

A number of catalysts have been described in the literature, which are used with hard
coal or fine coal for reducing atmospheric emissions. Their reducing effect on emissions
was reported in [15,16] for CO and NOy and in [17,18] for SO,. On the other hand, Yu et al.
and Doggali et al. described the inhibitory effect of the catalysts on the combustion of hard
coal [19,20].
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In their earlier paper [21], the present authors studied the effect of polymetallic
catalysts comprising a mixture of metal compounds at concentrations of 100, 200, 250
and 350 ppm on atmospheric emissions in the combustion of type IIA fine coal, which
is intended for use in heating boilers. Based on these studies, it was found that the
optimum additive is composed of Cu, Na, Mg, NH4 ", Ca urea, and is used at the level of
350 ppm [22].

There is not much information in the literature on the economic effects of the use
of catalysts for solid fuels. Therefore, the present authors chose to perform economic
analysis for the system, which improves the fine-coal combustion efficiency of power
boilers based on a preselected catalyst. The market of the potential users of the system is
also characterized.

2. Materials and Methods

Information on savings in energy during the hard coal combustion process in which
the system for improving energy efficiency had been implemented was analyzed based
on data collected in the project [23]. The system comprises an additive that improves
combustion and a control and supervision system that enables an optimum operation of
the boiler.

The existing metering infrastructure and provisional instruments, installed by a com-
pany that offers the system for the tests [22], are used for the settlement of the economic and
ecological effects resulting from the use of the catalysts. Computer-based remote control
handling the catalyst dosage system, boiler operating parameters and long-term archiving
of measurement data is also available [24]. The company that offers implementation of the
system guarantees boiler servicing as well. The company that offers the implementation of
the system to improve the solid-fuel combustion energy efficiency is competitive also as
regards the innovative method of settling accounts with customers, based on the ESCO
concept (Energy Saving Company): a remuneration for using the system is covered from
savings in the cost of energy [25,26]. The total savings comprise the following components:
improved energy efficiency, lower costs of overhaul and lower environmental costs.

The system comprises an additive that improves combustion and a control and su-
pervision system that enables an optimum operation of the boiler. The necessary data
required for assessing hard coal consumption for energy production in the Polish market
in the year 2019 were obtained using Desk Research [27]. The method is based on the
analysis of records in available data sources, comprising specifically their compilation,
mutual verification and processing. Desk Research helps arrive at conclusions about the
problem of interest [27]. There are a number of papers in the literature in which research
methodology is based on that type of analysis [28,29].

The analysis was based on the following data sources:

*  hard coal output and consumption in Poland, based on statistical data;

*  the National Bank of Poland’s website (www.nbp.pl, accessed on 20 February 2021)—
PLN/USD conversion based on the exchange rate of 24 February 2021
(USD 1 = PLN 3.69);

¢ generally available lists of companies where combustion systems are used (e.g.,
www.enpol.pl, www.agroenergetyka.pl, www.polskiasfalt.pl, etc. accessed on
20 February 2021);

*  websites that provide solutions to problems with fuel combustion.

The diagram in Figure 3 shows the respective steps of data acquisition for a Desk
Research analysis.
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Figure 3. Stepwise acquisition of data for a Desk Research analysis.

The next step was to carry out an analysis of the final users’ preferences and expecta-
tions using CATI (computer-assisted telephone interview). The method provided some
reliable and valuable information on the chances of implementing a system to improve
energy efficiency in the Polish market. CATI is used for gathering information in quantita-
tive market research and public opinion polls by means of computer-assisted telephone
interviews [30]. This method also helps find many research papers in which methodology
was based on CATI [31,32].

To have a preliminary view of the scale of interest the energy-efficiency system may
arouse, the study was carried out among its potential users. To begin with, the highest
prospects were identified based on interviews with experts. As the result of such consul-
tations, it was found that the prospects are: “combined heat-and-power plants (CHPs)
and power plants,” “auto-producing thermal plants” and “agriculture.” Moreover, such a
group includes some of the companies in the category “construction and other industries,”
namely, cement plants.

Next, the authors attempted to contact 221 entities representing the above groups. The
respondents were those responsible for the combustion process in such entities (chief power
engineers, boiler room managers, thermal plant foremen, boiler operation coordinators,
maintenance managers and employees of the environmental protection department). The
purpose of such conversations was to initiate contact with those responsible for making
decisions on issues connected with the combustion system and to present essential infor-
mation on the offered solution. An attempt was made to obtain the person’s declaration
concerning their willingness to cooperate or to be provided with more detail. Definitely
more often than not, those responsible for the above matters provided a positive response
to the information they had been offered, were willing to have a look at the materials
provided to them, and, in some cases, a preliminary declaration to cooperate was obtained
from them.

In the case of CATI, there exist non-random errors resulting from failures to perform
part of the sample. Such errors are found also in other research methods, and they may
result from a refusal to take part in the survey, indecision, or from other circumstances.
CATl is a very attractive technique from the researcher’s point of view because it takes
much less time to collect data compared with direct interview techniques. On the other
hand, it has the drawback that the sample performance percentage is usually much lower
than in direct interviews. It is estimated that, on average, only 1/3 of the pre-selected
phone numbers called the result in a conversation [33].

The statistical sampling error is an unavoidable component of any survey. It exists
simply because, in an induction survey, conclusions regarding a whole population are
drawn based on a sample. Such inference is, per se, exposed to error, but the magnitude
of such statistical error can be determined from the assumed confidence level [34]. In the
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survey performed by the present authors for 221 companies, the statistical error for the
assumed confidence level of 0.95 was 6.4%.

In the case of CATI surveys, the survey group is usually 1000-2000 respondents [31,32].
If the respondents are a specialized group, the number is definitely lower than that, de-
pending on the size of the target group in the territory covered by the survey.

The number of interviews is much lower in a survey involving a specialized respon-
dent group compared with that obtained in a social survey. Mays et al. used an online
survey questionnaire concerning the advantages and barriers found in QSAR methods
for REACH [35]. Having sent 280 questionnaires with 8 questions addressed to potential
respondents, the authors obtained only 33 completed questionnaires. The group was then
extended, and a questionnaire with only 3 questions was used to obtain 29 completed
questionnaires. Unfortunately, the survey took 8 months. The authors concluded that the
total sample was too small to represent a whole population and that the trends shown by
the results enabled its correct interpretation.

The study has resulted in 41 complete CATI interviews with information that is useful
for the subject matter of the study.

The interviews indicate that the highest prospects among the potential customers are
(in decreasing order):

1. thermal plants, CHPs and district heating companies/enterprises;

2. housing co-operatives and cement plants;

3. horticultural production (market gardens producing fruit and vegetables, other agri-
cultural farms using large-scale greenhouses).

It was also found that the manufacturers of bituminous mixes are not to be regarded as
prospective customers simply because they typically operate gas-fueled production plants.

The other entities, contacted by the authors, have failed to respond, either because
they were not interested or because they are not to be regarded as prospective customers
because (starting from the most frequently stated reasons in decreasing order):

1. they were too busy or unwilling to talk on the phone, even after being contacted again
at the appointed time, suggested by them (in most cases, the person seemed to believe
they were being contacted about an acquisition, which had an adverse effect);

2. the person contacted believes their system does not need any improvement (harmful

emissions within the standard range, advanced high-efficiency systems);

the entity operates a gas-fueled system;

4.  there are ongoing refurbishment works, an overhaul of the combustion system, main-
tenance or other works aimed to improve the system.

®

The nature of the reasons stated above indicates that some of the respondents could
definitely be encouraged after the system has been implemented in several sites. This
would provide references and information on the specific sites where the system is working
(case-study descriptions), and it would create foundations on which to build the system’s
market position, resulting in stronger interest among potential customers. Just as important
is a suitable marketing campaign aimed at providing potential customers with information
on the specific profits they may have after installing the solid-fuel combustion energy-
efficiency system.

The main objective of the CATI study was to obtain information on the following;:

- the most frequent problems in boiler operation;

- the respondents’ awareness of the profits the implementation of catalysts for their
combustion system will bring;

- the degree of the respondents’ willingness to implement a system that improves
energy efficiency and solves other issues related to operation in their company;

- determinants of their decision concerning the implementation of catalysts for their
combustion system.
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For the purpose of the introduction of the new system improving fuel-combustion
efficiency, the authors carried out an economic analysis by assessing savings in the fuel
and the extra amount of energy.

The economic assessment was carried out for the company that is responsible for
marketing the system on the one side and for the company that has chosen to implement
the system in its operation. Both the revenue side and the cost side were taken into account.
Calculations were made using the equations shown in Supplementary Materials.

3. Results
3.1. Market Analysis of Potential Users

To begin with, the authors carried out a market analysis of the potential users of
the system for improving the fuel-combustion energy efficiency. According to the results
of the market analysis, most of the respondents (thermal plants, CHPs, cement plants,
horticultural production establishments) use a solid fuel in the form of hard coal or fine coal
with calorific values of more than 23 GJ/t and sulfur content of less than 0.8%. Currently,
the market price of fine coal varies between USD 135-175/t (PLN converted into USD).
The consumption of hard coal in 2019 by the various consumer groups is shown in Table 1.

Table 1. Hard coal consumption in Poland in 2019 according to [36].

Consumption Percentage, % Amount, 103 ¢
Power plants and CHPs 53.59 36,605
Heating boilers in the public 1.73 1182
power sector
Auto-producing thermal 0.20 139
plants
Public thermal plants 4.54 3100
Constr.ucnon e.md other 24 64 16,826
industries
Transport 0.02 15
Small consumers, including: 15.28 10,436

Hard coal consumption by the target group of interest in 2019 was
38 810 thousand tons. After excluding power plants, which are classified in statistical
sources in the same group as CHPs, and including cement plants, in which the combustion
of hard coal in 2019 was ab. 5% of its total consumption by the “construction and other
industries,” hard coal consumption is assessed at approx. 25 10° t.

3.1.1. The Fuel Type Used

At the beginning of the interview, the respondents were asked about the fuel type
they used (Figure 4). The question was intended to limit the study only to those entities
operating solid-fuel fired systems.

The diagram above shows the structure of the respondents in terms of fuel type
(Figure 4). Most of the respondents (ab. 73.6%) use hard coal or fine coal, which shows
how popular these two fuel types are.

3.1.2. Awareness of the Solutions for the Combustion Process

The respondents’” awareness of innovative techniques to improve fuel-combustion
efficiency was then tested. The respondents were asked whether they had heard of any
catalysts that improve the fuel-combustion energy efficiency or reduce the emissions of
harmful substances/gases. The distribution of the answers to that question is shown in the
diagram below (Figure 5).



Energies 2021, 14, 4295

8of 19

13.20%

= fine coal

= hard coal
coal with high calorific value
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Figure 4. Distributions of answers to the question: “What type of fuel is used in your enterprise?”.

mYes
mNo

Figure 5. Distributions of answers to the question: “Have you ever heard of any combustion catalysts
which improve energy efficiency or reduce the emissions of harmful substances and gases?”.

In total, 82% of the respondents have, indeed, heard that catalysts existed that im-
prove energy efficiency and help reduce environmental emissions. This indicates high
awareness among the respondents of the feasibility of the implementation of systems
designed to improve energy efficiency. The observation confirms high chances for the
effective promotion of the innovative catalyst among the responding enterprises. Some of
the respondents, being aware of the efficiency of such solutions, were willing to know the
details of their implementation.

3.1.3. The Present Scale of Use

The next step was to ask the respondents if they were using any catalysts designed to
improve hard coal-combustion efficiency and to reduce the formation of carbon or other
deposits and harmful emissions. The question was intended to provide knowledge of the
types of additives that are actually used in the combustion process (Figure 6).
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Figure 6. The scale of use of catalysts for fuels and the solutions for improving combustion among the
respondents, as indicated by answers to the question: “Do you use any catalysts for fuel combustion?
If you do, what is the purpose of its use?”.

The use of catalysts in order to improve hard coal combustion efficiency, reduce carbon
and other deposits, as well as harmful emissions, is rather unpopular at present. Taking
into account the number of individuals who have ever heard of the solution, these facts
do not seem to be helping with implementing the system. Part of the reason why is the
fact that the benefits of the use of such catalysts have not been understood properly, a
testing period analysis was not carried out correctly, and that the catalysts offered or those
available on the market were of low quality.

Those respondents who declared that they were not using any catalysts were asked
why. The most frequent explanation was that they did not need such a product—this
answer was provided most frequently by the operators of heating systems that had been in
use for only a few years. Another frequent answer was that they comply with the harmful
emission standards. Part of the respondents emphasized that they feel they were using is
low-sulfur hard coal that, combined with an advanced electrofilter system installed only
5 years before, results in no fear of emission limits being exceeded before the year 2050,
and the filters were operating at some 30% of their capacity. Remarks were also heard that
the catalysts were inefficient, and this was substantiated with a bad experience in using
similar solutions encountered during the many years the respondents had been working in
the industry.

According to some of the respondents, their particlular furnace type does not permit
the inclusion of a catalyst application system; they emphasized that the boiler is a complex
mechanism with a high regime of parameters, and the inclusion of any catalyst will disturb
the whole process taking place in it. Some of the respondents made remarks indicating they
were not aware that a catalyst might have a beneficial effect on the combustion process.

The respondents’ reluctance to use this type of solution seemed to be caused by
economic factors. Financing new projects is prevented by low costs of energy on the
market. In a private, profit-oriented company, no person is willing to spend money on
some dispensable gadgets. Some of the respondents feared high costs of investment
combined with a rather low return.

The catalyst application system offered by the present authors is able to oppose
effectively the opinions declared by the respondents. The control and supervision system,
as developed by these authors, enables the calculation of the exact savings to be generated
by the installed system. According to documented studies, the assessed minimum level
of savings due to the use of the catalyst in systems based on solid fuels is, on average,
4% (or even 5%) for systems long past their last refurbishment. The catalyst is applied
using a dedicated device that has been designed for boilers, so its manual application is
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not required. The system enabling the catalyst to be added into the hard coal fuel was
described in detail by the present authors in their previous paper [21].

3.1.4. Major Problems with Boiler Operation

The respondents were then requested to indicate what kind of problems they have with
their boiler operation. The purpose of the question was to verify whether the catalyst would
be able to reduce or eliminate such complications. The respondents indicated a number of
areas in which they were not satisfied with how their boiler was working (Figure 7).

13.30%

= overhauls are required = carbon and other deposits are formed
combustion system is inefficient emission of pollutants is high
= other = none

Figure 7. The most frequent problems in boiler operations.

Frequent failures, resulting in the requirement of overhaul, were the most frequently
reported issue. The compulsory, frequent replacement of parts, mainly pressure control
valves, is also a significant problem. Part of the users provides regular maintenance of
their boilers, ensuring their overhaul at regular intervals, thus limiting expected failures.
Ignition arches are the most problematic parts of the boilers, which require an overhaul
once a year. The presence of scale in water boilers is also a problem, which affects their
operation: it has to be removed from the grates quite frequently.

One of the major problems taking place during the boilers’ operation is a large amount
of carbon and other deposits. The respondents emphasized that this depends on the quality
of hard coal. Cleaning the boiler in an emergency will not solve the very problem; only an
overhaul will improve its efficiency and will reduce harmful emissions, but the deposits
will continue to be formed even then. The respondents are of the opinion that the reason
why the carbon and other deposits are formed is the low quality of the fuel.

In addition to the above-mentioned complications, the respondents have indicated
other problems such as glowing grates and leaking boilers.

Some of the respondents denied any major issues in boiler operation, explaining that
they just cared and provided proper maintenance to their equipment.

The system which improves coal-combustion efficiency would solve most of the
problems reported by the respondents. Having to carry out an overhaul is usually caused
by improper operation or the wear and tear of boiler parts taking place too fast. The
use of a catalyst and optimization of its work will slow down the boiler parts” wear and
tear and will help eliminate most of the carbon and other deposits—this is the response
to the second major problem reported by the respondents. As regards the combustion
system, the catalyst will much improve its efficiency [21]. Many (more than 20%) of the
respondents denied there were any problems with their boilers at all. Part of the reason
why could be that the respondents were simply not aware of how they could boost boiler
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efficiency. With all probability, the use of a catalyst would reduce the formation of carbon
and other deposits and would improve the combustion system efficiency. This leads one to
the conclusion that it will suffice to create in some of the potential customers the need to
use such catalyst.

3.1.5. Willingness of the Respondents to Implement the System

On a scale of 1-10, the respondents assessed their willingness to implement a solution
that improves energy efficiency and helps solve problems with system operation (Figure 8).

12
MEDIAN MEAN

/
. [ I ] I | I
2 3 4 5 6 1

Distribution of answers

MODAL VALUE

Number of answers
IS o P

o

9 10

Figure 8. The distribution of the frequency of answers to the question: “On a scale of 1-10, assess
your willingness to implement in this company a system which improves energy efficiency and helps
solve problems with system operation?”.

The respondents assessed their willingness to implement such a system at, on average,
7.15. The most frequent answer (the modal value) was 8. The median in the set of answers
was 7.

3.1.6. Factors Affecting Decisions to Implement the System

In the next part of the study, the respondents were requested to indicate the factors af-
fecting their decision to implement a fuel-combustion energy efficiency system or a solution
for reducing harmful emissions and pollution. The purpose of the question was to know
what the potential users of the system are guided by in their decision making (Figure 9).

For the largest group of potential users, the essential aspect determining their decision
concerning the implementation of a system to improve boiler efficiency is the economic
side, specifically, the costs of its implementation and the payback time.

The respondents were of the opinion that it is rather hard to decide on the imple-
mentation of the system in this rather early stage of its development (absence of reference
solutions). They also emphasized the importance of the catalyst-testing period. Testing
the catalyst and seeing how it works in other sites is very good to begin with, though
ultimately, financing the project is the essential aspect, anyway.
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= economic issues (costs, payback time) = actual performance
noticeable reduction of harmful emissions other

Figure 9. The factors affecting a decision concerning the system implementation.

The decision on choosing a good solution to improve boiler efficiency will also depend
on its actual performance. The respondents indicated that performance would have to
be confirmed by a history of adequate results or else appropriate tests would have to be
carried out on the boilers operated by potential users in their specific sites. They also
indicated that the new system would noticeably have to reduce harmful emissions.

Summing up, the choice of catalyst largely depends on how much the project costs
and whether it is cost effective. This is very good news for a company that intends to offer
a very advantageous system of settling accounts (absence of preliminary costs). It may
encourage potential customers who are not sure if they do want to use catalysts because of
the financial aspects.

Nearly as important for potential customers are the actual, measurable economic and
ecological effects of using the catalyst. The company has an advantage also in this regard,
having carried out complex studies on the problem.

3.2. Economic Analysis

The control and supervision system enables the boiler’s operating parameters to be
controlled with great accuracy, leading to very reliable measurements of savings in fuel
consumption [23]. The system supports an effective use of the catalysts that improve
fuel combustion, enable accurate measurements of the boiler’s control parameters that
help obtain accurate fuel consumption data, performance of flue gas analyses and control
of chimney losses for optimized combustion process parameters. The solution provides
information enabling the calculation of the economic effects of refurbishment and the use
of the catalyst.

The economic effect was calculated from the results of own studies. Savings are the
consequence of the boiler’s extra efficiency, resulting from the use of the catalyst and the
optimization of its operating conditions. The reported studies were carried out by the
authors as part of the project described in [23] and in paper [21].

The authors of the papers mentioned above found out that the highest efficiency
was achieved for the catalyst comprising the salts of metals, such as Na, Cu, Mg, and the
ammonium cation being introduced into the hard coal fuel in the amount of 350 ppm, in
terms of the metals and the ammonium cation [22]. Savings on the fuel were calculated
based on fuel combustion tests in a laboratory boiler with or without the catalyst and then
in commercial tests. The tests showed that savings resulting from the use of the catalyst
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varied between 2% and 6% depending on the system capacity. The tests also covered
optimization of the boiler operation parameters to improve its performance. It was found
that savings due to the system modernization would be 2% to 8%, depending on the system
capacity. In either case, the highest savings were achieved for the 3 MW systems.

Based on the answers to the questionnaire from the users of power boilers and our
own studies, the application of the system that improves solid fuel-combustion efficiency
is only cost-effective in the case of thermal plants and CHPs with capacities above 2 MW.
Below that value, the costs of implementation are too high, and the investment is not
cost effective. Power plants and CHPs with capacities above 100 MW use advanced high-
efficiency boilers, of which the refurbishment would cost too much, and implementation
could be a challenge.

An economic analysis of the use of a system that improves coal-combustion efficiency
was performed separately for the company, which offers implementation of the system
and for the implementing user company, with a break-down to the revenue side and the
cost side.

3.2.1. Revenue Side

The figures showing annual energy production volume and hard coal consumption in
systems with capacities ranging from 3 MW to 100 MW are shown in Table 2.

Table 2. The annual energy production volume and hard coal consumption for systems with a capacity ranging from 3 MW

to 100 MW.
. o Annual
Mean System Energy-Per-Power Production Boiler Efficiency, % Calorific Value of Consumption of
Capacity, MW Indicator, GJ/MW Volume, GJ ’ Hard Coal, GJ/t Hard Coal. t
ard Coal,
MW EM PG S K W
3 8000 24,000 70 24 1428.57
10 7500 75,000 75 23 4347.83
30 7000 210,000 82 22 11,640.80
70 7000 490,000 85 22 26,203.20
100 7000 700,000 88 22 36,157.00

To calculate the annual consumption of hard coal in medium-capacity systems, it was
assumed that low-capacity energy sources (3 MW) have the lowest efficiency, that is 70%.
For systems with higher capacities, the efficiency is higher—88% for a 100 MW system [23].
Likewise, for systems with 3 MW capacity, to generate 1 MW, it takes 8000 GJ—this is the
highest value. For higher-capacity systems, the indicator is lower, e.g., 7000 G] /MW for a
100 MW system. In these calculations, it is assumed that the calorific value of hard coal
ranges from 22 GJ/t to 24 GJ /t, the lowest-capacity system working on hard coal with the
highest calorific value.

Multiplying the system capacity by the assumed indicator of GJ per 1 MW capacity,
we obtain the annual volume of production of energy (“Production in GJ”), Equation (1).
To find the annual consumption of hard coal for a given type of system, “Production in GJ”
is first divided by the calorific value of hard coal and is then divided the obtained value in
GJ/MW by the efficiency of the source (this value indicates the efficiency of the system),
Equation (2).

The annual consumption of hard coal grows with the installed system capacity and
is 1 428.57 t/year for a 3 MW system. For a 100 MW system, the annual consumption of
hard coal is 36,157.00 t. The specific number of t of hard coal saved as the result of the
application of the system that improves fuel-combustion efficiency in system capacities
ranging from 3 MW to 100 MW was calculated from Equation (3), Table 3.
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Table 3. Savings in the fuel due to the use of the system that improves fuel-combustion efficiency.

Sl;/lse;l; Annual Savings in the  Savings in the Savings in the Savings in the Total Savings
Capacity, Consumption  Fuel Due to the Fuel Due to the Fuel Due to the Fuel Due to the in the Fuel t
MW ’ of Hard Coal, t Catalyst, % Catalyst, t Refurbishment, % Refurbishment, t ’

MS w K OK M MM OP

3 1428.57 6.00 85.71 8.00 114.29 200.00
10 4347.83 5.00 217.39 6.00 260.87 347.26
30 11,640.80 4.00 465.63 4.00 465.63 931.26
70 26,203.21 3.00 786.10 3.00 786.10 1,572.20
100 36,157.02 2.00 723.14 2.00 723.14 1,446.28

In addition to the catalyst, the solution for improving coal-combustion energy effi-
ciency comprises a boiler control and supervision system. It was designed to improve the
efficiency of energy generation and distribution (“Savings in the fuel due to the refurbish-
ment”). It is assumed that savings in the fuel due to the use of the catalyst will be ab. 2-6%
(depending on system capacity), and savings due to the refurbishment, ab. 2-8%.

Both values have been assessed based on the results of own studies and by experts
from the company, which is responsible for marketing the system [21,23].

Both the savings in hard coal due to the use of the combustion catalyst and savings
due to the refurbishment of the combustion process vary with the installed system capacity.
For system capacities ranging from 3 MW to 70 MW, these savings grow with the system
capacity. The highest combined savings in the fuel, namely 1572.20 t/year, were achieved
for a 70 MW system capacity. For 100 MW, savings in fuel were 1 446.28 t/year.

Taking into consideration total savings in the fuel per 1 MW of the installed system
capacity, the highest savings in hard coal were 66.67 t and were obtained for a 3 MW system.
For a 100 MW system, saving in the hard coal fuel per 1 MW of the installed capacity is
1446 t.

The economic effect of the use of the catalyst and of the control and supervision system
was calculated from Equations (5) and (6), Table 4. The total effect was calculated from
Equation (7).

Table 4. The economic effect of the use of the system which improves fuel-combustion efficiency.

Savings in the

Mean System Annuall Mean Price of 1 Annual Cost of Savings in the Fuel Due to Total .
Capacity, MW Consumption t of Hard Coal, Fuel, USD Fuel Due to the theRefurbishment, Economic
of Hard Coal, t USD Catalyst, USD USD Effect, USD
MS w CW KP EK ES EE
3 1428.57 175 249,999.75 14,999.25 20,000.75 35,000.00
10 4347.83 165 717,391.95 35,869.35 43,043.55 78,912.90
30 11,640.80 140 1,629,712.00 65,188.20 65,188.20 130,376.40
70 26,203.21 140 3,668,449.40 110,054.00 110,054.00 220,108.00
100 36,157.02 135 4,881,197.70 97,623.90 97,623.70 195,247.80

The assumed average price of hard coal varies between USD 135 and 175 per t,
depending on its annual consumption. The annual cost of fuel consumption was calculated
by multiplying the estimated average price of 1 t of hard coal by the required number of
t of the fuel, depending on the average system capacity. In order to define the economic
effect of using the system for improving energy efficiency, one has to take into account the
annual cost of fuel, savings due to the catalyst (“Savings in the fuel due to the catalyst”)
and due to the refurbishment.

The obtained economic effect that results from the saved amount of hard coal depends
on the system capacity. The highest effect was obtained for low-capacity systems. This
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is the consequence of low boiler efficiency, leading to higher efficiency in the use of the
catalyst and of the entire system for improving energy efficiency.

In addition to improving energy efficiency, the use of the catalyst and of the system
for improving energy efficiency leads to the costs of the overhaul being reduced by some
20%. This is connected, among other things, with a reduced tendency to form deposits
and with the system being kept in a generally better condition. This issue was studied for
3 months as the boiler was operated using the system. Details of the calculations of the
economic effect due to the implementation of the system for improving energy efficiency
are shown in Table 5.

Table 5. The economic effect of the use of the catalyst and reduction of the costs of overhaul.

Total Economic Effect
(of the Refurbishment

Mean System Annual Costs of Reduction in the Costs  Economic Effect of the and of Reduction in
Capacity, MW Overhaul, USD of Overhauls, USD Refurbishment, USD
the Costs of
Overhauls), USD
MS KR OR EE EEK
3 6500 1300 35,000.00 29,800.00

10 15,040 3010 78,912.90 66,882.90

30 35,570 7115 130,376.40 101,921.40

70 60,705 12,140 220,108.00 171,543.00

100 60,975 12,195 195,247.80 146,467.80

The annual costs of overhauls were found based on expert opinions and discussions
with the users of coal-fired power boilers. The total economic effect, resulting from using a
system that improves coal-combustion energy efficiency and, from reducing the costs of
overhauls, was calculated as the difference between the economic effect according to the
data in Table 4 and the costs of overhauls before and after the refurbishment.

The split between the vendor of the energy-efficiency system and the implementing
user is shown in Table 6.

Table 6. The economic effect, as split between the system vendor and the system user.

Economic Effect per

Mean System Total Economic Effect, 1 MW of System System Vendor’s Customer’s Savings
Capacity, MW USD Capacity, USD Revenue (30%), USD (70%), USD

MS EEK EE1 PD (@)

3 29,800.00 9933.33 8940.00 20,860.00

10 66,882.90 6688.29 20,064.87 46,818.03

30 101,921.40 3397.38 30,576.42 71,344.98

70 171,543.00 2450.61 51,462.90 120,080.10

100 146,467.80 1464.68 43,940.34 102,527 .46

The total economic effect connected with savings in the cost of fuel as the result of
using the system for improving energy efficiency depends on the system capacity. Its
highest value, of approx. USD 171,543.00, was obtained for a 70 MW system. For a system
with 100 MW capacity, the calculated economic effect was lower because the system is
based on high-performance equipment. Per 1 MW of the system capacity, the highest
economic effect (USD 9933.33) was obtained for the minimum capacity, i.e., the 3 MW
system. With growing average system capacities, the economic effect per 1 MW decreases
and is USD 1464.68 for a 100 MW system.

It was assumed that the vendor of the complete energy-efficiency system receives a
remuneration equal to 30% of the economic effect of using the system. The other 70% of
such economic effect is on the side of the implementing user. Both the system vendor’s
revenue and the customer’s savings depend on the system capacity, and they increase for
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increasing system capacities, except that the revenue for a 70 MW system is higher than
that for a 100 MW system.

3.2.2. Cost Side—System Vendor

When analyzing the cost side of the project, one must take into account the cost of
catalyst production (which is incurred by the system vendor) and the cost of all the other
components of the system.

The costs of the vendor of the energy-efficiency system, including the catalyst cost
and the servicing cost, are shown in Table 7.

Table 7. The costs of the vendor of the components of the system that improves coal-combustion energy efficiency.

Mean System
Capacity, MW

Annual

Consumption

of Hard Co

Servicing
Annual Cost of Costs, % of the
Catalyst Cost of
Supplies, USD Catalyst
Supplies

Cost of
Catalyst Per 1t
of Hard Coal,
USD

System
Vendor’s Costs,
USD

Servicing

al, t Costs, USD

MS
3
10
30
70
100

w
1428.57
4347.83

KK KKR KS SR SK
0.81 1157.14 80 925.71 2082.85
0.81 3521.74 70 2465.22 5986.96

11,640.80 0.80 9312.64 60 5587.58 14,900.22
26,203.20 0.75 19,652.40 40 7860.96 27,513.36
36,157.00 0.70 25,309.90 20 5061.98 30,371.88

It was assumed that some 0.5 kg of the catalyst is used per 1 ton of hard coal [23].
The cost of production of 0.5 kg catalyst varies between USD 0.70 and 0.81, depending
on production capacity. Other costs on the vendor’s side are the boiler servicing costs.
It was assumed that the provision of servicing for the whole system is on the vendor’s
side. In the calculations, it was assumed that the cost of servicing is 80% to 20% of the cost
of production and provision of catalysts, depending on system capacity. The cost of the
system vendor is directly proportional to the installed capacity and, at USD 2 082.85, it is
the lowest for a 3 MW plant; for a 100 MW capacity plant, the cost is USD 30 371.88.

The system vendor’s profit has been calculated as the difference between the revenue
from the system implementation in the user’s plant and the costs incurred (Table 8). The
scale of the profit is proportional to the plant capacity ranging from 3 MW to 70 MW and
is the highest for 70 MW plants. For a 100 MW plant, the profit at USD 13 568.46 per year
is much lower. A reverse relationship was obtained by recalculating the profit of the
implementing user per 1 MW capacity: the highest profit of USD 2 285.72 per 1 MW of
installed capacity was obtained for a 3 MW system and the lowest, at USD 135.69 per
1 MW of installed capacity—for a 100 MW system.

Table 8. The system vendor’s profit after subtracting all costs.

Mean System
Capacity, MW

System Vendor’s System Vendor’s

System Vendor’s
Profit (Revenue Minus
Costs), USD

Profit per 1 MW of

Revenue, USD Costs, USD System Capacity, USD

MS
3
10
30
70
100

PD SK zSs Z51
8940.00 2082.85 6857.15 2285.72
20,064.87 5986.96 14,077.91 1407.79
30,576,42 14,900.22 15,676.20 522.54
51,462.90 27,513.36 23,949.54 342.14
43,940.34 30,371.88 13,568.46 135.69
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3.2.3. Cost Side—System User

It is assumed that the final user incurs other costs of implementation and refurbish-
ment of the system. The costs on the system user’s side are covered from part of the savings
(part of the amount referred to as “Customer’s savings (70%)” in Table 6).

The user’s costs are connected with the cost of purchase of the system that improves
fuel-combustion energy efficiency and has been offered by the system vendor. It is assumed
that the cost of implementation of the system in the user’s plant is twice as high as that of
the cost of purchase. Shown in Table 9 are the system user’s costs and the payback time.

Table 9. Calculation of the system user’s costs.

Annual Cost of

Cost of System Customer’s Cost of Applicators Employing Payback
Mean System . .
Capacity, MW Purchase. and Total Savings, (Purchas'e and System Time,
Implementation, USD USD/Year Implementation), USD Operators, Years
USD/Year
MS PT @) KI KE T
3 17,880.00 20,860.00 67,750 8130.00 6.72
10 40,129.74 46,818.03 70,000 11,382.11 3.11
30 61,152.84 71,344.98 75,000 13,008.13 2.33
70 102,925.80 120,080.10 80,000 14,634.15 1.74
100 87,880.68 102,527.46 85,000 16,260.16 2.00

In addition to the costs of implementation of the system for improving energy effi-
ciency, the system user incurs the cost of employing extra personnel to operate the system
and the cost of purchase and implementation of the applicator with which the catalyst is
introduced into the fuel. The applicator is designed so as to introduce the catalyst into the
time-varying fuel flux in a continuous manner before feeding it into the boiler [21,24].

According to estimates, the cost of purchase and implementation of the applicator,
which is required for introducing the catalyst into the fuel, ranges from USD 67 750 to 85,000
for various system capacities. Additionally, the cost of employing the system operators
depends on the system capacity, and it varies between USD 8130.00 and 16,260.16 per year.
The payback time, calculated from Equation (9), depends on the system capacity as well. It
was assumed in the calculations that the catalyst concentration is constant at 350 ppm, and
the cost of overhaul is 20% lower. Other assumptions will result in a different payback time.
The investment brings the lowest profit for low-capacity systems, e.g., for a 3 MW system,
the payback time is 6.72 years. The payback time is shorter for higher-capacity boilers, and
the highest profits are obtained for 70 MW systems, with a payback time of 1.74 years.

4. Conclusions

The combustion of coal-based fuels is the source of environmental pollution. These
emissions can be reduced with the help of catalysts being introduced straight into the
fuel. This paper presents the cost-efficiency analysis of a system that improves solid-fuel
combustion in power boilers.

In a market study, it was found that the target user group (thermal plants, CHPs,
cement plants, horticultural production) uses mainly hard coal or fine coal as solid fuels.
Their combustion efficiency can be improved by using a dedicated device comprising
a control and supervision system for better accuracy in controlling the boiler operating
parameters and in improving combustion efficiency due to the use of catalysts, addressing
specifically the issue of fine-coal combustion.

Economic benefits from the use of the system are achieved both by the vendor and
by the user. The study was carried out for system capacities ranging from 3 to 100 MW. It
was found that, depending on the size of the system ranging from 3 MW to 100 MW, fuel
savings were from 2% to 8% due to the refurbishment improving the boiler plant operation
and from 2% to 6% due to the use of the combustion catalysts. Apart from boosting energy
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efficiency, the use of the catalyst and the efficiency-boosting system resulted in the costs of
overhaul being cut by about 20%.

It was assumed that the economic effect of the system implementation was shared
between the vendor and the user in the ratio of 30%/70%. The vendor’s profit was calcu-
lated by subtracting the costs involved in the system implementation from the vendor’s
revenue obtained from the user. The system user’s costs are the cost of purchase and
implementation of the system plus the cost of purchase and implementation of the catalyst
applicators plus the costs of employing system operators. The payback time for the user
depends on system capacities: it varies between 6.75 and 1.74 years for capacities ranging
from 3 to 75 MW and is 2.0 years for a 100 MW plant.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/en14144295/s1, Equation S1: the annual volume of generated Energy, Equation S2: the number
of tons of hard coal combusted with the use of the catalyst, Equation S3: total savings in the fuel due
to the use of the catalyst and due to the boiler refurbishment, Equation S4: the cost of the hard coal
combusted in the system, Equation S5: savings in the fuel due to the catalyst, Equation S6: savings
in the cost of fuel due to the refurbishment, Equation S7: total savings in the cost of fuel due to the
system for improving fuel-combustion energy efficiency, Equation S8: the economic effect on the user
side, Equation S9: the payback time for the costs incurred by the user of the system.
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