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Contemporary Problems of Energy and Environmental Protection

The exponential growth of industrialization and economic development increases the demand to
energy. The amount of energy required is produced by various sources such as renewable, non-
renewable and nuclear energy source, nevertheless, the difficulties caused by the former has great
impact on the environment. To overcome this barrier, it is necessary to invest in research and
development, which helps us to develop more innovative and greener projects that have minimal
impact on environment and is sustainable based on the energetic, economic, and social needs. For the
future it is important to analyse all the possible option to improve our technology in different sectors
such as clean coal technology, energy storage, circular economy and alternative fuel technologies
which helps us to barricade climate problems and air pollution problems.

The monograph “Contemporary Problems of Energy and Environmental Protection” is the sixth
volume of the scientific edition. This monograph consist of manuscripts prepared by young
scientists, mainly students as well as scholars from different research fields. Their research and
inferences were presented during the VI™ Conference on Energy and Environmental Protection,
mainly focused on newly emerging technology — circular economy. The conference took place on 71"
December, 2018 in Centre of New Technologies in Silesian University of Technology, Gliwice. The
conference staged an excellent opportunity to share the knowledge and ideas of young scientists who
wanted to make a difference and contribute to a better future, in harmony with the natural
environment while securing energy needs of the society.

The event, as from the beginning, was organised entirely by the students of Silesian University of
Technology as a part of project management course and as one of the essential elements of
Pedagogical evolution department.

MSc Clean Fossil and Alternative Fuel Energy is fixated on establishing a future generation with
innovative thinking and a unique blend, together with passion and constantly improvising
educational methodologies. Moreover, the international environment with close industrial
connections shed more light to the theory knowledge in the field of fuel and energy technology to the
students. This conference is an excellent example of shaping business and soft skill in the program
curriculum. Though it was time consuming, we believe this is a valuable experience for the students
which will help them in the future.

We are proud of student’s commitment, dedication and skills, toward the conference which made
this a big success from the pasts and we are happy to see them getting themselves improved through
each step of this event.

We would like to express our appreciation to InnoEnergy for supporting MSc Clean Fossil and
Alternative Fuel Energy program and the V1" Conference on Energy and Environmental Protection.

Shemin Sagaria
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Forecast of emissions of gaseous air pollutants from power sector
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Abstract

Upcoming years are expected to be very important for Polish energy sector. A big share of power units require
complex modernization of boilers and depollutioning systems to fulfill emission standards. Such strict EU
environmental and climate policy will also lead to closing some of the units. In the paper calculations of
emission levels based on the fuel parameters, specification of installed devices and energy production data were
carried out taking into account also installed depollutioning systems. The bottom-up approach was used in which
current and future SOx and NOx emission levels were estimated for each boiler installed in the centralized
power and heat generation sector. The results show that substantial part of boilers was not properly prepared to
implement IED emission standards in 2016. Furthermore, many of them are going to exceed new emission
limits, namely those implemented with the new BAT conclusions that will enter into force in 2021. This situation
would lead into difficult situation and may cause losing power and heat safety of the country.

Keywords: BAT conclusions, IED Directive, emissions, pollutants, power system, CHP, Poland

1. Introduction

XXI century is a century of expanded societies, especially in Europe. This expansion causes conducting of many
researches and publications. Scientific articles are later publicized in trade papers and also in the Internet. It
means that people have unlimited access to them. This two cases influence awareness of communities. In one
hand it is easy to break the news, in other some issues or just fudze can be introduced without any hitch.

One of the topics important for European societies nowadays is air pollution. However researches show that
problem with air pollution exists from many years and the maximum value of pollution has been noticed in 1980
(regarding to sulphur dioxide) [1], it is well known that pollutants present in air harms human body and
environment in general [2]. That is the main reason of the fact that either national, or EU rules and regulations
came into being. Now those legal acts regulate pollution from different sectors — from energy production,
through road transport to wastes utilization. It is apparent that air pollution standards are tightened up rapidly.
Decreasing emission limits for large combustion plants force their adjustments, what is linked with
modernization of exhaust gases purification systems. The most stringent document presently is Best Available
Techniques conclusion (BREF). Keeping some BREF emission levels (i.e. NOx) in Polish energy sector would
be impossible without the change of methods of flue gases treatment. Such replacement of older equipment is
connected with huge costs. Because of that it is also important to point that in certain cases rapid changes of
standards, especially in sectors which have domestic importance, except for advantages, may also appear
contraindications. Considering operation of large power plants, changes mentioned above may for instance cause
energy production discontinuity and damage of domestic economy. It means that power plants' modernization
would influence costs of supplied energy and affect each and every of citizen.

Because of fast changes in European law, decluttering of all actual law regulations is needed both for power
plant managers and society. Presence of historical emissions and also forecast for next years based on law
regulations may help imagine how big are changes in the energy sector in the compartment of 20 years and
average costs of modifications and environmental benefits calculations would be helpful for proponents who are
going to procure for departure from BAT conclusions.

This study is a peculiar résumé which collects and summarizes all aspects of air pollution regulations as a
forecast of gaseous pollutants emission.
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2. Methodology

Data monitoring and analysis is an important tool to control and forecast performance of the process in either
case. On the one hand, available databases are huge sources of information which can be used to check current
and historical emission values or carry out many calculations. On the other, with the use of production data
and/or fuel parameters one can estimate emissions. The goal of the research was to connect and compare
emission of SOX and NOX obtained in a different ways. Fuel consumption was derived: (i) based on the energy
production data and (ii) based on the E-PRTR database. The estimated fuel consumption was one of the major
input to calculate SOX and NOX emissions.

2.1.SOx and NOyx emissions determination

First step was determination of sulphur dioxide emission based on the fuel parameters and type of the
purification systems.

At first fuel type was assigned to the boiler with the help of ARE catalogue (Catalogue of professional power
plants and heat and power plants, 2015). It was assumed that sulphur content in ash equals 22%. Raw production
of SO2 was calculated using the equation:

Pso2 = ﬁ(1 = Sa)
LHV
where:
Pso2  SO2 production [t/PJ]
LHV  lower heating value [PJ/t]
S sulphur content in fuel [%]
Sa sulphur content in ash expressed as total sulphur content [%]

Secondly, using the information about de-SOx methods, SO2 emission was calculated:
Eso, = Pso, (100 —n)
where:
Eso2  SO2 emission [t/PJ]
Pso2  SO; production [t/PJ]
n efficiency of SO, removal [%]

Unit conversion to [mg/Nm3] was done with the use of mean flue gases volume corresponding to fuel type
which is presented in the Tab. 2.1.

Tab. 2.1. Mean exhaust gases volume

Mean exhaust gases volume  [Hard coal |Lignite  Biomass |Liquid fuels |Natural gas and biogas

[m*/MJ] 0.37 0.43 0.43 0.32 0.27

Calculation of NOx production differs from SOx methodology. Amount of NOx produced depends on the fuel
type. This dependency is presented in the Tab. 2.2.

Tab. 2.2. NOx production factor [7]

NOXx production factor Hard coal |Lignite  [Biomass  |Liquid fuels  |Natural gas and biogas

[U/PJ] P56 P16 65 R0 30

Knowing NOx production factor and denitrification efficiency, one can calculate NOx emission.
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Eno, = Wyoy (100 —mn)
where:
Enox  NOx emission [t/PJ]
Whnox NOx emission indicator [t/PJ]
n efficiency of NOx removal [%)]

Obtained results were compared with the ones reported in the E-PRTR database. Emission values in E-PRTR are
given in [kg], hence, to express them in per GJ or per m® units calculations of fuel consumption had to be carried
out. Fuel consumption was calculated based on the CO, emissions using emission factors presented in the
Tab. 2.3.

Tab. 2.3. CO2 emission factor [8]

2.2.Forecast preparation

Preparation of forecast requires strictly determined goal. One has to know what to show in this kind of data
expression. In this paper emissions estimates for 2015 are presented and compared with current and future
emission standards determined by law. Three different legal papers were taken into account:

e LCP - (Large Combustion Plants Directive) former legal paper, which was in force till the end of 2015

e |ED - DIRECTIVE 2010/75/EU OF THE EUROPEAN PARLIAMENT AND OF THE COUNCIL of
24 November 2010 on industrial emissions (integrated pollution prevention and control). It is the most
important legal document that is in force in European Union. IED Directive divides combustion plants
into two groups, new units and existing units, with different emission limits. Term “new unit” refers to
units that have been granted an operation permit before 7th January 2013. Such units shall meet
emissions limit values presented in Part 1 of Annex V to the IED Directive. Term “existing unit” refers
to any unit, which is not a “new unit”. Emission limit values for such object are presented in Part 2 of
Annex V. Both groups are further divided taking into account size of the boiler [4].

e BAT - COMMISSION IMPLEMENTING DECISION (EU) 2017/1442 of 31 July 2017 establishing
best available techniques (BAT) conclusions, under Directive 2010/75/EU of the European Parliament
and of the Council, for large combustion plants. This document is a reference when setting a permit for
installation to which IED Directive is applied and concerns the same type of activities [5].

e Regulation of the Minister of Environment — Behind this term one should understand Regulation of the
Minister of Environment from 1st March 2018 in the matter of emission standards for some installation
types, fuels combustion sources and devices for wastes combustion or co-combustion. This legal
document is a transposition of IED Directive into national law. The regulation contains also some
important definitions which have to be determined. In most cases they are the same as in the IED
Directive (for instance division into new and existing plants is the same), because the Regulation is a
transposition of that legal document. However Regulation already defines medium combustion plants
term (MCP) which are units with 1-50 [MW] of total rated thermal input, which are not included in the
IED Directive. Those units will be divided into existing (before 2019) and new (after 2019) [6].

3. Results

Performed calculations lead up to obtain results which are presented in the form of graphs in this chapter.

3.1. Comparison of calculated SOx and NOx emissions with E-PRTR database

In the Fig. 3.1 amount of SOx released by power plants is presented. 20 points form a linear dependence
between calculated and reference values of the emission. The most of the power plants releases up to 15 [kt] of
SOx yearly, but the biggest emitter produces 30 [kt/year].

In the Fig. 3.2. SOx emissions from CHP plants are presented. The number of CHPs taken into account in the
research is higher than power plants (65 to 20), the accumulated emissions from CHPs are, however, smaller
(76 [kt]) than in power plants (114 [kt]). It is connected with higher production ability of power plants.
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The lowest values are recorded for the units that have small boilers installed, that are used only in case of peak
demand, mostly gas turbines. In the same time, the highest values of emission one can observe from units that do
not have de-SOx installations.
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Fig. 3.2. Amount of SOx released by heat&power plants

In the Fig. 3.3. amount of NOx released by power plants is presented. The most of the power units release up to
10 [kt] of NOx yearly, but the biggest emitter produces about 40 [kt/year].

In the Fig. 3.4. NOx emissions from CHP plants are presented. One can observe that emissions from CHPs are
definitely lower (with maximum emission of about 4 [kt]) than in case of power plants. This is connected with
lower energy production potential of CHP plants. In the graph one can observe that there are few outliers that
may influence the reliability of collected data.

Similarly, the lowest values are recorded for the units that have small boilers installed, are used only in case of
peak demand. In the same time, the highest values of emission one can observe from units that do not have
appropriate denitrification installations.
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3.2.Forecast chart

Next step in results analysis was preparation of forecast chart. Forecast graph includes pollutant emission level
expressed in [mg/Nm?], calculated with the use of data from 2015, as a function of boiler’s total rated thermal
input. Moreover standards constituted by law are presented. When analyzing, one has to know that LCP standard
was in force till the end of 2015, IED norms have been in force since January 2016 and will be replaced by BAT
standards in August 2021. The main goal of the forecast is to present emission level from 2015 and demonstrate
how big is the share of units that are not prepared for the implementation of new standards because of
insufficiently low emission values.

Fig. 3.5. shows unit SOx emission from Polish power plants expressed in [mg] of SOx emitted from power unit
per one normal [m®] of exhaust gases. Such presentation of records aims in formation of dependence between
boiler size and emission, what informs which type of boiler is polluting the most. In presented Fig., one can
observe that biggest unit emissions are recorded for boilers with total rated thermal input below 400 [MW]. A
reason for that might be connected with the fact that this types of boilers have lower production ability, what
makes them usually less feasible to invest in. Because of that such boilers have not that efficient
desulphurization installation in comparison to those used in bigger boilers. As an effect of well-balanced
solutions in bigger boilers, emission form them does not exceed 400 [mg/Nm?3] when in smaller one exceeds
even 1500 [mg/Nm?].
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Fig. 3.5. SOx emission as a function of boiler size in power plants

Fig. 3.6. shows dependence between boiler size and unit SOx emission from polish heat&power plants. The
biggest heating boilers in Poland have total rated thermal input up to 150 [MW] (excluding one boiler, that was
deconditioned from an energetic, into a heating one) and the biggest energetic boilers in heat&power plants
reach up to 350 [MW]. As it could be noticed, the biggest share definitely constitute boilers with the size in
ranges from 1 to 50 [MW]. It is connected with the fact that there are lots of small units producing heat and
energy in Poland. Such a big fragmentation of production allows decreasing a complex heat transport process,
but in the same time increase share of small boilers, in which money are not likely put into. Because of that such
boilers are not equipped in efficient desulphurization installation what makes the pollution bigger. That is why in
the Fig. 3.6., one can observe that biggest unit emissions are logged for boilers with total rated thermal input
below 200 [MW]. As it could be seen, emission form some boilers installed in Polish heat&power plants exceeds
even 1500 [mg/Nm?].

In general one can see that bigger units emit less SOx than smaller ones, but fortunately almost all boilers are
working in compliance with LCP standards. However, assuming no changes in installations since 2015, almost
90% of all boilers in size ranges from 100 [MW] to 300 [MW] installed in polish heat&power plants exceed IED
standard and are going to exceed BAT standard too. Situation looks also bad in case of bigger units. About 80%
of the biggest units will overrun BAT emission standards when nothing is changed till 2021. Fortunately most of
the biggest units (90% of units >500[MW]) were properly prepared to implement IED emission in 2015.
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Fig. 3.6. SOx emission as a function of boiler size in heat&power plants

Fig. 3.7. shows unit NOx emission from polish power plants expressed in [mg] of NOx emitted from power unit
per one normal [m®] of exhaust gases produced. NOx emissions are influenced by the parameters of combustion
process, not by the composition of the fuel, as it was in case of sulphur. In general coals are expected to emit
definitely more NOx than, for instance, gas or oil. Because of the relations presented above, some boilers
without de-NOx systems have equal unit NOx emissions what can be noticed in the Fig. 3.6. For instance lots of
boilers are characterized by unit NOx emission equal 490 [mg/Nm®] and in some boilers emission does not
exceed 5 [mg/Nm®]. In contrast to SOx, in case of NOx one cannot determine visible dependence between
boiler size and NOx emission. Both big and small boilers emit bigger amounts of this pollutant into air. It is
mostly connected with absence or poor denitrification installations. This aspect in Polish power units has been
faintly developed yet. However one can observe that all of the boilers in Polish power plants were properly
prepared to implement LCP standard and in 2015 there were no boilers that has exceeded that limit. Thing looks
worse in case of IED standards which are not kept up in more than 75% of boilers in each size group. Moreover
all of the boilers below 100 MW do not meet both IED and BAT standards. That makes implementation of the
standards challenging. One can surmise that all of those objects have been asking for derogation or are prepared
to be closed in next few years.
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Fig. 3.7. NOx emission as a function of boiler size in power plants

In case of CHP plants, presented in the Fig. 3.8., the issue looks similar. There is no big correlation between
boiler size and NOx emission. One remark, one can observe is that boilers with total rated thermal input above
about 170 [MW] produce up to about 500 [mg/Nm?] whilst smaller boilers can generate even 700 [mg/Nm?].
Emissions from CHPs look even worse than emission from power plants. There is a bunch of boilers, both
heating and energetic, that are about 100 [mg/Nm?] above the LCP standard. Even more units is going to exceed
LCP and BAT emission standards. What is interesting, bigger percent of energetic than heating boilers are

exceeding allowable limits. In case of small unit below 100 MW it is 80% of energetic and 67% of heating
boilers.
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Fig. 3.8. NOx emission as a function of boiler size in heat&power plants

4. Accuracy of estimation and sensitivity analysis

In the end, statistical parameters were calculated to check the reliability of presented data. A perfect data model
would have FB and NMSE values equal to 0 and other parameters (MG, VG, R, FAC2) equal 1 [9]. Taking into
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account whole statistical analysis, only one of all those indicators is out of the assumed range — MG in power
plants (Fig. 3.1) that equals 1.30 what means that data are might be slightly overpredicted, however that value
overrun the mean by 30% what is still accepTab. Such record may be caused by presence of quite high amount
of low value records when few of them were visibly higher and MG (and VG) is strongly influenced by
extremely low values. This relation could be warranted by low MG value for CHP plants in the Fig. 3.2. There
are no huge differences between records, so even smaller values are not outliers anymore and the MG value is
close to reference. Such statistical analysis allows one’s to determine the reliability of presented data and in case
of SOX emissions presented in this paper one can say that all of he presented data are representative and
proclaims that calculations that led to obtain Fig.s 3.1- 3.2. were carried out free from errors.

Tab. 4.1. Statistical parameters SOx

Object type FB MG NMSE |VG R FAC2*
Power plants (Fig. 3.1) 0.15 1.30 0.05 1.25 0.96 0.92
Heat & power plants (Fig. 3.2) 0.00 1.05 0.23 1.18 0.85 1.02

To sum up and check correctness of calculations concerning NOX emission, statistical parameters were
calculated according to the scheme as in case of SOX. As it was already presented before, a perfect data model
would have FB and NMSE values equal to 0 and other parameters equal 1. Observing the data, one can say that
the data closer to the model are presented in the Fig. 3.3. At first, those data presents the most suiTab. values of
FB, FAC2 and NMSE. Moreover in case of 3.3. MG is also in accepTab. range. The values of R are also close to
the model values. The less satisfying is graph presenting emissions from CHP plants (Fig. 3.4.). Both low MB
and positive NMSE proclaim that those data are underpredicted. Underprediction appears when there is more
values which are below mean than above it. Taking into account remaining parameters one can observe VB and
FAC2 above and R below the ideal values. However the 3.4. case is still in accepTab. range. Statistical analysis,
which was carried out for dataset presented in the graphs 3.3. and 3.4., allows one’s to determine the reliability
of calculations. In case of NOX emissions presented in this paper one can say that all of presented data, even that
which are more outlying from a model case like in Fig. 3.4., are representative and proclaim that calculations
that led to obtain Fig.s 3.3. and 3.4. were carried out free from errors.

Tab. 4.2. Statistical parameters NOx

Object type FB MG NMSE |VG R FAC2*
Power plants (Fig. 3.3.) -0.01 1.10 0.10 1.19 0.96 1.02
Heat & power plants (Fig. 3.4.) -0.15 0.81 0.21 1.25 0.86 1.11

5. Conclusions

Environmental protection policy of European Union influence all sectors of Polish economy. In case of energy
production the most important legal papers are now the IED Directive and BAT conclusions which determine
emission standards for power units with total rated thermal input bigger than 50 MW. European controlling
agencies strictly care about redeeming allowable emission limits in power plants. The major source of
information for them is E-PRTR database established to give an access for detailed data for whole European
community. In the paper the E-PRTR database constituted a reference to compare the results and checked their
correctness. Taking into account both pollutants (SOx and NOx) calculated values were more close to the
reference E-PRTR values in case of power plants. This is due to the more precise data delivered by power plants.
Analysis that has been done in the paper shows that definitely bigger SOx emissions in power plants arenoticed
in units with relatively small thermal input installed. In case of CHP plants, however, this dependence is not as
clearly visible as in case of power plants. That means that operators modernize firstly biggest units with higher
production capacity and then smaller units. Things look different in case of NOX production, where emissions
are similar through all boilers’ sizes. In the same time forecast charts show that there might be a serious problem
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with keeping emission on a level that does not exceed future emission standards. In case of SOx released from
power plants already about 75% of all boilers in size ranges from 100 to 300 MW were expected to exceed IED
standards that came into force in 2016. This share is even higher in case of more strict BAT emission levels that
are going to be in force since August 2021. It equals over 80%. Exactly the same share of boilers are over the
standards in case of CHP plants with sizes from 100 to 300 MW. Taking into account NOX emissions,
differences between share of units that will have exceeded IED and BAT conclusions is mostly the same. This is
an effect of small difference between allowable NOX emission limits in those two legal documents. However,
still share of boilers that is above allowable emission limits is huge. It equals about 80% in all categories
mentioned for SOx above. Forecast charts show that in best situation are units with big boilers that are mostly
already modernized. Modernization of boilers and purification system is the only (but costly) solution to keep the
units working. Moreover, modernization of units that ale old and are predicted to work only few more years is
uneconomic and not practical. That all influences the fact that only about 15% of all boilers installed in power
plants declare relevant upgrading in years 2016-2021 [10]. There are some boilers that are planned to be closed
because of their economical unfeasibility of modernization. To guarantee constant supply of energy after
decommissioning, other energy sources must be added and the efficiency of boilers should be increased [3]. In
the face of insufficient alternative energy sources (no nuclear power plant, low share of RES) keeping the
conventional power sources working is a priority in case of energy safety of the country.
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Abstract

Biomass is becoming more and more widely-used source for energy production in Poland. Despite of many
advantages, biomass is characterized by some disadvantages too such as high content of moisture,
biodegradability and difficulty in milling, etc. Process that can improve these properties of biomass is
torrefaction. It is a thermal pre-treatment process in oxygen free atmosphere holds at temperatures between 200-
300°C. Torrefaction of Sidahermaphorodita,Piceaabiesand straw was studied at temperatures 230, 260,and
290°Cand residence times werespecified for 0,5, 1 and 1,5h. The torrefaction were conducted in an electric
furnace, the chemical composition of raw and biochars were done by Elementary Analyser Leco628 while
technical analyses were performed according to European Standards. The increase in carbon content was
observed: c.a. 12% for Sidahermaphorodita, 13% for Piceaabies, and above 11% for straw. A decrease of
hydrogen content in all of three analysed materials was also noticed. The results clearly show that torrefaction
process improve properties of biomass, and make it more coal like.

Key words: bhiomass, torrefaction, analysis, chemical, properties, solid, products, sidahermaphorodita,
piceaabies, straw, moisture, ash, volatile matter, van Krevelen

1. Introduction

1.1.Biomass in Poland and worldwide

Biomass in Poland becomes more and more popular source of Energy. Looking into the statistics, biomass
constituted 9,25% of the energy having been sourced then. However biomass gained even more popularity.

If youlook into the statistics, it had the biggest share among renewable energy sources if you consider sourced
energy,which was 62,5% in 2015.

Power installed in biomass power plants in Poland extoled to 1 362,03 MW in 2017. It is an 6.3% increase in
comparison to year 2016 and a 66% increase in comparison to year 2012. [1]. There are 36 power plant blocks
for biomass in Poland currently [2]. Biomass used for incineration or co-firing in power plants are, for instance,
sawdust (as a scrap after machining process or milling wood in sawmills), woodchips, bark, straw, hay and
plants specially designated for energetic purposes such as cane, sunchoke or smartweed or silvergrass [3].
Biomass, as a raw material used for burning and co-firing has many advantages. It is neutral if you consider
carbon dioxide production — one can assume that biomass consumed carbon dioxide that was produced during
its burning. It is also a good fuel considering sulphur emission. What is more, biomass can be sourced from
many places, what, theoretically, lowers the problem connected with its transport. Despite those advantages
biomass holds also variety of flaws such as: high reactivity, high moisture content, biodegradability,
lowermelting point than coal (what can lead to parching of boiler’s heating Surface), chlorium and potassium
content (what increases a risk of creation of corrosion on metal elements of boilers). Biomass is also a
complicatedsource of primary energy due to requirement of its’ prior preparation, for instance, by drying.
Different kinds of biomass may also have crop protection products leftovers as well, what is crucial when it
comes to usage such plants for energetic purposes because of a threat of discharging such compounds as dioxines
and furanes [4,5].

In connection with disadvantages of raw biomass usage for burning and co-firing purposes, there are a range
of methods to facilitate aforementioned process and cause it to be less burdensome. Among methods of
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refinement biomass used for energetic purposes one can enumerate pelletization, hydrothermal bituminization,
gasification, pyrolysis and also torrefaction, which is a topic of this paper.

1.2. Biomass worldwide

The primary energy supply of forest biomass used worldwide is estimated at about 56 EJ, which means woody
biomass is the source of over 10% of all energy supplied annually. Overall, woody biomass provides
about 90% of the primary energy annually sourced from all forms of biomass. [6]

When one look at the statistics, leading countries using biomass as a source of energy for burning and co-firing
in power plants are U.S.A. , China and Japan. World total capacity is estimated to be 122 GW.

1.3. Torrefaction process

Torrefaction is a process, which transforms biomass into a solid fuel with properties similar to coal. It is based
on thermic processing of biomass in the temperature 200+-300°C under the pressure close to atmospheric,
without oxygen access to the material. Biomass is subjected using many stages if one concerns torrefaction
progress, what is presented at undermentioned graphic

Biomass = Drying process 2 Torrefaction = Cooling process = Biochar

The prcess should be led in a proper way to provide an appropriate grindability to a material after
torrefactionprocess, simultaneouly obtaining low loss of energy, caused by loss of volatile matter. Relatively
bigger lossof oxygen and hydrogen during the whole process in comparison to loss of carbon get the properties
oftorrefaction product along to low-quality coal.lts calorific value is from 18 to 23 MJ/kg, it has from 1 to 6%of
moisture content and is defined by low bulkdensity. The features of this material are as well:
crispness,homogeneity and hydrophobic naature, whatcauses that it can be warehoused outside and will not
biodegrade.

2. Objective and extent of the paper.

Objective of this paper is comparative analysis of input biomass physicochemical properties and solid
productscreated during its torrefaction. Research was conducted with regard to changes of technical and
chemicalproperties.

Extent of paper included:
1) Torrefaction in parameters mentioned below:

Temperature: 230°C, 260°C i 290°C

\

Conducting process time : 0,5h, 1hi 1,5h

2) Technical analysis execution for input materials and obtained materials:
Moisture content — 3 measurements

Volatile matter content — 3 measurements

Ash content — 3 measurements

ASERNERNERN

Loss of mass cused by torrefaction — 2 measurements for each material for every time assumed for a process
and for every assumed temperature

Torrefaction times were 0,5h,15 and 1,5h, whereas torrefaction temperatures were 230°C, 260°C and 290°C
which resulted in 18 measurements for every material.

3) Chemical analysis for input materials and obtained biochars:
v" C,H,N compounds analysis — 3 measurements

v’ Calculation of O compound, based on measurement of C,H and N compounds content.
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3. Experimental part

3.1.Research material
While doing my research, three types of biomass were used:

a) Sidahermaphorodita — a plant which belongs to malvaceae family. Crops of this plant are superb
for briquette and pellets fabrication. [7]

b) Piceaabiesis a plant that grows at northern side of Europe and in the mountains (the Carpathians,
the Sudeten, the Alps) and in the Balkans. It can be also found in Northern America. [8]

¢) Straw are ripe and parched aristas of grain plants and parched grain legumes, linen or rapeesed.
It is primarily used as a pasture and bedding for breeding animals, only surplus iss used for energetic
purposes. [9]

Sidahermaphoroditaused in a laboratory research was characterised by light brown colour and it has to beinitially
prepared, by chopping and milling. This material came from polish cultivation. Straw was a mix ofdifferent
aristas and was featured by light yellow to dark brown colour. It was also compulsory for this materialto chop
and mill. Straw was provided by EKOPROD sp. z.0.0. Piceaabieswas characterised by light yellowcolour,
needed to be milled and chopped and was provided by sklepdrewna.pl company.Sidahermaphoroditaand straw
were delivered in a form of long stems and piceaabieswas delivered in theform of small chips, which were
chopped and milled in a grinder LN-100 distributed by Testchem companywith 1,0 mm sifter, available in ASH
UST Centrum Energetyki

3.2. The description of test stands

Test stand for torrefaction process included a 1,65kW furnace with torrefaction chamber having
dimension10x10x20cm. Its outer dimensions were 29x29x34cm. The insulation of furnace was made of saphile,
coil heaterwere made of chamotte moulding with thermos-resistant wire. Control was held using temperature
regulator AR604/51/P with a transmitter that could be supplied with a current with 85 to 260V voltage. The
furnace washeatedelectrically, it was equipped with one first-class coated thermocouple TP-202 type K (NiCR-
NiAl). Argon wasalso infeeded into the chamber, as a gas to create a neutral atmosphere inside the furnace.

3.3. Methodology of performed researched

The research were fully made using experimental apparatus available in Department of Heat Techniques
and Environmental Protection at Faculty of Metal Engineering and Industrial Computer Science

3.3.1. Torrefaction calculation formula for loss of mass

¥ ¥ I I i rr
mL+m2_n!g+n!l +m: _mg

My = ( : ) x 100 (1)

where,

My, - percentage of the mass’ loss due to torrefaction

m1 — mass of an empty crucible

m, — mass of crucible with material before torrefaction

m3 — mass of crucible with torrefied material

The results were rounded out to two decimal places.

Upper indexes relate to the number of sample put into the furnace ( * — sample no.1, ** — sample no.2)

Technical analysis of researched biomass samples and created torrefied materials involved determining of
moisture content, ash content and volatile matter content. All analysis were conducted in muffle furnace
ofCzylok company, type FCF 22SHM with computer programmer with heating driver.
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3.3.2.  Moisture content analysis

Research conducted according to EN 14774-2:2009 (E) norm — Solid biofuels — Determination of moisture
content - Oven dry methos - Part 2: Total moisture -  Simplified method.
Calculation pattern:

(my—mg)+m,

Mg = x 100 (2)

(mz—mmy )+my

Where,

Mar — moisture content [%]

m1 — empty crucible mass [g]

m2 — mass of crucible with material before drying [g]

ms — mass of crucible with material after drying [g]

m4 — moisture content connected with crucible, to which material was poured [%)]

The result was rounded out to one decimal place. For each material three analysis were led.

3.3.3.  Ash content analysis

Rresearch conducted according to EN 14775:2009 (E) — Solid biofuels — Determination of ash content.

Calculation pattern:

Ay = T2T™ %100 x —2— (3)
My —My 100— M4
Where,
A4 — ash content in a sample [%]
m1 — empty crucible mass [g]
m2 — mass of crucible with material before the research [g]
m3 — mass of crucible with ash [g]
Mag — moisture content of testes material used for calculation of moisture content [%]
The result was rounded out to one decimal place. For each material three analysis were led.
3.3.4. Volatile matter content analysis

Research conducted according to norm EN 15148:2009 (E) - Solid biofuels — Determination of content of
volatile matter

Calculation pattern:

100(my—m;) 100 .
M, —m, Maa] % (100— Mnd'} (4)

Va=1|

Where,
V4 — volatile matter content in a sample [%]
m1 — mass of empty crucible mass with lid [g]

m2 — mass of crucible with lid and material before the research [g]
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ms — mass of crucible with lid and leftover after the research [g]

Mag — moisture content of test material determined by normy EN 14774-3 [%)]

The result was rouned out to one decimal place. For each material three analysis were led.
After technical analysis, samples of biomass were proceeded to being torrefied.

4. Raw biomass’ and torrefied biomass’ physicochemical features analysis
Chemical analysis was conducted with usage of Truespect LECO CHN 628 analizer.
4.1.Presentation and discussion of results

The results of this paper are presented in the form of Fig.s.

41.1. Moisture content

Moisture content

ontent [%]

Muoisture ¢

Fig. 1. Moisture content in examined samples

Piceaabies included over two times bigger amount of moisture than other kinds ofanalysed biomass.
Average moisture content in straw is 4,4%, in sidahermaphorodita it is 4.7%, however if we consider
Piceaabie

4.1.2. Ash content

Ash content

Ash content
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Fig. 2. Ash content in examined samples

The difference in ash content between different biomass materials are more clear. The lowest ash content is
distinguishable in piceaabies, averagely 0.7%, a bit more of it is included in sidahermaphorodita, it is 2.1%.
The biggest amount of ash is in straw — average for this biomass material is 5.6%.

4.1.3. Volatile matter content

Volatile matter content
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Fig. 3. Volatile matter content in examined samples

Volatile matter content was the greatest in sample with piceaabies, average is 95.3%. Pretty similar of its content
was found in straw and sidahermaphorodita, it was slightly bigger than 89% for both biomass materials.

4.1.4. Torrefaction of sidahermaphorodita

Loss of torrefied Sida hermaphorodita depending on
torrefaction process time and temperature
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Fig.1. Loss of torrefiedsidahermaphorodita depending on torrefaction processtemperature and time

The biggest loss of material’s mass in examined times and temperatures of torrefaction total over 60% of
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initial material’s mass. When temperature was 230°C and 290°C the increase of mass loss was slight, whereas
for 260°C change in mass loss in comparison between 0,5h torrefaction and 1,5h torrefaction was almost 35%.

4.1.5. Torrefaction of piceaabies

Loss of torrefied Picea abies depending on
torrefaction process time and temperature
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Fig.2. Loss of torrefiedPiceaabies depending on torrefaction processtemperature and time

For piceaabies the biggest mass loss total slightly over 50%. The difference in mass loss for the same
temperatures were little, whereas what is noticeable is a far bigger difference in this parameter for 230°C
and260°C, taking into account the same torrefaction time.

41.6. Torrefaction of straw

Loss of torrefied straw depending on
torrefaction process time and temperature
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Fig.3. Loss of torrefied straw depending on torrefaction processtemperature and time
Maximal mass loss for straw was slightly over 60% for 290°C. Massive losses were indicated also for other

temperatures, they were over 50%. What is worth indicating is that the results almost equalized for 230°C



24 Contemporary Problems of Power Engineering and Environmental Protection 2018

and 260°C loss mass taking into account torrefaction time, consecutively, 1h and 1.5h.
4.1.7. Chemical analysis of sidahermaphorodita

In raw state this material has almost 50% of carbon content. Maximal result that was achieved in
examinedtemperatures and torrefaction times was over 60% of carbon content in the sample. The increase in
carboncontent was from 4% to 12%. The biggest decrease in hydrogen content was 2.7%, however, in
comparisonto raw state, the result was 6.4%. The nitrogen content in samples increased subtly during the
process, thebiggest increase is 0.4%. What is worth indicating is the fact that nitrogen content decreased for
230°C,comparing raw state with 0,5h of torrefaction process.

Relationship between percentage carbon content from
temperature and time of torrefaction for Sida hermaphorodita
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Relationship between percentage hydrogen content from
temperature and time of torrefaction for Sida hermaphorodita
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Relationship between percentage nitrogen content from
temperature and time of torrefaction for Sida hermapheorodita

Tarrefaction time [h

Fig.s 4,8,9. Relationships between percentage of compounds content from temperature and time for Sida
hermaphorodita

4.1.8. Chemical analysis of piceaabies

Carbon content in a sample increased by 13% as a consequence of torrefaction in comparison to raw state. For
this process, carbon content is almost the same for 230°C and 260°C. Hydrogen content thanks to torrefaction
decreased maximally of 1.57%. This decline was noticed for 290°C, for 1h measurement. Afterwards, piceaabies
sample increased its hydrogen content. The loss of hydrogen content was approximately linear. The content of
nitrogen was inappreciably small as counting 0.02%

Relationship between percentage carbon content from
temperature and time of torrefaction for Picea abies

arbon content [%)]

Torrefaction time [h]
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Relationship between percentage hydrogen content from
temperature and time of torrefaction for Picea abies
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Fig.10,11,12. Relationship between percentage of nitrogen content from temperature and time for picea abies

4.1.9. Chemical analysis of straw

Carbon content in straw thanks to torrefaction changed slightly for 260°C and 290°C. An 3% increase was

noticed. Share of hydrogen in sample decreases maximally for 0.8%. The nitrogen content in any of the samples
exceeded 1%.

Relationship between percentage carbon content
from temperature and time of torrefaction for straw
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Relationship between percentage hydrogen content from
temperature and time of torrefaction for straw
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Relationship between percentage nitrogen content from
temperature and time of torrefaction for straw
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Fig. 13,14,15. Relationship between percentage of compounds content from temperature and time for straw
5. Van Krevelen Fig.s for analysed materials.
Correlations between H/C and O/C molar ratio are presented on van Krevelen Fig..

Points on the Fig.s symbolize parameters of samples obtained due to torrefaction process.
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Molar ratio H/C

Coal

Malar ratio O/C

Fig. 16. Van Krevelen Fig. for all examined materials

Analysing results presented on van Krevelen Fig.s there is assumed that samples, which residued in the same
temperature the longest inside the furnace move in the left-down side of the Fig.. Similar connection can
be observed considering growth of temperature in the reactor: the higher temperature, the closer torrefied
material is nestled to left-down verge of the Fig..

6.

Conclusions

Conducted analysis and presented results allowed to formulate following conclusions:

a)

b)

d)

Piceaabies has the biggest amount of moisture content — it is far unfavourable, due to lowering
of the materials’ calorific value and volatile matter content, what causes easier ignition and faster burning.

Straw has the biggest amount of ash, what can be one of the causes of creating a deposit covering heating
surface of boilers, what is obviously a disadvantage for this fuel.

Sidahermaphorodita and straw lose majority of its mass (about 60%) during torrefaction process, whereas
this factor is a bit more than 50% for piceaabies. It proofs that two aforementioned materials can be used
more effectively in co-firing process. What is more, straw does not need to have temperature higher than
230°C to have acceptable results in mass loss.

All fuels reach similar results considering carbon content in boundary experiment conditions, which were
290°C and 1,5h, what is about 60%. The most effective in this case is straw — this material after an hour of
torrefaction reaches the same results as for higher temperatures. Moreover, in this case, straw had similar
results comparing to other fuels having more time for torrefaction and higher temperature, what could limit
torrefaction time to obtain demanded results.

Hydrogen maintained the biggest level in piceaabies after torrefaction. There were values from 0.2%
to 1.1% depending on the temperature. Hydrogen induces moisture creation after biomass burning,
so it is definitely a flaw of using this biomass. Chosen plants are stable regarding changes in hydrogen
content, which lowers from 0.1% to 1.4% between considered temperatures. Therefore, piceaabies
in temperature 260°C (0.7% growth) and straw (1% growth) in temperature 230°C might be treated
as exceptions.

As for the case of sidahermaphorodita and straw, nitrogen, due to torrefaction process, increases
its share. Nevertheless, these are small values — in the first aforementioned material nitrogen content
did not exceed 0.7%, whereas for straw the maximum value was no more than 1%. Piceaabieshas the



Contemporary Problems of Power Engineering and Environmental Protection 2018 29

content of nitrogen of fractions of percent. Nitrogen is unfavourable for usage of torrefied material — while
burning, it can cause creation of, dangerous for environment, nitric oxides.

To summarize, torrefaction has a real meaning as a process of biomass preparation for burning or co-firing.
Research did prove that thanks to torrefaction, not only straw and piceaabies but sidahermaphorodita as well get
closer with their features to coal considering carbon content, and molar ratio oxygen-to-coal and hydrogen-to-
coal.
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Abstract

Polylactide (PLA), due to its physicochemicalproperties, is a promising material for many applications. It can
completely replace other polymers from the plastic material industry in the future. In this study, biodegradation
of PLA modified and unmodified with starch was tested. The effectof two microorganisms, Aspergillusniger and
Penicillumminioluteum, on the degradation of PLA was analyzed. Samples were incubated with molds
for 3 months. The degree of PLA degradation was analyzed by massloss, changes in chemical and physical
structure of samples before and after incubation with microorganisms. The chemical structure was determinedby
Attenuated Total Reflection Fourier Transform Infrared Spectroscopy (ATR-FTIR) and the physical structure
was detected by Scanning Electron Microscope (SEM). The greatest massloss was observed in samples
incubated with A. niger. FTIR analysis showed significant changes in chemical structure of both foil components
— polylactide and starch. Microscopic analysis confirmed residual degradation of foil.

Keywords: biodegradation, starch modified polylactide, Aspergillusniger, FTIR, SEM

1. Introduction

Plastic consists of one or many synthetic and semi-synthetic organic polymers [1]. The most important feature
of this materialis plasticity, making it easy to process to the target shape. Another crucial matter is the cost
of production. Due to favourable features the most common polymersare polyethylene, polyethylene
terephthalate and polyvinyl chloride. The huge demand for cheap and easily processed materials, like packagings
or disposable articles [2] caused constantly increasingplastic pollution around the world. One of the finest
method to utilize these wastes is biodegradation. To improve the efficiency of this process it is crucialto develop
biodegradable material and optimize conditions of biodegradation, for example temperature, humidity and
the most important — microorganisms. Several biodegradable polymers has been already developed,
i.e. cellulose, polyhydroxybutyrate. One of the biodegradable polymers, which is commonly used in many
industries, is polylactide (PLA). Polylactide is the lactic acid polymerobtained from renewable resources. Lactic
acid or lactide are used as monomers in polymerization reaction to produce PLA. The first discovered
microorganism capable to degrade PLA was bacteria isolated from soil — Amycolatopsis species [3].
The enzymes which hydrolyze PLA were isolated from Amycolatopsis genus [4,5]. There are many
modifications of PLA foil driven during the production of plastics. The first one is based on technology
production when several ingredients like thermoplastic starch (TPS) are added to improve physicochemical
properties of the polylactide material.

One of the most common molds occurring in the nature is A.niger[6]. Due to its properties, A. niger is widely
used in various industries. The most common application is the production of citric acid [7, 8, 9]. A. niger also
produce enzymes, like glucoamylase, which is used in food industry [10, 11]. A. niger occurs on the surface
of plastic waste, which suggest that this mold potentially can derive energy from polymers and in that way
degrade them. Another fungusspecies used in industry is Penicilliumminiolteum. This fungusis used in sugar
industry because of its ability to produce enzyme, dextranase, which breaks a (1,6) glycosidic bonds[12, 13].
The main aim of this research was to study the biodegradation of polylactide foil by one of the most common
fungi — A.niger and identify factors affecting this process.
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2. Material and Methods

1.2 Microorganisms

The strain of A.niger was isolated from soil, where plastic waste were deposited. Themold species was identified
basing onmorphologic features in macro- and microscopic scale and then confirmed by genetic analysis.

During previous experiments, in control samples incubated in sterile medium, different myceliawere observed.
The mold has gotcharacteristic colors of hyphae, yellow and green, which facilitate to identify the mold as
P.minioluteum. The identification of the species was confirmed by genetic analysis [14].

Both fungi were cultivated on Potato Dextrose Agar (PDA) at 20+1°C in the dark.
2.2 Polylactide foil samples

Several types of polylactide foil were tested. The production technology of all tested foils was developed
in Department of Organic Technologies of New Chemical Syntheses Institute in Putawy, Poland. Unmodified
polylactide foil (PLAW) and modified with thermoplastic starch (TPS) were used. The content of starch was
20% (PLA20R) and 50% (PLAS50R). To studythe production technology effecton biodegradation degree
of PLA, two different types of PLA50 were used — PLA50R and PLA50W. Foil obtained by method R
(blow method) was thin and flexible, whereas foil produced using W method (effusion method) have a thick and
hard structure. Furthermore, four additional ingredients, which have not exceeded 0.75% of the PLA50R content
were tested and markedas PLA5S0R1, PLA50R2, PLA5S0R3, PLA50RA4.

Each type of foil was cut into 1 cm? pieces, disinfected by rinsing in 70% ethanol. Prepared samples of foil were
treated with A.niger and P.minioluteum.

3.2 Incubation

The foil samples were incubated with microorganisms in liquid medium without carbon source: NH4NO3-1.0,
KH,P0.-0.5, MgS04-0.5, FeS0.-0.001, ZnSO4—0.001 [g/L]. Each type of foil was treated with mono-culture
of both species of molds and with dualculture as well. Control samples were incubated in sterile liquid medium
for3 months with shaking 100 rpm at 20+1°C with light avoiding.

4.2 Analysis of the biodegradation

After the incubation, foil samples were disinfected by rinsing in 70% ethanol. The degree of biodegradation was
determinedby massloss andchanges in the chemical and physical structure. The massloss was calculated
as percentage mass reduction, the difference between the initial mass and the mass after incubation was divided
by the initial mass of a given sample and converted into percentage value.The chemical structure before and after
the incubation was analyzed with Fourier Transform Infrared Spectroscopy (FTIR) with Thermo Scientific
Nicolet iS10 in the range from 600 to 4000 cm™ and processed withOMNIC 9.2.86 software. The tested foil
spectra were compared with thespectraof foiluntreated with microorganisms and medium. The physical structure
of the foil surface was detected by Scanning Electron Microscope (SEM) with Carl Zeiss camera
(EVO MA 15) electron microscope using 20 kV filament current and analysed with Carl Zeiss SmartSEM
V/05.04.00 software.

3. Results and discussion

1.3 The effect of Aspergillusniger and Penicilliumminioluteum on polylactide foil biodegradation

The biodegradation of polylactide foil by mono- and dualcultures of A.niger and P. minioluteum was tested.
To improve fungi grow sucrose was added to the medium (20 g/L). After the incubation in dual culture of fungi
the fragmentation of PLA20R was observed (Fig. 3.1). This type of degradation was not observed after
the incubation withmono-cultures or dual cultures in medium without carbon source. Fragmentation of only
PLA20R samples treated with both fungi in medium with sucrose indicates that biodegradation of PLA20R is the
most efficientwhen both species are applied and the sucrose is added. Probably sucrose as easily available source
of carbon, caused significant increase in fungus biomassand thus concentration of enzymes, which can
hydrolyzebonds in polymers. The fragmentation of PLA20R foil was very promising. This result inspires
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to further research to confirm the hypothesis of production cooperating exoenzymes which hydrolyzepolymer’s
bonds. However, the conditions of fragmentation process were unfavourable financially, because of the sucrose
addition. For this reason, an another way to improve biodegradation process was investigated.

PLA20R

Fig. 3.1 PLAW and PLA20R samples after the incubation with Aspergillusniger and Penicilliumminioluteum in
liquid medium with sucrose

2.3 The effect of starch addition on polylactide foil biodegradation

Two different contents of starch in polylactide foils were tested: 20% (PLA20R) and 50% (PLAS50R).
The samples properties were compared with unmodified polylactide foil. The mass reduction of PLA20R and
PLAS0R samples treated with P. minioluteum, both withmono-culture and dualculture with A. niger,waslower
than weight loss of samples incubated withA. niger mono-culture. This data suggest that P. minioluteumhas not a
positive effect on polylactide biodegradation in liquid mineral medium. Therefore, samples treated with
P. minioluteum had not been submitted further analysis of biodegradation rate.

There was no significant difference in weight loss between PLAW samples incubated in sterile medium and
treated with microorganisms (Fig. 3.2). Notable difference in mass reduction between treated and untreated with
microorganisms samples was observed in PLA5S0R (Fig. 3.2).The most degraded samples were PLAS0R treated
with A. niger, whichachieved 24.78+3.30% of weight loss (Fig. 3.2). These results indicate that the
highercontent of starch in polylactide foil, the greaterbiodegradation by A. niger, but PLAW, PLA20R and
PLAS0R were produced by using different technology and it was difficult to compare biodegradation of these
three types of foils. To study the impact of foil production technology on polylactide biodegradation process
another study was performed.
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Fig. 3.2 Percentage mass reduction of foil samples after 3 months incubation with A. niger (Aspergillusniger)
and in sterile liquid mineral medium (Control); * indicates difference between the control and the A. niger
treated group; a—d indicates samples treated with A.niger with no significant difference; I-I1l indicates control
samples with no significant difference; post-hoc ANOVA — Tukey’s HSD test was used p<0.05, n=6

3.3 The impact of foil production technology on polylactide foil biodegradation

Two types of PLAS0 foil were used, one of them was produced using R method (PLA50R) and the second
by W method (PLA50W). Mono-culture of P. minioluteumand dual cultures of tested molds had
inconsiderableimpact on foil mass. Significant changes in mass reduction of both foils were observed after the
incubation with A. niger (Fig. 3.2). There are also significant differences between PLA50R and PLAS0W (Fig.
3.2). In both types of incubation — with A. niger and in sterile medium, higher percentage massloss wasobserved
in PLA50R samples. PLAS0R samples incubated with A. niger degraded in 24.78+3.30%, whereas PLA50W
only 7.31+3.00% (Fig. 3.2). These results suggest that production technology plays important role inpolylactide
foil biodegradation.Method R occurred to bemore favourable for producing biodegradable material than
method W. This could be one of the reasons why PLAW was not degraded as well as PLA20R and PLA50R.

4.3 The effect of trace amounts of foil additions on polylactide foil biodegradation

Several additional ingredients (1-4) were tested to investigate theireffect on PLA5S0R biodegradation.
In all PLA5OR foils a significant role of A. niger in biodegradation was observed (Fig. 3.2). Percentage mass
reduction washigher after the incubation with A. niger than after the incubation in sterile medium (Fig. 3.2).
There was no difference in weight loss of PLAS0R1 and PLA5S0R, whatindicates that ingredient 1 in small
amounts does not present positive influence on polylactide foil biodegradation by A. niger. Addition
of ingredient 2, 3 and 4 increase weight loss of polylactide foil. PLA50R2, PLA50R3 and PLA50R4 was
degraded in 46.55+3.45%, 42.68+3.91% and 41.34+2.52% respectively (Fig. 3.2), but there was no significant
differences between them. Obtained results have shown that ingredients 2, 3 and 4 havea positive impact on

PLASOR biodegradationbyA. niger.

5.3 The effect of Aspergillusniger on chemical structure of polylactide foils

The massloss analysisdemonstrated notable degradation of polylactide foils by A. niger. To verify if this species
affect the chemical structure of foil and which foil component was degraded, FTIR analysiswas applied. The
spectra show the dependence of the absorbance towavenumber (cm™). The greatest changes in FTIR spectra after
incubation with A. nigerwereobserved forPLA50R2 samples (Fig. 3.5). There was a significant difference in
absorbance in range 3600-3000 cm™* (Fig. 3.5). In this range OHgroups from starch absorb energy [15]. There is
no signal in this range in PLAS0R2 treated with A. niger spectrum, which indicates that starch was degraded
partially by breaking —OH bonds. There are also differences in absorbance of 1750 cm? maximum
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(Fig. 3.5) where the C=0 bond of carbonyl and carboxyl group absorbs the energy, but signal from carboxyl
group is much more higher than signal from carbonyl group [16]. Carboxyl group occurs in the end of
polylactide chain [17]. The greatest absorbance of 1750 cm™* maximum was observed in spectrum of PLA50R2
samples treated with A. niger. Probably A. nigerdegraded polylactide causing depolymerization of polylactide
and as a result realised carboxyl groups which increased the absorbance in 1750 cm™. In the range 1180-1080
cm? the greatest absorbance was observed in spectrum of PLAS0R2 samples treated with A. niger (Fig. 3.5).
In this range the energy is absorbed by C-O in glucose molecule [15]. Presumably starch was hydrolyzed
to glucose. In addition there are significant differences in range 1016-600 cm™. Absorbance in this range
illustrates vibrations of C-O and C-H bonds [16]. Both bonds occur in polylactide and starch molecule.
Decreased absorbance in range1016-600 cm™ after the incubation with A. niger suggest, that C-O and C-H
bonds werepartially broken.

Comparison of FTIR spectra demonstrated biodegradation of both components of foil — polylactide and starch.
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Fig. 3.5 The comparison of FTIR spectra PLAS0R2 samples treated with A. niger (Aspergillusniger), incubated
in sterile medium (control in medium) and untreated (control)

3.6 The effect of Aspergillusniger on physical structure of polylactide foils surface

As the greatest changes in mass reduction (Fig. 3.2) and chemical structure (Fig. 3.5) were caused by A. niger.
To study the effect of incubation on physical structure of foils SEM was applied. There were significant
differences between samples untreated and treated with A. niger (Fig. 3.6). The photograph B (Fig. 3.6) illustrate
the damage of PLA50R2 samples, the surface is visibly ragged in opposite to smooth surface of foil which was
not treated with fungi (Fig. 3.6A). This difference indicates that A. nigercan degrade polylactide foil.
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Fig. 3.6SEM photographs of polylactide foil containing 50% of starch and less than 0,75% of additional
ingredient (PLA50R2) control samples (A) and treated with A. niger PLAS0R2 samples (B); magnification
1000x
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4. Conclusions

One of the most common occurring naturally fungus, Aspergillusniger has the ability to degrade polylactide-
starch foil. The degree of biodegradation depends on content of starch, foil production technology and applied
additives. Although A. niger was isolated together with Penicilliumminioluteum the properties of these two mold
species appeared different. Monocultures of A. niger can biodegrade polylactide-starch foil better than mono-
cultures of P.minioluteum. However it is worth to notice, that dual cultures of these species in environment
containing easy accessible source of organic carbon,can fragment the foil. The greatest massloss reachedover
45% and FTIR analysesconfirmed degradation of both foil components— polylactide and starch, as well. Also,
SEM photographs show significant changes in physical structure of foil surface after the incubation with
A.niger. These results prove that A. niger can be applied in PLA biodegradation. Perspective studies include
searching for PLA-degrading enzymes from A. niger.
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Abstract

The paper presents results of research for biomass and waste gasification/pyrolysis process with use of flue gas
as a converting agent. Syngas (process gas) as well as possible char being a result of the process are combustible
and can be recirculated to the boiler’s combustion chamber. Presented technology includes a rotary reactor that
operates continuously and is integrated with a power boiler, for example WR-25 type grate boiler. The paper
presents laboratory research of selected alternative fuels: Refuse derived fuel (RDF), wood chips, nut shells,
sewage sludge, coal sludge, mixture of 50% coal sludge with 50% RDF. Basing on the laboratory research a
computational model was developed to determine an industrial-size process parameters. The model allows to
determinethe reactor’s dimension: inner diameter Dy and length L. as well as how much alternative fuel can be
gasified/pyrolysed in this process.

Keywords: gasification, pyrolysis, biomass, waste

1. Introduction

In thermochemical conversion, the entire fuel is converted into gases or liquids, which are then synthesized into
the desired chemicals or used directly for combustion or co-combustion. Gasification is a chemical process that
converts carbonaceous materials into useful convenient gaseous fuels or chemical feedstock. Pyrolysis, partial
oxidation, and hydrogenation are related processes. Gasification takes place in reducing (oxygen-deficient)
atmosphere requiring heat. The purpose of gasification or pyrolysis is not just energy conversion but production
of chemical feedstock as well.Pyrolysis takes place in the total absence of oxygen, except in cases where partial
combustion is allowed to provide the thermal energy needed for this process. Pyrolysis is a thermal
decomposition of the biomass into gas, liquid, and solid. There are three variations of pyrolysis: Torrefaction, or
mild pyrolysis,slow pyrolysis,fast pyrolysis [1].

Under the current law regulations it is advisable to develop new technologies for biomass waste thermal
conversion. Thermal conversion of waste lead to the following benefits: Conversion of waste chemical energy
into heat and electricity, reduction of mass and volume of waste,reduction of landfills number, reduction of the
sanitary and epidemiological danger,solid products of the process can be used for agricultural purposes.Pyrolysis
or gasification processes allow to reach following benefits without problems connected to direct waste
combustion and co-combustion. Feeding boiler’s combustion chamber with syngas (process gas, which is a
result of gasification/pyrolysis process) significantly reduces slagging, fouling and high temperature corrosion of
heated surfaces of the boiler. Products of gasification and pyrolysis process can be accumulated and used at
another time or purpose, what is an advantage of these processes comparing with direct combustion.Moreover
according to actual Polish law [2] it is forbidden to store waste that can be characterized by:

a) Total organic carbon (TOC) content above 5% of dry matter,
b) loss on ignition (LOI) above 8% of dry matter,
¢) lower calorific value above 6 MJ kg of dry matter.

Presented laboratory research and calculation procedure have been developed due to strong need for creating
new technologies for waste and biomass thermal conversion. The aim of presented study is:

e To assess the possibility of using flue gas as a converting agent for thermal conversion of alternative
fuels (waste and biomass) and to recognize the usage of selected alternative fuels for thermal
conversion in low temperature gasification/pyrolysis process witch use of flue gas as a converting
agent,
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e To assess the influence of process temperature, fuel granulation and moisture content on syngas
composition and the conversion rate of selected fuels,

e To determine construction parameters for the rotary gasification reactor assuming that
gasification/pyrolysis process is performed continuously in an industrial scale.

2. Law principles of process gas combustion and co-combustion

The technology of indirect co-combustion of waste through the integration of a gasification reactor with a power
boiler does not require the construction of a new thermal waste facility. It can be based on a local waste
management facility, which ensures continuous supply of waste and local boiler house or energy company that
provide the possibility of integrating the reactor with its boiler. The implementation of gasification technology is
therefore cheaper than the construction of a new waste combustion facility. In addition, it is not associated with
any objections from the local community [3].

The Industrial Emissions Directive of European Commission [4] distinguishes gasification and pyrolysis of
waste from combustion. Article 42 of the Directive indicates that special requirements for thermal treatment of
waste do not apply to gasification or pyrolysis installations. It provides that if the syngas from these thermal
processes is purified such it does not cause emissions bigger than combustion of natural gas it is no longer
threatened as waste combustion. This rule was implemented in September 2014 into Polish legislation [5].
According with the requirements of the Directive, combustion of syngas from gasification of waste should meet
the emission requirements for natural gas. They are defined in the following standards: PN-C-04752: 2011 and
PN-C-04753:2011. Meeting this requirements for syngas combustion allows to omit the technical requirements
set by the Regulation of the Development Ministry (“waste regulation”) [6] regarding the waste thermal
treatment conditions:

* Flue gas temperature from higher than 850°C in no less than 2 seconds
and

» The total organic carbon content (TOC) in slags and ash less than 3% mass, or loss of ignition (LOI) for slags
and lower than 5% on dry matter.

Moreover there is no need to apply emission standards provided for waste combustion and co-combustion. When
purified syngas is combusted the power unit should comply with emission standards for natural gas combustion
in energy facilities.

3. Laboratoryresearchresults

Experimental laboratory research was conducted to develop design requirements and to identify the usability of
the selected alternative fuels (biomass and waste fuels) for indirect co-firing in power boilers. Tests were
conducted for following fuel types: Refuse derived fuel (RDF), biomass - wood chips, food processing waste -
nut shells, sewage sludge, coal sludge, mixture of coal sludge 50% witch RDF 50%.Tests were conducted in a
laboratory gasification reactor designed and constructed specifically for this purpose. The experimental stand
enables the weight loss of a sample and resulting gas composition to be recorded. The sample mass is
approximately 3 g, which distinguishes the method from the classic TGA method, which is frequently used for
fuel thermal conversion investigations. Presented experimental setup enables to investigate gasification,
pyrolysis, torrefecation and combustion, depending on agent composition and temperature requested.
Experimental equipment allows to measure and record following parameters: Initial mass of the fuel sample,
syngas composition (O, CO,, CO, CH4, CrhHn), process temperature and gas flow.Tests were conducted in the
temperature range of 350-850°C and with the application of dry and wet converting agents and for fuel in two
states: as received and ground. It allows to identify the impact of the process temperature, the type of gasification
agent and fuel granulation on the resulting gas (syngas) composition. Results of experimental
gasification/pyrolysis process of RDF fuel are presented in Fig.s3.1-3.4.
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4. Industrial-scale gasification/pyrolysis process parameters

Basing on the laboratory research results a calculation procedure was developed. In allows to determine the
syngas flow and composition as well as reactor’s dimensions and operating parameters. Gasification/pyrolysis
reactor is supposed to be integrated with a power boiler according to scheme on Fig. 4.1.
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Fig. 4.1 Scheme of integration of power boiler with biomass and waste thermal treatment reactor

Research base on an idea of indirect co-combustion of waste and biomass in power boilers. The developed co-
combustion technology was based on patent applications [7-10] and previous experience [11-18]. Flue gas
flowing out from the combustion chamber — 1 goes through the heat exchanger — 9 and through the flue gas duct,
from where it flows to the chimney. The installation for indirect co-firing of biomass consists of a reactor 15
supplied with a stream of shredded biomass in the feeder system — 13 and a stream of flue gas induced by the
injector — 10. Flue gas is taken from the combustion air duct — 8 by the stream of a working agent (water steam,
compressed flue gas) supplied to the nozzle — 12 by injector — 10. These flue gas enters the reactor — 15 where
the thermal treatment of biomass is made. The output of the flue gas injector — 10 is adjusted to the process
requirements by a control valve — 7 built in the propeller duct — 6 to the drive nozzle — 12. Flue gas flowing out
from the reactor — 15 with flammable gas products of the degradation process feeds the burners — 3 and 4, and
solid flammable and non-flammable products are transported through the lock — 14 and possibly returned to the
process.
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As an example of calculations for integrating the reactor with WR-25 boiler is presented in Tab. 4.1. Reactor
under construction is presented in Fig. 4.2. Reactor’s parameters are defined as:

Lw — Reactor’s length
Dw — Reactor’s inner diameter
B —angle of reactor’s axis

Nopr — revolutions per minute

Fig. 4.2 Gasification/pyrolysis reactor under construction

Tab. 4.1 Process parameters and reactor’s properties for integration of gasification/pyrolysis reactor with WR-25

boiler
Parameter Symbol Value Unit
Fuel flow Meyp 397,9 kg/h
Residence time Tp 516 S
Reactor diameter Duwr 1,424 m
Reactor lenght L, 4,807 m
L/D ratio Li/Dur 3,376 -
Revolutions per minute Nobr 1 (with regulation range 0,5-1,5) rpm
Reactor’s axis angle B 16 °
Gas velocity (inside the reactor) Vg 0,5 m/s

Presented calculations assume 6% oxygen share in flue gas. It takes into account that 2,5% of flue gas from WR-
25 Doiler is provided to the gasification reactor. Enthalpy of flue gas allows thermal conversion of 397,9 kg/h
(9,55 tones per day) of RDF fuel. Presented calculation was conducted for each of tested fuel having regard three
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oxygen concentration levels: 6%, 8% and 10%, which are typical for grate boilers. Total oxygen in assumed to
take part in partial combustion taking part in the reactor. Results summary are presented in Tab. 4.2.

Tab. 4.2 Gasification/pyrolysis process parameters (calculated) and reactor’s dimensions

Syngas composition (calculated) | Fuel stream | Reactors
Concentration dimensions
Fuel type SZSO 2inflve TEHITIC0] [N [ICHal | s | Dw | Lr
% % % % kg/h m m
6% 954 |[239 |[7356 | 954 |397,9 1,424 | 4,807
RDF 8% 1506 | 3,77 | 6832 | 15,06 | 703,8 1,601 | 5404
10% 19,85 | 4,96 | 6379 | 19,85 | 1142,0 1,821 | 6,145
6% 208 |[833 |7481 |208 |3701 1,414 | 1,053
Wood chips 8% 334 |[1333 70,05 | 334 | 6654 1584 | 1,179
10% 446 |17,86 | 6591 | 446 | 10785 1,796 | 1,337
6% 258 |[973 |7322 258 |430,6 1,427 | 1,912
Nut shells 8% 405 |1524 | 67,93 | 405 | 7743 1,605 | 2,151
10% 531 |1997 | 6339 | 531 | 12565 1,826 | 2,447
6% 282 [894 |7368 |282 |4127 1,423 | 6,351
Sewage sludge | 8% 445 [1440 | 6855 | 445 | 7418 1,599 | 7,142
10% 586 | 1855 | 64,12 | 586 | 1203,0 1,817 | 8,115
6% 10,16 | 1,26 | 73,96 | 10,16 | 295,5 1,397 | 9,311
Coal sludge 8% 1594 | 1,97 | 69,09 | 15,94 | 502,6 1,594 | 10,618
10% 21,37 | 2,63 | 64,47 | 21,37 | 812,2 1,813 | 12,077
Coal sludge 6% 13,83 [ 021 | 71,77 | 1383 | 3183 1,440 | 2,143
50% 8% 21,90 0,33 | 6545 | 21,90 | 565,4 1,631 | 2,429
+ RDF 50% 10% 2863 | 044 | 60,18 | 28,63 | 912.2 1,867 | 2,780

5. Conclusions

Gasification/pyrolysis processcan be a way of alternative fuels co-firing in industrial or power plant boilers. As a
first step laboratory research was carried out to investigate usability of selected fuels for low-temperature
gasification/pyrolysis. This process may take place in temperature ranging from 350°C. Laboratory research was
conducted in a reactor designed and constructed fora thermal conversion of 1-3 g mass sample. The aim of the
study was to use the flue gas-alike gas mixture as a gasifying agent. The result of presented laboratory research
is the assessment of the usability of selected alternative fuels for indirect co-firing in power boilers and to build a
knowledge base for industrial-size process. Investigated parameters were: gasification kinetics (recommended
time for total gasification — residence time), fuel granulation, process temperature. Basing on laboratory results a
computational model was developed to determine parameters for industrial-size process. It assumes a rotary
reactor that operates continuously and is connected to a grate boiler WR-25. Presented method of in-direct co-
combustion of waste and biomass can be a part of local waste management or an element of renewable energy
sources system.
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Abstract

Paper presents the technology of Ecological Waste Heat Recovery (EWHR) which has been developed by the
researchers from Division of Boilers and Steam Generators and implemented by spin-off of this
Division — N-ERGIA sp. z.0.0. EWHR system is a hybrid system which allows to reduce emission of the
pollutants contained in the flue gas (e.g. SO, PM) and increase the overall boiler efficiency at the same time.
The paper presents description of the technology, economical calculation and results of the emission
measurements. EWHR system is described as a solution for municipal and industrial grate boilers to the more
restricted legislation.

Keywords: grate boiler, emission, flue gas treatment

1. Introduction

EWHR (Ecological Waste Heat Recovery) is a relative cheap solution for flue gas treatment system and at the
same time it allows to increase the overall boiler efficiency decreasing the stack loss and recover latent heat from
flue gas. The efficiency increase is a vital for all industrial subjects and the demanding’s comes from legislation.
Second problem which could be solved with EWHR technology is a limitation of the emission from combustion
plants. The emission standards are very strict and could be a real problem especially for older industrial and
municipal boilers. Emission standards from BAT conclusions according to the IED limit the emission of SO,
NOy, PM’s (dust) and few other pollutants what makes the plants need to be modernized and adapted to the new
legislation’s rules. Tab. 1.1. pre

sents emission standards for existing combustion plants built before 29.03.1990.

Tab. 1.1. Current emission standards for boilers between 5..50MW put into use before 29.03.1990  with 6%
O, concentration in flue gas

SO, , mg/m3n NOx , mg/m3n PM, mg/mén

1500 400 100

What is more, currently legislation will be replaced by new one for MCP (Medium Combustion
Plants — units >5MW) which is more restricted even in case of existing units. The emission standards are shown
in Tab.1.2.

Tab.1.2. New emission standards for existing units >5MW since 2025

SO2, mg/m3n NOX , mg/m3n PM , mg/m3n

200 (biomass), 650 30
400 (other solid fuels)

Since 2018 the new units with >5MW have to meet emission standards shown in Tab.1.3.
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Tab. 1.3. Emission standards for new units >5MW since 2018

SO, , mg/m®n NOx , mg/m3n PM , mg/m®n

200 (biomass), 300 20
400 (other solid fuels)

Regarding the data contained above it's obvious that the gas treatment systems have to be very efficient and
reliable to meet new emission standards. Big advantage of the EWHR system is it could limit different pollutants
within one system which is also heat recovery system in the same time. What is important, the EWHR system
could be applied for different fuel types like a gaseous or solid fuel. The EWHR system was developed by the
Division of Boilers and Steam Generators at the Faculty of Energy and Environmental Engineering and
implemented by N-ERGIA Sp. z.0.0. Spin-off of the Silesian University of Technology.

2. EWHR implementation on the grate boiler

EWHR system was successfully implemented in the stocker boiler with heat output 2,32 MW and capacity 3 t/h.
The new installation was projected in parallel with the existing old one to be able to use bypass. Installation
consist of 2 heat exchangers: dry heat exchanger and wet heat exchanger (scrubber) connected in row. Dry heat
exchanger is cooled by a condensate from a boiler and the excessive heat is used in primary air pre-heater.
Scrubber is cooled with water with alkalines additive what allows to reduce SO2 emission, PM’s emission,
recovery heat and transfer it to the primary air, own needs heat and/or demineralized water. This condensate
could be used also as a water to boiler (has to be prepared). Cooled and dried flue gas (with recovered latent
heat) flows through the stack to the environment. Fig 2.1. Presents the scheme of the installation.

BUDYNEK PODWORKO A DCDATCE TBACE VEFBME bwierpestry T v 5 et i

.'.‘-:.-‘;le! ;:b prasponowy W ‘.‘ Tk -: _-"':__;._- oy W
' [DRY HEAT EXHANGER] | =,
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Fig. 2.1. Scheme of the EWHR system

3. Efficiency and savings

Efficiency is an indicator that shows the difference between the real and ideal processes. The definition of the
efficiency could be different according to the process, device, medium or working principle. In the case of the
industrial or municipal boilers the efficiency is calculated as a ratio of the heat transferred to the medium (steam
or water depends on boiler type) to the chemical energy concluded in the fuel. This method is called direct
method and requires the steam parameters, fuel properties and fuel mass flow to be known. Usually the
efficiency of the boiler is calculated according to the LHV (Lower Heating Value) what could be inadequate in
case of boilers in which flue gases are cooling down below dew point and condensation occurs. Direct method is
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difficult to apply because of the fuel mass flow measurement especially in case of the solid fuel like a coal or
biomass. Direct efficiency is quite simple to evaluate for the gas and oil fired boilers. Equation (3.1) presents the
formula for direct efficiency calculations.

— Qtransferred to the medium (3 1)
Qin fuel

n

Second method for efficiency measurement is the indirect method which assume that the efficiency is equal to 1
and all the losses that appear in the processes occurring in the boiler decrease this value and should be
subtracted. This method is presented in equation (3.2) Efficiency could be calculated indirectly also according to
the equation (3.3), where heat fluxes are used. Generally losses in the boilers are: stack loss, enthalpy and
unburned particle loss in the fly ash and incomplete combustion loss, heat loss to the environment (could be
assumed as a constant for each type of the boiler), boiler house heating, desalination and blowdown loss.

n=1-Yloss (3.2
Qin fuel Z Qloss
n=—- ———————

3.3
Qin fuel ( )

In this analysis the most important loss is the stack loss. The loss comes from the flue gas enthalpy what is
strictly connected with its temperature. The higher the outlet temperature the higher the loss. Typically the flue
gas outlet temperature is in between 130 — 240°C in order to avoid sub-cooling to the acid dew point. This values
limit the gaseous and oil boilers efficiency to 94%, pulverized coal boilers to 92% and grate boilers to 84% (76%
in case of flue and smoke tube type boiler).

EWHR is a system which allows to reduce the outlet loss by decreasing temperature and recover the latent heat
from condensation process. Latent heat is a difference between the specific enthalpy the saturated steam and
specific enthalpy of the saturated water. The latent heat of the steam concluded in the flue gases is equal to 2258
kJ/kg with assumption that the flue gas pressure is equal to the atmospheric. Thanks to the efficiency increase
and emission limitation power plants and municipal boilers combust less fuel to produce the same amount of the
usable heat what makes that whole process is much cheaper. Savings which comes from the more efficient
process could be assumed by efficiency calculations or by calculating the fuel saving. The difference between
fuel usage before and after modernization multiplied by the fuel cost per unit (e.g. PLN/t) gives the potential
profit that comes from the system implementation. Investment cost (CAPEX) has to be included as a cost which
reduces profit. Economical analysis will be presented further.

4. Performance of the EWHR system

Once the EWHR system was implemented on the flue tests were conducted. The results of the operation tests of
the boiler house equipped with flue and smoke tube type boilers with capacity of 2 x 3 t/h working with load of
about 50% for roughly 8200 h/a are presented in the Tab.s below. Tab. 4.1. shows the results from two boilers
working in the winter with total output heat equal to the 3006 kW.

Tab. 4.1. Heat recovered and transferred by the EWHR system

Boilers heat 3006 kW
Heat recovered Heat transferred
Cooling Heating
Dry HX Scrubber Total Dry HX Scrubber Total
166,6 kW 167,5 kW 334,1 kW 164,9 kW 165,8 kW 330,8 kw
11,11% 11,00%
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Tab.4.2. shows the calculation of PP (Payback period) rate. The PP rate shows how long it takes to return the

investment. Calculations were conducted for the operation parameters from Tab. 4.1.

Tab.4.2. PP calculation

Boiler’s heat generation MW 3,006
Heat recovered MW 0,1654
Number of boilers pcs. 2
Working time annually h 8200
Recovered energy annually MWh 2712,6
Energy price per unit (steam) PLN/MWh 95,00
Profits annually PLN 257 693
Cost of investment PLN 636 000
Payback period years 2,47

Calclations shows that the paybac period is quite short and accepTab.. Short period of payback is very beneficial
not only because of the profits but also decrease the risks which have to be included in the detailed analysis. Due
to the fact that the economic and political environment causes dynamic changes in the legislation in this type of
investment, a relatively quick recovery time is required.

5. Emissions

Data contained in the previous section show the economic justification for the use of the system EWHR. The
Tab.s below show the emission data that was obtained after implementing the system under operating conditions.
Few different configurations of the scrubber were tested to check the overall performance of each configuration
and to examine the capabilities of the device.

Tab.5.1. Emission from the EWHR with half fluidized spray water and NaOH composition scrubber, 6% [O2]

in the flue gas

[NO], mg/m3, [NO;], mg/m?, [SO.], mg/m?, PM, mg/m?,
Before EWHR 261,8 401,4 1313,0 205,2
After EWHR 254,4 390,2 98,33 48

ANO ANO; A SO A PM
Emission 7.4 112 12147 157.2
reduction

1,65% 2,79% 92,51% 76,67%

Tab.5.2. Emission from the EWHR with water spray scrubber, 6% [O-] in the flue gas

[NO], mg/m?, [NO:], mg/m3, [SO.], mg/m?, PM, mg/m?,
Before EWHR 396,8 430,2 1149,2 164,85
After EWHR 391,4 400,0 911,9 63,54

A NO ANO; A SO A PM
Emission 5.4 30,2 2373 131,31
reduction

1,36% 7,02% 20,65% 79,65%
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The results presented above confirm the effectiveness of the flue gas purification system and the potential of the
system allows to guess that the emission can be reduced even more. There is one more configuration which
allows to use NaClO to reduce NO, emission under the emission limit. What is interesting, the use of only water
causes a significant reduction of PMs emissions to the environment and also has a certain effect on the reduction
of sulfur dioxide.

6. Conclusions

The EWHR system implementation significantly increasing the efficiency of the boiler and allows to decrease
the operational costs and emission of CO, by 11% in the winter. Reduced cost of the fuel is equal to 257 700
PLN/annually and what causes that payback period rate is equal to roughly 2,5 years. Emission control
measurements confirm compliance with the requirements of emission standards what demonstrate that the unit is
suiTab. for operation. The experience also allows to expect that the installation also reduces the emission of
chlorine oxides. EWHR system is scalable and could be applied to the different boilers and different types of
boilers. Pre-studies shows that the effect of implementation on different boiler could be even better than in the
case described above.
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Abstract

Deposit formation, erosion and corrosion are combustion problems which are related with the negative influence
of fuel inorganic matterto the combustion system and hence decrease the thermal efficiency of the boiler. The
uncontrolled deposit formationmight limit the flue gas flow in the boilerthus give mechanical restrictionswhich
may stop theboiler operation. This paper presents the results from the investigation of the halloysite use as an
additive for mitigating slagging and corrosive deposits formation, commonly found in boilers fired with the
agricultural biomass with high alkali metals (K+Na) and chlorine content. In this study straw biomass samples
were conditioned with thehalloysite in the order to decrease ash deposition tendency and compared to ash
deposition tendency resultingform combustion of hard coal. The experiments were carried out on laboratory
Pulverized Fuel Combustion Chamber (PFCC).

Keywords: halloysite , combustion, biomass

1. Introduction

Deposit formation, erosion and corrosion are combustion problems which are related with the negative influence
of fuel inorganic matterto the combustion system and hence decrease the thermal efficiency of the boiler. The
uncontrolled deposit formation might limit the flue gas flow in the boilerthus give mechanical restrictions which
may stop the boiler operation. Generally, two types of deposit formation can be recognized in firing systems:
slagging and fouling. In the high-temperature refractory sections of the boiler furnace and other surfaces in the
radiant section of the boiler, slagging is prevailing. It appears as a result of radiative heat transfer, which is
dominant there and causes the presence of molten ashes. Slagging decreases the heat absorption in the furnace
resulting in the furnace exit gas temperature increase. Whereas, fouling takes place in the furnace outlet and
convective heat transfer sections of the boiler. There are two types of fouling: the high-temperature fouling
which is determined by the formation of semi-fused, sintered ash deposits which appear typically in the flue gas
temperature range of 1300 °C - 900°C and the low-temperature fouling which is related with the formation of the
loose or slightly sintered deposits built-up in flue gas temperature range900 °C — 300 °C [1-5].

Utilization of biomass as carbon neutral fuel brings many benefits. However, combustion and co-combustion of
biomass, especially agriculture residue biomass, is associated with many technical problems such as: bed
agglomeration in CFB/BFB boilers, slagging and fouling, chlorine corrosion, decreased boiler efficiency which
do not occur in conventional fossil fuel combustion. Those problems are associated with high alkali metal (K and
Na) contents in the fuel, especially potassium as a deposit formation precursor. In the presence of sulphur,
chlorine and silica, the alkali silicate would be formed which is characterized by low melting or softening point
what may result in high deposit formation on boiler heat surfaces.

Biomass boilers generally suffer from serious problems with slagging and fouling of the superheaters [5-9].
These problems are primarily due to the large content of ‘troublesome’ elements such as potassium and chlorine
which are contained in biomass. The release and transformation of these inorganic elements lead to different ash
related problems during the combustion processes.
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2. Methodology
2.1. Additive

Halloysite belongs to aluminosilicate additives used for biomass enhancement. It has a chemical formula
desribedas AI2Si2(OH)5-nH20. Halloysite is a unique 2-layer mineral with a large interplanetary space with
high sorption capacity. Aluminium (Al) forms octalateral elements (octahedral), whereas silicon (Si)
quadrilateral ones (tetrahedra). The content of inter-packet water (the number of crystal water particles n)
depends on the elementary crystal structure and temperature. Halloysite is characterized by a large number of
replacements of atoms for atoms Si and Al in crystal structures. It causes that halloysite has the capacity for
forming various types of bonds with ions which are near to bases or lateral surfaces of crystals. In halloysite, the
structure can be seen free spaces in booth layers, which are locations for various ions (especially K). Available
space determines the type of adsorbed ions [10, 11].

Halloysite is characterized by a large surface area which is about 60+80 m2/g and results from the tubular
construction of crystals and has a small hardness grade (1+2 in Mohs scale), which facilitate it for mechanical
processing. Halloysiteis also characterized by its high-temperature resistance and high reactivity, which is the
result of phase changes occurring in temperature range >550 °C significantly increasing the ability to form
compounds with alkali metals with high sintering and melting temperatures.

The halloysiteadded to the fuel has the following physical and chemical parameters:
*  Bulk density: 0.72 -0.85 g/ cm3

e pH=7Y

*  Chemical composition:

. Al203 - 32-40%

. SiO2 - 33-44%

. Fe203 - 15-20%

. TiO2 - 1.5-4%

. Ca0 <0.8%

. K20 <0.1%

*  Na20<0.1%

. S <0.05%

*  Moisture content: 2-4%

e Specific surface area: 60-70 m2 /g

. Hardgove index (HGI) >200

2.2. Investigated fuels

In this study a cereral straw DSO and WS hard coal from polish mine KWK Sobieski were investigated. Raw
biomass fuel was milled, mixed with halloysite and pelletized. Results of analysis are presented in Tab. 1.
Analysis were carried out in certified laboratory using PN-ISO procedures. In contrast to typical ultimate
analysis in Tab.2.1 content of potassium and sodium are presented as critical for deposition tendency. Total
content of alkali metals (Na +K) are also included. Investigated biomass is characterized by considerable higher
content of alkali metals 1,33% wt. compared to coal 0,65% wt. Moreover DSO is described by low content of
sulfur 0,11% wt. compared co coal 1,46% wt. The presence of sulfur in fuel effectively decrease deposition
tendency of fuel. Fuels composition of DSO (without halloysite) DS4 with additive dose 4% wt. of halloysite
and coal WS is shown inTab.2. 1
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Tab.. 2.1 Results of proximate and ultimate analysis of fuel

Proximate analysis wt%o (as fired)

No. DSO DS4* WS
Moisture 11.7 11.7 3.9
Ash 9.13 13.13 13.8
Volatiles 61.11 58.03 34.37
Fixed Carbon 18.05 17.14 47.93
Ultimate analysis wt% (as fired)
C 38.98 37.01 61.69
H 4.85 4.6 4.65
S 0.11 0.11 1.46
N 0.76 0.72 0.98
Cl 0.38 0.36 0.34
Na 0.071 0.068 0.34
K 1.26 1.210 0.31
@] 32.76 31.08 12.53
LCV (MJ/kg) 14.37 13.64 23.77
(Na+K) 1.33 1.28 0.65
*Theoretical (calculated) fuel state are presented for 4% wt. dosage of halloysite.
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Fig. 2.1. Particle size distribution of investigated fuels.

Particle size, pm

ADS4 eDSO WS XHA

Fuel particle size distribution (PSD)is one of the parameters determining sufficient burnout, flame properties and
heat exchange in PF Boiler (Pulverized Fuel). In this study sieve analysis was performed in the order to
determine size distribution. Analysis was carried out on vibrating module LPzE-2e MULTI SERW on mesh size:
1000, 500, 355, 250, 125, 90 um. Biomasses are characterized by much less fragmentation compared to coal.
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Particle size distribution are presented in Figure 1. In the case of coal WS less than 54,0 % particles are smaller
than 90 um and less than 86,4 % are smaller than 125 pm. Granulation of WS corresponds industrial milling
installation. Biomasses are described by lower level fragmentation <90 um DS0=13,4%; <125 um DS0=18,1%;
It is highly probablethat particles >500 um can negatively increase share of unburnt carbon in resulting ash.
Increased PSDof fuels conditioned with halloysite is associatedwith the particle size distribution of the
hallositeadditive. The 77,2 % of additive particles (see symbol HA in Fig. 2.1) are smaller than 250 pm.
Generally biomass particles are much coarserand longer compared to coal particles. The particle shape strongly
impact on deposit formation in PF Boiler.

2.3. Experimental Facility

Pulverized Fuel Combustion Chamber (PFCC) is aespecially designed combustion reactor for advanced
investigation of fuels properties. The Reactor is electrically heated (30 kWel) insulated 4 m long pipe made of
acid-proof and heat-resistant steel. The inner diameter of reactor is 300 mm. The maximum operatedtemperature
is 1050°C. Reactor is equipped with pulverized fuel burner and high accuracy K-TRON feeder +/-0,001 kg/h.
Scheme of laboratory facility is presented in Fig. 2.2. Reactor consist of 5 main parts:

. insulated vertical combustion chamber

e gas preheating section

e gas cooling and particle colleting section
«  feeding system

e control system and data acquisition

For the ash depositionmeasurements a stainless steel deposition probe is used. The deposition probe
metaltemperature is measured by K-type thermocouple and controlled by Valve Control Unit based on the
Siemens Sinamics 7 controller. As probe cooling medium pressurized air is used. Outlet diameter of probe is 37
mm. Mass of deposits were scale in the order to determine ash deposition efficiency mos. Qualitative analysis
were carried out on the collected deposits samples including ash oxides analysis, ash fusibility experiments and
SEM-EDS analysis. At the depositionport, the flue gas examination was performed with Siemens Ultramat
23including: NO as NO3, CO, SO;, O, using.

The deposition rate (deposit mass flow density ) and the effectiveness of deposit forming were determined:

m
Tos =~ . AF (2.2)
mFash ADC

where:

My — deposit mass flow density (deposition ratet), g/m?h

mFash — mass flow density of the ash flowing along reactor cross-section, g/mh
A — surface area of the reactor cross-section under analysis, m?
Abc — the deposit probe inflow surface area, m?.

! the total measured mass of the deposit collected from the probe surface for a specific measuring time
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Fig. 2.2. Pulverized Fuel Combustion Chamber located in Institute of Power Engineering and Turbomachinery,
Silesian University of Technology.
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3. Results and discussion

The aim of this study was to determine the deposition efficiency for halloysite doped biomasses compared with
raw biomasses and typical hard coal combustion. Constant fuel thermal input criterion was chosen [12-16]. The
experiment reproduce the work of steam superheater in PF boilers.Experiments were carried out on fuel thermal
input Qw=7,0 KW at reactor wall temperature, 900°C for DS0, DS4 and WS. Excess air ratio A was maintained at
constant level 1,20 +-/0,03 measured at port P3 (see Fig. 2.2). In all cases primary air flow consist 30-35% of
total combustionair. Mass of collected deposits were scale in order to determine deposition rate and deposit
effectiveness. In all cases 1 time of deposit probe exposure is120 minutes. In Tab. 3.1 main parameters of reactor
experiments conditions are shown. Increasing the temperature of combustion significantly increases the
deposition rate. However, the increase of temperature contributes to decrease the unburnt carbon in ash. In the
case of deposition experiments two parameters are particularly essential.

The first one is deposition rate which influences the sootblowers use in power boilers. This parameter is
interesting from PF boiler service. Another parameter is deposition efficiency nes considered as fly ash loadin
flue gas stream. Deposition efficiency is a convenient indicatorto compare the deposition tendency of fuels with
varyingash content and chemical ash composition. In reactor temperature900°C for DSO (raw fuel) deposits
efficiency is changing from 7.33%, to 5.25% for DS4 (with halloysite) . Halloysiteadditiondecrease deposition
rate and deposition efficiency. Deposition efficiency is approaching the level for coal ash characteristic WS
(3.57%). It is concluded thathalloysite addition change physical and chemical structure of biomass deposits
resulting in comparable to coal combustion deposits.

Considering deposits efficiency and thermal input of fuel nos/Qth the fuels with halloysite dosage reach values
close to coal (see Tab.3.1.) For 900°C indicator are as follows: WS=0.51; DS0=1.41; DS4=0.75. Pictures of
collected deposits are presented in Fig.3.1-3.5. Deposits with halloysite are more powdery which make it more
easily to be removed by sootblowers. The resulting deposits are close to coal deposits properties (compareFig.
3.2 with Fig. 3.5). Moreover, deposits with halloysite change color in orange shade. Ash deposits without
halloysite are highly sintered forming complex ash agglomerates. In the Fig.3.6 the photo of interior reactor of
PFCC is presented after numbers of experiments. After number of deposits tests, thick ash deposits have been
formed in upper part of reactor (in high temperature zone). The thickness of deposits can be around 50-100 mm
which indicates a significant threat of deposits agglomeration in PF boiler during biomass combustion.

Fig.3.1. Ash deposit collected during DS4 900°C tests.  Fig.3.2. Ash deposit collected during DS4 900°C tests
Part of the deposit has automatically dropped out. - close-up image, powdery deposit.
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Fig.3.3. Ash deposit collected during DSO 900°C tests.

Fig.3.5. Ash deposit collected during WS 900°C tests,

no visible unburnt carbon in deposit.

e

Fig.3.4. Ash deposit collected during DSO 900°C tests
- close-up image, visible sintered ashes and
agglomerates .

Fig.3.6. Photo of reactor interior (inner diameter 300

mm) after biomass depositions experiments. Visible
thick deposit coating in upper part of reactor, close to
burner (deposit thickness can be around 50-100 mm).

Tab.. 3.1 Main parameters of reactor and results of investigation

Fuel Symbol DS0900 | DS4900 | WS 900 | Unit
Lower Calorific Value LCV' 14.366 13.641 23.772 %
Ash content A’ 10.78 13.94 10.47 %
Fuel input, B 1.754 1.847 1.06 kag/h
Combustion air Vp 8.53 8.73 9.15 Nm3/h
Fuel Thermal input Qth 7.0 7.0 7.0 kw
Probe inflow surface area | Apc 0.071 0.071 0.071 m2
Ash stream m ash 0.189 0.257 0.111 kg/h
Ash mass flow density m Fash 2675.0 3642.5 1570.1 g/m2h
Outer diameter of probe | ¢ 37 37 37 mm
Probe effective length | 300 300 300 | mm
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Exposure time T 120 120 120 | minutes

Deposition rate MEash 41.42 30.02 8.81 | g/m2h

Deposition effciency Nos 9.86 5.25 357 | %

Indicator Nos /Qth 1.41 0.75 0.51 | %/kW

Temperature of probe t probe 480 480 480 | °C

Temperature of reactor t react. 900 900 900 | °C

Excess Air Ratio A 1.19 1.22 121 -

Cco Cco 35.2 295 76.1 | mg/Nm3 @6% O

NO NO 408.6 531.5 483.9 | NO as NO, mg/Nm?® @6% O,
SO SO 76.1 64.6 1914.1 | mg/Nm® @ 6% O

3.1. AFT analysis of ash deposits

For the fusibility tests ash samples were formed into pyramids. Maximal temperature of experiments does not
exceed 1500°C under reduction and oxidizing conditions. Initial Deformation Temperature (IDT), Softening
Temperature (ST) Hemispherical temperature (HT), Fluid Temperature (FT) and its specific shapes were
determined by camera and computer system according to procedure described in [17]. Results of ash fusibility
experiments are shown in Tab. 3.2. Results of AFT test confirmedthat addition of halloysiteto biomass changes
themelting behavior of biomass deposits comparable to coal deposits. In reducing conditionstheShrinkage
Temperature change for biomass samples with addition of halloysite issignificant where DS4=1130°C compared
to unconditioned biomass DS0=870°C.the same tendency is observed of other temperatures ST, HT, FT.

Tab. 3.2 Results of ash fusibility experiments of investigated deposits.

Reduction Conditions Oxidizing Conditions
Temp. °C/ Fuel WS DSO0 DS4 WS DS0 DS4
IDT 1130 870 1130 1190 1030 1150
ST 1160 1040 1190 1290 1080 1190
HT 1190 1200 1260 1370 1180 1240
FT 1360 1330 1300 1420 1260 1290

4. Conclusions

In thisstudyseveralbiomasses, and coal were examined in order to determine ash deposition tendency in PFCC
reactor. Phenomena of ash deposition tendency during combustion of biomasses affects negatively utilization of
these fuels. The increasing accuracy of the ash deposition prediction methodology allows the proper selection of
fuels that can be safely used in power boilers. Research conducted in this study categorize investigated
agricultural biomasses as fuel with high potential of ash deposition tendency. Addition of halloysite as
additiveeffectivelydecreasedeposition tendency. Chemical composition of additive doped biomass is comparable
to coal deposit characteristics. However,mixingthe fuelwith additive and sTab. combustion process is crucial for
economical boiler operation.

Acknowledgment

This work was performed in the frame of the BioEffGen project under bilateral Polish - German cooperation for
sustainable development (STAIR). The authors gratefully acknowledge financial support from the National



Contemporary Problems of Power Engineering and Environmental Protection 2018 61

Centre for Research and Development in Poland and the Federal Ministry of Education and Research in
Germany

References

[1] Teixeira P., Lopes H., Gulyurtl I., Lapa N., Abelha P., “Evaluation of slagging and fouling tendency during
biomass co-firing with coal in a fluidized bed”, Biomass Bioenergy, 39 (2012), pp. 192-203.

[2] Ptaza P., “The Development of a Slagging and Fouling Predictive Methodology for Large ScalePulverised
Boilers Fired with Coal/Biomass Blends”, Cardiff University, 2013.

[3] Couch, G, “Understanding slagging and fouling in pf boilers”, IEA-CCC Report, 1994.

[4] Frandsen, F., J, “Ash Formation, Deposition and Corrosion When Utilizing Straw for Heat and Power
Production”, Doctoral Thesis, Technical University of Denmark, 2011.

[5] Wang L., . Hustad J.E, Skreiberg @., SkjevrakG., Grgnli M., “A critical review on additives to reduce
ash related operation problems in biomass combustion applications” Energy Procedia, 20 (2012), pp. 20-29.

[6] Bryers R.W., “Fireside slagging, fouling and high-temperature corrosion of heat transfer surface due to
impurities in steam raising fuels”, ProgeEnerg Combust Sci, 22 (1996), pp. 29-120.

[71 Miles T.R., Miles Jr. T.R., Baxter L.L., Bryers R.W., Jenkins B.M., Oden L.L., ”Alkali deposits found in
biomass power plants, A preliminary investigation of their extent and nature”, Summary report for National
Renewable Energy Laboratory, 1617 Cole Boulevard, Golden, CO 80401-3393, NREL Subcontract TZ-2-
11226-1, 1995.

[8] Jensen P. A., Stenholm M., Hald P., “Deposition investigation in straw fired boilers”, Energy and Fuels
11 1997. 1048-1055.

[9] Michelsen H. P., Larsen O.H., Frandsen F.J., Dam-Johansen K., “Deposits and high temperature corrosion
in a 10 MW straw fired boiler”, Fuel Process. Technol. 54 1998. 95-108.

[10]Kalisz S., Ciukaj Sz., Mroczek K. Kress T., Tymoszuk M., Wejkowski R., Pronobis M., Kubiczek H. Impact
of halloysite fuel additive on 650 t/h PC boiler co-firing biomass. Part | - deposition characteristics. 12th
International Conference on Boiler Technology 2014.

[11] Pronobis M., Sottys J. Halloysite as an additive for thermal treatment of waste [Haloizytjakododatek do
termicznegoprzetwarzaniaodpadéw]. 2013.

[12] Weber R., Kupka T., Zajac K.: Jet flames of refuse derived fuel. Combustion and Flame 156 (2009) 922 —
927.

[13]Ndibe C., Maier J., Scheffknecht G.: Combustion. cofiring and emissions characteristics of torrefied
biomass in a drop tube reactor. Biomass & Bioenergy 79. (2015) 105 - 115.

[14] Pronobis M.: Modernizacja kotlow energetycznych. WNT. Warszawa 2002.

[15] Ortowski P., Dobrzanski W., Szwarc E.: Kotly parowe: konstrukcja i obliczenia. Wyd. 3. WNT Warszawa
1979.

[16]Weber R., Y. Poyraz, A. M. Beckmann, S. Brinker.: Combustion of biomass in jet flames. Proceedings of
the Combustion Institute 35. (2015) 2749 — 2758.

[17]PN-ISO 540:2001: Paliwa state - Oznaczanie topliwos$ci popiotu w wysokiej temperaturze metoda rurowa.


javascript:sendRequest('wo2_dowyp_ajax.p','','&id_dok=51302&pnw=wo2_uwyp.p');
javascript:sendRequest('wo2_dowyp_ajax.p','','&id_dok=5001445000&pnw=wo2_uwyp.p');
javascript:sendRequest('wo2_dowyp_ajax.p','','&id_dok=5001445000&pnw=wo2_uwyp.p');

62 Contemporary Problems of Power Engineering and Environmental Protection 2018




Contemporary Problems of Power Engineering and Environmental Protection 2018 63

Study on the solar pyrolysis of waste biomass: a current status of
the project
Szymon Sobek !, Sebastian Werle ?;

! Institute of Thermal Technology, Silesian University of Technology, Szymon.Sobek@polsl.pl
2 Institute of Thermal Technology, Silesian University of Technology, Sebastian.Werle@polsl.pl

Abstract

To follow European Union (EU) and national legislations in the renewable energy sector, biomass is continuously
gaining in importance. Until 2020 EU Member States are obliged to increase the share of renewable energy to 20%
in total EU energy consumption, along with a 20% decrease of greenhouse gas emissions and overall energy
consumption. Thermal methods of biomass conversion are the most popular ways of utilizing its energy potential.
Among these methods it can be specified: combustion and co-combustion, gasification and pyrolysis. The process
that distinguishes itself by the highest rate of converting biomass energy is pyrolysis. Conventional implementation
of mentioned earlier processes, based on the heat generated from the combustion of non-renewable fuels, results
in significant emissions of greenhouse gases, which contradicts the concept of eco-friendly and green energy
production. The idea of solar energy adaptation as a heat source for pyrolytic reactors opens up new opportunities
for original and efficient energy production from biomass. In this paper popular science summary of 1-year work
in “Study on the solar pyrolysis of waste biomass” project has been presented with emphasis on experimental part
and kinetic analysis of pyrolysis process.

Key words: Pyrolysis, Biomass, Utilization, Solar-Thermal, Renewable Energy Sources (RES), Kinetics.

1. Introduction

In 2016 almost 80% of world’s final energy consumption is still provided by fossil fuels , continuously diminished
by rising growth rate of modern renewables. Increase trend in renewable energy deployment continued in 2017,
especially in power sector, thanks to: (1) increasing access to finance, (2) global concerns about energy security,
(3) human health and the environment, (4) growing energy demand in young and developing economies, (5) urgent
need for emission-free electric energy and (6) clean cooking facilities and dedicated policy initiatives and support
for ambitious targets [1]. Solar energy could be a promising option for the future biomass conversion support,
because of several reasons: first, solar energy is the most abundant energy source of renewable energy and sun
emits it at the rate of 3.8 x 102 kW, out of which approximately 1.8 x 10* kW is intercepted by the earth [2].
Second, solar energy is completely free and environmentally clean. Solar-driven thermochemical biomass
conversion processes provide several ways of high-quality renewable fuels production and opens up original way
of solar energy storage. Concentrated solar power (CSP) has been used as a heat source to perform thermochemical
conversions such as gasification, combustion and pyrolysis [3]. In recent years solar gasification and pyrolysis has
been a subject of numerous studies, where kinetic analysis, CFD modelling, temperature impact on products and
different bed types has been investigated [3-11]. For scientific investigation of solar biomass pyrolysis, the
construction of laboratory reactor is crucial. Solar biomass conversion reactors, are usually fluidized bed or fixed
bed, where feedstock is heated directly with solar radiation or indirectly, through highly conductive reactor wall
[3,7]. In general, solar-thermal biomass conversion units adapted technology from commercial solar collectors,
comprising concentrating mirror with the reactor as a receiver [8-14]. For Researchers willing to study solar
pyrolysis in regions that lacks of natural solar-thermal potential adapted artificial light sources as sunlight
simulators [15-20]. Main reason for using artificial light source is independence from natural, adverse conditions
which may occur during experiments with natural sunlight.

The goal of presented project is comprehensive investigation of solar pyrolysis of waste biomass. Three types of
waste biomass will be examined in experiments: waste wood, straw and sewage sludge. Project connects
interdisciplinary approach using experimental data in order to validate numerical model of pyrolysis. Three main
scientific tasks are being realised:

1. Multiparameter measurement of the waste biomass solar pyrolysis process,
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2. Physical - chemical analysis of the products obtained after the process,
3. Construction of a mathematical model of the solar pyrolysis process.

In this paper 1-year work summary is presented, with emphasis on first task, being the subject of PhD work of the
Author. Experimental investigation of solar pyrolysis task is divided into several work packages:

e Designing and construction of a laboratory measurement station (the reactor),
e Ultimate, proximate and chemical analysis of the biomass samples,

e Analysis of the influence of the temperature of the pyrolysis process on the individual share post-process
factions,

e  Thermogravimetric and calorimetric measurements of the solar pyrolysis reaction kinetics,

e Determination of the conversion rate of chemical energy of biomass in the chemical energy of useful
pyrolysis products.

2. Laboratory reactor

In order to examine solar pyrolysis of waste biomass, proper reactor has to be constructed. In last year most of the
effort was put on literature review and consultations with companies producing artificial light sources. As a result,
the complete design of laboratory station has been accomplished. The heart of the station is artificial sun, being
the high-power xenon arc lamp. The lamp produces 288 W in a form of concentrated radiation. Lamp radiation
is directed onto reactor surface, where biomass samples are located. Reactor is a copper block with four ducted
channels, with 169mm of total length. Due to expectation of high temperatures (300-600 °C), the reactor is
insulated with industrial insulation mat. Volatiles released during pyrolysis are moved out from reaction zone with
flow of inert gas (nitrogen) and directed to liquid fraction condenser. Series of water cooled Dreshl scrubbers are
adapted as a condenser in order to provide clean pyrolysis gas for further analysis.

75
g
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@
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Fig. 2.1. Design of laboratory reactor (1-xenon arc lamp, 2-insulated copper reactor, 3- inert gas manometer and
reactor pressure meter, 4- data activation system box, 5- liquid fraction condenser)

3. Ultimate, proximate and chemical analysis of wood samples

Ultimate and proximate analysis has been determined using plasma spectrometer Thermo iCAP 6500 Duo ICP
according to Polish norms: PN-G-04528-02:1977, PN-EN 196-2:2013-11, PN-EN 15936:2013-02 and PN-EN
15936:2013-02. Chemical analysis has been carried out using extraction system Ankom A200 and FOSS Fibertec
2010 and 2011 according to application note FOSS 3434 — AOAC 2002:04/1SO 16472:2005.
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Tab. 3.1. Ultimate, proximate and chemical analysis of investigated wood samples (sawdust).

Property Method Status Unit Value

Proximate analysis

Moisture, total PN-EN ISO 18134-2:2017-03 ar % 9
Ash IB_TL 31 03 from01.12.2010 dry % 0.75
Volatiles PN-EN I1SO 18123:2016-01 dry % 83.3

Calorific values

Higher heating value PN-EN 14918:2010 ar kJ/kg 18 760

Lower heating value PN-EN 14918:2010 ar kJ/kg 16 870

Ultimate analysis

Carbon PN-EN 1SO 16948:2015-07 dry % 49.61
Hydrogen PN-EN 1SO 16948:2015-07 dry % 5.94
Nitrogen PN-EN ISO 16948:2015-07 dry % 0.06
Sulphur PN-EN 1SO 16994:2016-07 dry % 0.02
Oxygen As a difference dry % 44.359

Chemical analysis

Lignin FOSS AN 304 ar % 27.9
Cellulose FOSS AN 304 ar % 54.8
Hemicellulose FOSS AN 304 ar % 11.8

In Tab. 3.1. results of ultimate, proximate and chemical analysis for investigated wood samples has been presented.
Analysed wood samples in case of ultimate and proximate analysis presented typical properties for woody biomass.
Chemical analysis revealed very high cellulose content above 50%, which allows to assign the tested wood to the
sub-category of cellulose-derived (cellulosic) biomass [21,22].

4. Preliminary Kinetic analysis

After construction of the research stand and analysis of the fuel, next step is kinetic analysis of solar pyrolysis of
waste biomass. As far as pyrolysis goes, origin of the heat supply does not matter, thus kinetic analysis for solar
and conventional pyrolysis is the same. In this paper preliminary Kinetic analysis based on model-free approach is
presented. Model-free (iso-conversion) kinetic analysis is free of any reaction model assumptions. In preliminary
analysis the pyrolysis activation energy will be determined using both differentia[22]l (Friedman) and integral
(Ozawa-Flynn-Wass, Kissinger-Akahira-Sunose) methods.

4.1. Experimental and methods

Model-free analysis was introduced using Netzsch Kinetics Neo (v.2.0.1) based on series of thermogravimetric
(TGA) experiments in temperature range 25-800°C for 10 mg of wood samples in nitrogen atmosphere. Set of
dynamic measurements were carried out on thermogravimeter with DSC sensor STARe System TGA / DSC3 HT
1600 with heating rates of 5,10 and 20 K-(min). Due to the fact that kinetic analysis is just preliminary, in other
words, the aim is to get familiar with the software, the data from TGA experiments were adapted from other studies
performed by Authors.
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Fig. 4.1. Thermogravimetric data for 10 mg of wood samples carried out at heating rates of 5 (blue), 10 (red)
and 20 (green) K-(min)*

Tab.. 4.1. Mass loss and TGA experiment time for wood samples at different heating rates

Heating rate, K-min Sample mass, mg Time, min Mass drop, %
5 10.1 152.0 80.5
5 10.1 156.8 80.9
10 10.3 74.4 80.5
20 10.8 36.8 79.4
20 10.8 43.2 80.9

4.2. Isoconversional method for the determination of the activation energy

The integral Kissinger-Akahira-Sunose, Ozawa-Flynn-Wall and the differential Friedman methods (Tab. 3.2.)
were used to calculate the run of the Isoconversional activation energy E, with increasing conversion [23].
Determination of activation energy is based on “Isoconversional principle”, according to which the reaction rate
at constant extent of conversion is only a function of temperature [24]. Dimensionless reaction extent, or
conversion rate, o, is defined as a mass of volatiles present at any time related to total amount of volatiles released,
or a current mass loss of the sample related to total amount of mass decomposed. In kinetic computations it means
that for same conversion points from the TGA measurements at different heating rates, activation energy and other
kinetic parameters, like pre-exponential factor or reaction model, can be decrypted from experimental data with
mathematical transformations. Each presented method uses different graphic analysis of TGA data (Tab. 3.1.)
where activation energy is found from the slopes and intersections of specific lines on the graphs.

Tab.. 4.2. Graphic analysis with pros and cons of investigated model-free methods

Method Graphic analysis | Advantages Disadvantages
. e multiple-step reactions
logarithm of P P
conversion rate e each reaction point is o for parallel and independent
Friedman Versus evaluated reactions gives mean values of
temperature Ea

e suiTab. for dynamic and
isothermal measurements

inverse
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logarithm of e suiTab. for multi-step « for parallel and independent
heating rate over | reactions reactions gives mean values of
Kissinger-Akahira- temperature =
Sunose versus
temperature » each reaction point is « only for set of dynamic
inverse evaluated measurements
logarithm of . .
heating rate * multiple-step reactions o for parallel and independent
Ozawa-Flynn-Wall Versus reactions gives mean values of
temperature e each reaction point is Ea
inverse evaluated

4.3. Kinetic analysis results

Ozawa-Flynn-Wall

05

Conversion rate, o

Ea, kJ-(mol)!

Friedman

05

Conversion rate, o

Kissinger-Akahira-Sunose
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0,5 1
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Fig. 4.2. Activation energies as a function of conversion extent, calculated for different Isoconversional methods

Presented on Fig. 3.2 activation energy graphs lead to a conclusion, that each of presented model-free method
gives similar results. Understanding of activation energy in case of pyrolysis is crucial. As can be seen, in each
case, process starts with obvious increase of endothermicity due to moisture evaporation. Next pyrolysis reaction
occurs, resulting in quick activation energy increase up to plateau level, sTab. throughout the rest of the process.
Such a complex reaction like pyrolysis should not be brought to one activation energy, like in global reaction
models. Presented model-free methods gives conversion dependent mean activation energy, which S.Vyazovkin
referred as effective activation energy [24]. Effective activation energy means that during the decomposition from
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all the reactions occurring, one has the highest impact on whole process endothermicity. Significant activation
energy peak occurs in each case at the end of reaction (a~1). This phenomenon is strictly connected to the
computational errors of Isoconversional methods at conversion rates higher than 0.85 (Tab. 4.3.) [25]. Despite flat
TGA curves at the end of conversion, Isoconversional methods results in significant peaks, which regarding to
literature, are usually omitted from analysis .

Tab. 4.3. Effective activation energies with standard deviations calculated for three Isoconversional methods

Ozawa-Flynn-Wall Kissinger-Akahira-Sunose Friedman
Conversion, o

Ea, kI mol? | SD, kI mol? | E,, kJmolt | SD, kImol! | E,, kI mol? | SD, kJ mol?
0.1 102.072 21.176 101.802 22.829 130.561 14.972
0.2 147.948 4.752 147.81 5.041 161.165 6.019
0.3 157.434 3.441 157.302 3.648 170.256 4.835
0.4 163.258 3.649 163.129 3.870 173.492 3.452
0.5 165.382 4.495 165.251 4774 174.014 2.092
0.6 167.542 5.301 167.411 5.626 175.949 1.621
0.7 169.016 5.939 168.884 6.308 178.226 1.812
0.8 172.471 7.501 172.342 7.964 189.805 7.933
0.9 298.846 13.401 298.761 13.895 334.677 16.696
0.95 563.679 38.797 563.626 39.754 624.423 41.770

Tab. 4.3. presents effective activation energies for wood samples calculated for three isoconversional methods.
Regarding results and standard deviations, integral methods gave almost the same results, however differential
Friedman method yielded slightly higher activation energies for the same extent of conversion. Activation energies
after extent of conversion 0.8 were removed from the graphs on Fig. 4.2, assuming those results as faulty.
Nevertheless acquired activation energies for wood pyrolysis in nitrogen atmosphere, presents satisfying fit with
literature data, where activation energies for woody biomass are varying usually from 160 to 290 kJ-(mol)?,
depending on sample size, mass, heating rate and wood components ratios [22,26-29]. What has to be mentioned,
presented kinetic analysis should be treated optimistically. To estimate proper activation energy for investigated
solar pyrolysis process, more effort should be put in obtaining computational-worthy data (TGA, DSC) in order to
reflect investigated process properly in terms of heating rates, temperature programs and samples sizes.

5. Conclusions

In presented paper, the 1 year summary of work in the project “Study on the solar pyrolysis process of the waste
biomass” has been presented. Complete design of laboratory station has been accomplished. Analysis of
investigated biomass: ultimate, proximate and technical has been performed, in this paper results for wood samples
was presented. Preliminary kinetic analysis yielded in activation energies estimated based on TGA experiments,
which results had been adopted from another study. The aim of kinetic analysis was not only estimation of
activation energy, yet to practice work with the Netzsch Kinetics Neo software. For the future 3 task are going to
be executed: proper kinetic study of waste biomass pyrolysis, analysis of the influence of the temperature of the
pyrolysis process on the individual share post-process factions and determination of the conversion rate of
chemical energy of biomass into chemical energy of useful pyrolysis products. Proper kinetic analysis will include
model-based and model-free analysis, which will result in estimation of proper kinetic triplet for solar pyrolysis:
activation energy, pre-exponential factor and reaction model. The last two tasks in order to be performed need
operational laboratory station, which start up is estimated at the beginning of 2019.
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Abstract

Torrefaction process is one of pretreatment methods closely investigated in recent years in means to find the best
process parameters for upgrading biomass properties. To determine most suiTab. parameters, temperature and
residence time, a series of experiments were conducted. Three different materials: acacia, pine and Miscanthus
giganteus were processed in torrefaction reactor under 230, 260 and 290°C for 0.5; 1 and 1.5 hours. Received
biochars were analyzed in order to characterize the elemental composition. Moreover, higher heating value,
molar ratios of H/C and O/C and energy efficiency of the process were determined. The most optimal operating
conditions of torrefaction turned out to be the temperature 260°C and residence time 1.5 hours. Results showed
that investigated biomass has only few percent of moisture, even less ashes and around 80% of volatile matters.
Higher heating value before treatment was in range of 19-20.5 MJ/kg and after it reached a range of 22 to
23 MJ/kg with energy yield from 76 to 88%.

Keywords: torrefaction, acacia, pine, Miscanthus giganteus

1. Introduction

In these days more attention is brought to clean, renewable and environmentally friendly energy. Human impact
on global warming is now commonly known threat to climate change. Lots of greenhouse gases are produced in
conventional power plants. Combustion of coal is treated as one of the most polluting ways of generating
electrical energy. In order to decrease negative influence of coal combustion, biomass co-combustionis being
introduced [1]. Most commonly used biomass are wood chips and agricultural waste but energy crops are getting
more and more popular. Unfortunately, biomass has a few drawbacks. High moisture content, biodegradability,
hydrophilicity, low bulk density, high heating value lower than coal, and low grindability discourage power
plants from co-combustion [2, 3]. There are pretreatment methods which can make biomass of different origin
more attractive fuel. One of them is torrefaction. It is a process which takes place in specially designed reactor
where samples are treated in temperatures in range of200 to 300°C and in an inert gas atmosphere to prevent
combustion. Pressure is held around 1 atm.Residence time is also an important factor and usually fits in range
offew minutes to a dozen hours [4-8]. In high temperature polymeric compounds such as hemicellulose,
cellulose and lignin start to decompose. Mainly hydroxyl group is detached and H,O molecules are removed [4].
After treatment all mentioned earlier disadvantages are irrelevant. Torrefied biomass has low moisture content,
higher bulk density and high heating value, improved grindability and is more brittle. Moreover, all
biodegradation processes are limited. That is why handling and transporting of torrefaction product becomes
easier and cheaper [9].

Main goal of this paper is to determine optimal process parameters, temperature and residence time, for
torrefaction of lignocellulosic biomass. In order to torrefy three types of biomass were selected: Miscanthus
giganteus as an example of energy crop, acacia as an example of deciduous tree and pine as an example of
coniferous tree. Three different temperatures were applied: 230, 260 and 290°C, and three different residence
times were maintained: 0.5; 1 and 1.5 hours. To examine effects of torrefaction proximate and ultimate analyses
were conducted prior and after process. The same procedure were used for high heating value determination.

2. Materials and metho
1.2 Materials

Biomass examined in this study was received from two sources. Miscantheus giganteus was supplied by
ECOPROD Ltd from agricultural area of Silesia in Poland. It came in form of shredded straw and in order to
ensure uniformity of sample it was chopped and grinded in a cutting mill. Afterwards it was sieved to receive
particle size less than 1 mm. Acacia and pine was delivered as sawdust from carpentry enterprisein Ochotnica
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Dolna, Poland.Diameter of less than 2 mm was sufficient for conducted experiments. Feedstock due to low
moisture content was stored in open paper bags to protect it from biodegradation. Prepared samples are shown in
Fig. 2.1.

a) b) c)

Fig. 2.1. Untreated biomass samples a) acacia, b) pine, c) Miscanthus giganteus

2.2 Torrefaction

A torrefaction was conducted in apparatus designed and assembled in the laboratory of the Department of
Thermal Technology and Environmental Protection at the Faculty of Metal Engineering and Computer Science
at AGH UST. The schematic diagram of laboratory set up is shown in Fig. 2.2. The most important elements of
reactor are quartz tube with a diameter of 4 cm and a length of 50 cm placed in an electric furnace and insulated
with a layer of ceramic fibre with a thickness of 3 cm. The temperature inside tube was measured by NiCr-NiAl
thermocouple connected directly to the temperature control panel. Moreover, the rotameter provided a constant
flow of inert gas through the reactor chamber, which in this case was argon. The volumetric gas flow was
maintained at 5dm3h. The exhaust gases were treated in a scrubber and were not analyzed in this experiment.

TEMPERATURE

FURNACE

TORGAS

ﬁ% INPUT/OUTPUT t// -
QF SAMPLES —
: T
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— ]
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Fig. 2.2. Schematic diagram of torrefaction installation [7]

3.2 Analytical methods

Firstly, the proximate analysis was performed. Moisture, ash and volatile matter contents were determined
according to European Standards. The moisture content was examined by maintaining 2g of the samples in the
dryer at 105+2°C for at least 4h to achieve constant mass as is described in EN 14774-2. The ash content was
measured by means of EN 14775: 2g of samples were heated for 30minutesin muffle furnace to 250°C and held
for 1h than further heated for 30minutesto 550°C and held for another 2h. EN 15148 was used to determine
volatile matter content. 1g of biomass was inserted to furnace at 900°C for 7 minutes [10-12].
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Secondly, the ultimate analysis was conducted. Carbon, hydrogen and nitrogen content were measured by
Elemental Analyser Truespec LECO CHNG628. It is using high temperature combustion in oxygen and thanks to
IR and thermal conductivity sensor is able to determine elements of interest.

Using received results allowed to estimate oxygen content

0 =100—C—H — N — Ash — Moisture 1)
where,
O oxygen content, (%)
C carbon content, (%)
H hydrogen content, (%)
N nitrogen content, (%)

The molar ratios of O/C and H/C were calculated in order to design van Krevelen’s diagram

O]

O o

and E=

Slofsle
§|n|>—k|:1:

where,
O oxygen content, (%)
C carbon content, (%)

H hydrogen content, (%)

High heating value (HHV) was determined using two different methods: computational and experimental. The
equation used was given by A. Friedl [13]:

HHV =3,55:C%—232-C—2230-H+51,2-C-H + 131N + 20600 (3)

where,

HHV  high heating value, (kJ/kg)
C carbon content, (%)

H hydrogen content, (%)

N nitrogen content, (%)

In experimental method calorimeter LECO AC500 was usedto determine HHV. Samples were compressed into
Tab.ts and placed into pressure vessel where dueto ignition wire combustion in oxygen was initiated. Pressure
vessel is submerged into the water whose temperature is constantly monitored. Based on known parameters of
water and changes in its temperature, software is capable of calculating high heating value with great precision.
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Ultimate analysis and high heating value determination were conducted prior and after torrefaction in order to
observe its effect on the examined samples.

3. Results

Proximate and ultimate analyses, molar ratios and HHV results for tested biomass feedstocks are shown in Tab.
3.1. All of them are very similar in terms of elementary composition. Carbon, hydrogen, nitrogen and oxygen
contents are around 50%, 6%, 0.01% and 35%, respectively. Ultimate analyses revealed moisture content about
8%. Ash content for Miscanthus giganteus is 2.6% while acacia and pine have only c.a. 0.2%. Volatile matter
level in all materials is above 80%. Difference in two determination methods of high heating value is around 6%.
In this research more important is change in HHV after pretreatment method than its specific value.Therefore, in
further analysis computational method was mainly used.

Tab.. 3.1. Results of analyses prior to torrefaction.

Acacia Pine Miscanthus
giganteus
C, % 49.1 51.2 48.1
H, % 6.4 6.77 6.33
N, % 0.12 0.03 0.08
0, % 35.99 33.74 35.74
Mar, % 8.17 8.13 7.2
Aar, % 0.22 0.13 2.55
VMar, % 82.26 86.71 81.37
H/C 1.564 1.587 1.579
olC 0.678 0.615 0.709
HHV, kl/kg 19 600 20 682 19138
HHVe, kl/kg - - 17 872

Effect of torrefaction can be seen usinganalytical methods by comparing the physical and chemical properties of
the samples prior and after pretreatment but also by visual effects. Samples were getting darker and they changed
colour through light brown to black for the most rigid torrefaction conditions. Photographs of samples after
torrefaction in different conditions are shown in Fig.3.1.
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Miscanthus giganteus as received —

{

230°C 30 min. 230°C 1h 230°C 1h30min.

260°C 30 min. 260°C 1h 260°C 1 h 30 min.

290°C 30 min. 290°C 1h 290°C 1 h 30 min.

Fig. 3.1. Photographs of Miscanthus giganteusafter torrefaction in different conditions.
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Tab.. 3.2. Chemical and physical results and energy factors obtainedbefore and after torrefaction [14].

Biomass Temp- | Time, N C, H, © HHV, Si:elcrigy Ir\glt?clfr Ir\glt?clfr
° - 0 0 !
C hh:mm | o % % % kJ/kg % oIC H/C
As received 0.12 49.1 | 6.40 | 44.38 19600 100 0.678 1.564
00:30 0.07 525 | 592 | 41,51 20926 95.85 0.593 1.353
230 01:00 0.22 53.9 | 5.77 | 40.11 21493 93.49 0.558 1.285
01:30 0.19 53.9 | 5.80 | 40.11 21506 93.55 0.558 1.291
Acacia 00:30 0.07 55.2 | 5.81 | 38.92 22084 | 90.76 0.529 1.263
260 01:00 0.13 55.4 | 5.80 | 38.67 22178 88.74 0.523 1.256
01:30 0.22 57.3 | 5.65 | 36.84 22966 87.65 0.482 1.183
00:30 0.16 56.4 | 5.63 | 37.81 22531 82.68 0.503 1.198
290 01:00 0.23 575 | 5.35 | 36.92 22847 77.08 0.482 1.117
01:30 0.25 60.2 | 5.11 | 34.44 23886 65.05 0.429 1.019
As received 0.03 51.2 | 6.77 | 42.00 20682 100 0.615 1.587
00:30 0.01 52.9 | 6.33 | 40.76 21292 98.08 0.578 1.436
230 01:00 0.10 53.1 | 6.21 | 40.59 21339 97.37 0.573 1.403
01:30 0.07 53.4 | 6.18 | 40.35 21459 96.21 0.567 1.389
Pine 00:30 0.00 53.5 | 6.20 | 40.30 21506 93.03 0.565 1.391
260 01:00 0.05 | 54.1 | 6.19 | 39.66 21787 90.11 0.550 1.373
01:30 0.08 | 57.3 | 6.25 | 36.37 23372 88.40 0.476 1.309
00:30 0.03 | 56.0 | 6.10 | 37.87 22632 84.05 0.507 1.307
290 01:00 0.08 | 58.2 | 5.83 | 35.89 23505 78.12 0.462 1.202
01:30 0.08 | 61.1 | 6.04 | 32.78 25114 67.89 0.402 1.186
As received 0.08 | 48.1 | 6.33 | 45.49 19138 100 0.709 1.579
Miscanthus
. 00:30 0.14 | 50.3 | 6.08 | 43.48 20030 94.51 0.648 1.450
Giganteus
230 01:00 0.22 | 50.4 | 5.73 | 43.66 19961 91.56 0.650 1.364
01:30 0.28 | 516 | 5.86 | 42.26 20531 87.08 0.614 1.363
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00:30 0.09 | 518|590 | 4221 20610 87.32 0.611 1.367
260 01:00 0.13 | 529 | 589 | 41.08 21097 84.53 0.582 1.336
01:30 026 | 559 | 5.62 | 38.22 22310 76.91 0.513 1.206
00:30 022 | 559 | 5.81 | 38.07 22425 76.50 0.511 1.247
290 01:00 0.37 | 57.7 | 5.07 | 36.86 22753 61.22 0.479 1.054
01:30 0.44 | 62.2 | 483 | 3254 24572 58.04 0.392 0.932

In collected data a few trends can be found. The higher temperature and longerresidence time applied,the higher
carbon content was achieved. This corresponds to the changes observed in colour of the samples and to
theincrease of high heating value. In order to decide which conditions are the most suiTab. for torrefaction of
lignocellulosic biomass energy yield was calculated by given equation [8]:

m, HHV,

= -1009
m, HHVb %

Ne

where,

Mp mass of sample before torrefaction, (g)

m; mass of sample after torrefaction, (g)

HHV} high heating value before torrefaction, (kJ/kg)
HHV: high heating value after torrefaction, (kJ/kg)

Moreover making use of molar ratios van Krevelen’s diagram was created, shown in Fig.3.2.

(4)
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Fig. 3.2. Van Krevelen’s diagram for all studied samples.

By observing trends in Fig. 3.2 it could be seen that the properties of the biochars obtained under longer
residence time and higher temperatureprocessare movedcloser towards coal. Molecules of H,O are emitted from
polymeric chains in biomass structure which leads to decrease in hydrogen and oxygen contents giving an effect
of increase in carbon content.
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Fig. 3.3. Diagrams presenting carbon content and energy yield in torrefied samples.

In Fig. 3.3the carbon content and energy yield in torrefied samples are depicted. The following conclusion canbe
made: more carbonaceous properties of biochars are obtained at higher temperature and the temperature impact
is more visible than the influence of the residence time. It must be also pointed out that reaching higher
temperature leads to bigger losses in energy yield due to change in mass of sample.

4. Conclusions

Torrefaction process was successfully conducted. Received biochars confirmed enhanced properties such as:
lower moisture content, hydrophobicity, higher high heating value, brittleness, improved grindability and limited
biodegradation.

From all examined conditionsof the process (residence times: 0.5; 1 or 1.5h and temperatures: 230, 260 and
290°C) the most optimalare 1.5 hour of residence time and 260°C. Moreover, it may be validated dueto
calculated energy yields. In the case of the application of 290°C, iteffects in much higher efficiency losses which
is unfavourable. Chosen conditions allow to obtain anincrease by 13-17% in high heating value and
corresponding energy Yyield between 77-88% in torrefied samplescompared to raw biomass.
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Ultra-high temperature thermal energy Storage and other thermal
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Abstract

With advancement in technologies, renewable energy have the potential of replacing fossil fuels for a better and
greener future. But still fossil fuels are ruling the market and it is because of inconsistency of renewable energy
production. By using the energy storage methods, we can facilitates effective utilization of intermittent renewable
sources and can be combined into smart integrated energy system. In addition to this, energy storages helps to reduce
need for increased peak generation capacity and enhances the grid reliability. In this paper, ultrahigh temperature
thermal storage system is reviewed and is compared with other thermal storage system which is operational now in
terms of overall round efficiency.

Keywords: Thermal energy,thermal energy storage,energy storage, High temperature thermal storage

1. Introduction

Renewable energy source is creating a new potential future in the energy sector, and energy storage make a vital
contribution to energy security in the future. The aim is to supply energy that is free from carbon dioxide production
while sustainable and not dependent on a finite energy supply.As now, the world is generating more renewable
electricity as ever before. However, most of the renewable power are weather dependent and varies according to the
availability of the resources. For example in case of solar energy, it depends upon the solar rays and time while in
case of wind turbine, it depends on the availability of wind over the region, which both these scenarios are
unpredictable.Unfortunately their full potential is reduced by their intermittency.

Currently we have large number of renewable energy sources whose power output cannot be controlled during their
peak performance time having high renewable energy generation, surplus energy thus created get lost. On the other
side, during low renewable energy generationthey won’t be able to produce the demanded energy and this creates a
gaps betweenconstant energy distributions. For the former problems and other developing renewable technologies,
such as tidal current energy and wave energy, to make a real difference we need to find effective ways to store this
energy.

In Fig. 1, load curve diagram shows the electricity demand for continuous 24/7 supply (base-load) in the polish
power system [1]. We can observe that the energy required during each hour is varying simultaneously.During day
time (peak hours: 0800-2200) the required amount of energy is much higher than that of night time (off peak hours:
2200-0800). While a day in summer and winterfollows the same trend, nevertheless, during winter more energy is
required for district heating purpose.In order to make effective distribution of energy, it is wise to store energy
during the off-peak hours and distribute in peak hours which allows a constant generation of energy from the fossil
fuel source, else on peak hours more energy has to be produced. On comparing with Fig. 1, Fig.2 shows an example
of using excess energy produced during off peak hours on peak hours. The same method can be followed in order to
meet the requirements during different seasons. The excess energy produced during summers can be stored using
different techniques and we can recover stored energy during summers or when high load is required in the grid

[2][3]-

Energy storage facilitates us to capture/store the excess energy produced during peak performance time and to
distribute it during the weak performance time. The energy storage techniques balances between generation and
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demand and improves the overall stability and reliability of power system and could defer the costs need to improve
the transmission and distribution capacity to meet ever growing power demand.
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Fig. 1. Load curve of polish energy system on 01/03/2014 Fig. 2. Load curves with energy storage system

[1]
There are many types of storage technologies available at present. Although examining all these technologies is
necessary, this papers concentrate only on thermal storage technologies and gives an overview of

» Different types of thermal energy storage technologies available at present
» State some of the features of the thermal energy storage technologies

» Do a comparison study of various thermal energy storage technologies

2. Thermal Energy Storage Systems

Thermal energy storage (TES) is mostly used to store the excess available energy as heat or cold to be used when
required later under varying conditions such as temperature, place or power. Thermal energy storage system helps us
to fill the gap between energy supply and energy production during peak hours [4] [5]. In TES system, energy
storage take place in 3 sequential steps: charging, storage and discharge, giving a complete storage cycle (Fig.3)

The main necessities for designing a TES system are high energy density in the storage material (storage capacity),
good heat transfer between the heat transfer fluid (HTF) and the storage material, mechanical and chemical stability
of the storage material, compatibility between the storage material and the container material, complete reversibility
of a number of cycles, low thermal losses during the storage period, and easy control. In addition to this, the most
significant design principles are the operation strategy, the nominal temperature and enthalpy drop, and the
integration into the whole application system. The advantages of implementing thermal energy storage to the grids
are:

better economics: reducing capital and operational costs

better efficiency: achieving a more efficient use of energy

less pollution of the environment and less CO2 emissions

better system performance and reliability.



Contemporary Problems of Power Engineering and Environmental Protection 2018 83

Charging Storing Discharging

Fig. 3. TES storage cycle
2.1.  Thermal energy storage principles

The basic thermodynamics of energy storage is done by following mainly three principles: sensible heat storage,
latent heat storage, and thermochemical storage.

2.2.  Sensible heat storage

In sensible heat storage devices, the energy is stored as heat in the substance, by changing the temperature of
substance to higher value or lower value. The commonly used storage material are water, air, oil, bedrock, brick,
concrete, etc. even though each material has its own advantages and disadvantages, the material selection is done
based on the heat capacity and the available space for storage [6]. The amount of energy stored is calculated
following Eq. [1]:

Q =m=xcpx* AT [1]
Where -Q is the amount of heat stored in the material (J),m is the mas of storage material (kg),
cp is the specific heat of the storage material (J/kg-K), andAT is the temperature change (K).

The material used for sensible heat storage should have high thermal capacity and it has to be abundant and cheap.
The basic properties that are evaluated while considering a material are density, specific heat, thermal conductivity
and diffusivity, vapour pressure, compatibility with container materials, and chemical stability [8]. Sensible heat is
usually stored in solid or liquid, but gas media can also be used, but they are much more bulky.

2.3. Latent heat storage

In Latent heat storage, energy is stored in to a material by transition of the phase of the material. Usually solid-liquid
phase change is used, by the process of solidification and melting of the material. When material is solidified, heat is
released, energy extraction can take place and on melting, heat is taken into the material. Using this principle storing
large amounts of heat at constant temperature is possible. Usually materials that are used to store energy as latent
heat are called phase change materials (PCM). The amount of heat stored is calculated following Eqg. [2]:

Q =m=* Ah[2]
Where - Q is the amount of heat stored in the material (J), m is the mass of storage material (kg), and
Ah is the phase change enthalpy (J/kg).

The commonly known and used PCM is water, used as ice for cold storage since early times. Even though many
materials have been studied to storage energy as latent heat, but only a few of them have been succeeded for the
former [4][6][7], mainly due to problems such as phase separation, sub cooling, corrosion, long-term stability, and
low heat conductivity, that have not yet been totally solved.
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2.4.  Thermochemical energy storage

Thermochemical energy storage works with the assistance of a reversible reaction, when a chemical reaction with
high energy elaborate in the process is used to store energy. The products from the reaction is stored separately and
the heat is retrieved from the system when the reverse reaction takes place [6]. Therefore, only reversible reactions
can be used for this storage process. The material used should have energy storage density and reversibility in order
to store energy efficiently [9]. It is to be noted that chemical energy conversion has superior energy storage
performance than that of other methods such as sensible and latent heat storage. But it is also difficult to find proper
reversible chemical reaction for the energy storage.

Thermochemical reactions are used as thermos chemical materials (TCM) at high temperatures (more than 400°C)
and the enthalpy of the reaction is located in a high range (80-180 kJ/mol). Moreover, thermochemical energy
storage devices are considered as seasonal energy storage system as the products of the reaction are store separately
[10].The most common and studied reversible reactions for energy storage are the carbonation reaction, ammonia
decomposition, metal oxidation reactions and sulphur cycles [11] [12] [13].

In addition to this, sorption is used to store energy in thermochemical energy storage systems. In sorption, binding of
a gas or liquid on to the inner surface of a porous material is carried out. While on removing the absorbent from the
surface, heat is given in to the system, acts as charging cycle. Energy is extracted on the absorption process when
binding is carried out, is the discharging process of the storage cycle.Adsorption on solid materials or absorption on
liquids is used in sorption systems [12] [13].

3. Types of TES systems
3.1.Ultra high temperature energy storage systems (UHTYS)

Until now thermal energy storage has been limited to a temperature of around 800 K [14], making it uncompetitive
in terms of energy density and round-trip efficiency from heat to electricity. By storing energy as heat at ultra-high
temperatures (> 1100 K), it is possible to raise energy density and round-trip efficiency to the point where grid-scale
thermal storage becomes technically and economically feasible. But, the operating temperature of thermal storage
has been limited by heat loss that rises exponentially with increasing temperature, by the radiative power losses [18].

Metals have been previously proposed as an energy storage media due to their high specific heat capacity and heat
transfer properties [15]. There have also been proposals to use molten alkali metals for storage within the 800—-1000
K temperature range in combination with concentrated solar power [16]. Metals would be advantageous as the
primary storage materials for UHTS because they:

Can be common and inexpensive.
Have high specific heat capacities.

Have superior thermal conduction properties to other feasible materials, which improve resistance to
thermal shock and differential expansion during charging and cooling.

A major consideration for any thermal storage system is the rate at which energy is lost to the surrounding
environment. Conductive loss for a planar surface is given by Eq. [3], Radiative losses for a sphere within a spherical
volume are calculated with Eq. [4] [17]

_ kKA(T,—Ty) oA (TE—T3)
c p [3] P. FE £2(,,_1)2

€1 €2 \12
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Where k is the thermal conductivity, A is the surface area, d is the thickness, T1 is the lower temperature, and T2 is

the higher temperature,sthe emissivity and o isthe Stefan—Boltzmann constant, while r is the radius of the sphere. In
Eq. (2) the subscript 1 denotes the inner sphere and 2 the outer sphere.

By using a medium strength vacuum around the storage vessel, thermal conduction can be reduced to the point where
conduction losses become negligible compared to radiative losses. The footprint of the plant relative to the energy
stored will also be less for a larger sphere. These results are a consequence of the fact that storage capacity is a
function of volume and thermal losses are a function of area[18].

3.1.1. Charging cycle of UHTS

For the charging cycle heat is given in to the system. The heat pump charge cycle begins with nitrogen at a pressure
of 0.76 MPa and a temperature of 600 K. This gas is heated to 795 K through a series of heat exchangers connected
to the collector stages and ending in the labyrinth heat exchanger built around the storage core. The nitrogen is then
piped inside the storage core where it enters the multi-stage compressor with inter-stage heat exchangers. Again,
compressing the nitrogen raises the temperature above that of the storage medium, allowing energy to be transferred
to the storage core. At the end of this process the nitrogen exits the final heat transfer stage with a temperature of 810
K and a pressure of 3.19 MPa; the total compression ratio is 2.88 as before. As the storage core charges its
temperature increases until it reaches the state shown in Fig. 4 (1800 K). If the collector stages are depleted during
the charge or the COP is low, direct electric heating of the core will be used instead of the heat pump. The nitrogen
exiting the final inter-stage heat exchanger expands through a turbine back to 0.76 MPa and 600 K. The nitrogen
exiting the turbine is directed through insulated pipes back to the first storage stage heat exchanger to continue the
closed cycle.

3.1.2. Energy storage

A schematic of the UHTS system in the storage phase of operation, numbered at each stage of the thermodynamic
process, is shown in Fig. 4 and inFig. 5. At the centre of this storage system is the storage medium, which is
contained within a spherical platinum-coated alumina vessel; this will be referred to as the UHTS core. The storage
core is surrounded by a labyrinth heat exchanger, which is part of the heat pump used to recover energy lost through
radiation from the core. Outside of this heat exchanger is a sequence of insulated and isolated thermal masses that are
used to capture energy lost from the labyrinth heat exchanger, known as the collector stages.
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Fig. 4. UHTS system in storage mode
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The UHTS cycle begins with nitrogen, at a pressure of 2.12 MPa and a temperature of 1446 K, entering a labyrinth
heat exchanger built around the storage core to collect lost thermal radiation. Heat is transferred to the gas from the
heat exchanger through convection and conduction. A representation of this heat exchanger is shown in Fig. 6, which
has a final wall temperature of 1800 K. Upon leaving this heat exchanger the nitrogen has a temperature of 1790 K.
Reaching 1800 K is not critical and would require a significantly larger and more expensive heat exchanger.

Following the labyrinth heat exchanger the nitrogen is then piped inside the storage core where it enters a multi-stage
compressor with inter-stage heat exchangers connected to the storage core. Compressing the nitrogen raises the
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temperature above that of the UHTS medium, allowing energy to be transferred to the storage core. At the end of this
process the nitrogen exits the final heat transfer stage with a temperature of 1810 K and a pressure of 8.43 MPa. The
total compression ratio is 2.88.During compression process energy will be losses by friction or turbulence, In the
case of UHTS, this energy could be transferred back to the storage core, thereby increasing the effective efficiency of
the compressor closer to 100%.After the final storage core heat exchanger the nitrogen is expanded through a turbine
back to 2.12 MPa. This decompression also lowers the temperature of the nitrogen. The turbine is connected to the
compressor and can be expected to recover a significant proportion of the energy used to compress the nitrogen in
stage 2-3. The extra power required to run the compressor will be provided by a separate motor (Fig. 4) and will
represent the main use of externally supplied power to the UHTS storage system whilst in storage mode.The nitrogen
exiting the turbine is directed through insulated pipes into the labyrinth heat exchanger to continue the closed cycle.

3.1.3. Energy Extraction

Energy recovery from UHTS uses identical configuration to existing Combined Cycle Thermal Power Plants (CCPP)
and will be independent from the thermodynamic cycles used for storage and charging. Energy released from the
storage core is used to heat the working fluid, which passes through a gas turbine operating on the Brayton cycle.
The remaining heat from the exhaust of the gas turbine is used to generate steam, which is then utilised to drive a
steam turbine operating on the Rankine cycle which to extract additional energy from the working fluid.

Compressor

e - .y j

4——  Airfrom the
atmosphere

= * " Rankine cycle
Brayton cycle

Generator
| ? , Air back to

I“ atmosphere

:@._ ..... 1

Heat Exchangers Steam generator Turbines \
Condensers

Fig. 7. UHTS in discharge mode

The turbines of both the topping Brayton cycle and the bottoming Rankine cycle are used to turn electric generators.
The energy extraction from UHTS is shown in Fig.. The gas passessequentially through a series of heat exchangers
connected to each of the collector stages, thereby absorbing energy and reduces heat loss.
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The temperature of each of the collector stages will be dependent on the transient nature of the previous extraction,
charging and storage cycles. Once the air is heated to the temperature of the storage core, it is transported through an
insulated pipe outside the UHTS to feed a multi-stage turbine. The air enters the gas turbine at 1800 K and leaves at
900k air from the turbine is used to provide heat to the steam generator that drives the bottoming Rankine cycle.
Once this steam exits the turbine it is cooled and condensed to supply a water pump, thus beginning the cycle again.
The UHTS architecture may afford the use of many inter-stage reheats to increase efficiency. Heat exchangers can
theoretically have an efficiency of 100% but are limited from achieving this by practical and economic
considerations [20]. In real-world gas-to-gas heat exchanger efficiencies of 95% are reported in open-cycle gas
turbine recuperates [21] and 93% in closed-cycle gas turbines [15]. The solid-to-gas heat exchanger used in UHTS
should be significantly more efficient than gas-to-gas heat exchangers used in existing gas turbines.

3.2. Molten-salt technology

Molten salts are a special class of compounds that have immense potential as thermal energy storage and heat
transfer media. Their use for solar energy applications is mainly due to the following properties:

o liquid state over a large range of temperatures and high thermal stability,
0 Ability to dissolve a large amount of inorganic and organic compounds,

0 High heat capacity per unit volume.

In addition, many salts have low production costs, compared with other liquid materials, which positively impacts
the total cost of the storage system with a round trip efficiency of 70% [19], which can be used to store energy at
1100K. The types of molten salt storages are:

3.2.1. Direct Heating with molten salt

When the heat transfer fluid (HTF) used in the solar field is also used as a storage material, the system is considered
as a direct storage system, while in an indirect system, a different medium is used for storing the heat. Molten salt
(solar salt, 60% NaNO3, 40% KNO3) is recognized as the most successful material for solar heat transport. This
eutectic mixture melts at 220°C and remains a liquid at 290°C in an insulated storage tank, called a ‘cold tank’. The
operating principle is as follows (see Fig. 8): ‘cold’ molten salt (at a temperature of 292°C), entering the tower
receiver, is heated by the concentrated sunlight reflected from the heliostats. Hot salt (at a temperature of 565°C)
moves downward through the tower into a special storage tank. When energy is required, hot salt from the tank
passes through the heat exchanger to generate superheated steam, which further turns the turbine and produces
electricity. The advantage of this type of plant is that it can be used to achieve higher temperatures than solar power
plants using organic storage media (565°C vs 400°C). Thus, due to the greater temperature difference between the
cold and hot molten salts, a tower plant can store more energy in the same amount of salt as a trough plant. The
disadvantage is a very high risk of solidification of storage medium, because molten solar salt has a relatively high
freeze point.
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Fig. 8. Direct heating of molten salt Fig. 9. Two tank indirect storage system

3.2.2. Two tank indirect storage system

Unlike direct two-tank storage, there is an extra heat exchanger (HX) between the oil and molten salt circulation
loops (see Fig.9). The thermal oil circulates in the solar field (e.g., parabolic trough collector), is heated and passed
through the oil-salt HX. At the same time, the thermal storage fluid from the cold tank flows through this HX and is
heated by the high-temperature HTF. In this way, the high-temperature storage fluid flows back to the cold storage
tank. The HTF output from the heat exchanger re-enters the solar collector field to raise the temperature. Using one-
tank TES instead of two, the costs of construction, pipelines and related equipment can be reduced. Recently, a
single-tank storage system for molten salt has been tested commercially through parabolic plant Valle 2 by SENER.

4. Ice/snow storage technology

Ice and snow have been used for cooling since ancient times. Plato mentions that ice was harvested in the mountains
during the winter and stored in thermally insulated buildings for cooling in the summer. Sir John Chardin reports in
his “Travels in Persia 1673-1677" how ice is produced, stored, and sold for cooling of drinks in the summer[23].

Snow and ice have extraordinary properties for cooling applications. Its melting point at 0°C (normal ice at normal
pressure) together with its very high latent heat of fusion makes it suitable in particular for space cooling and for
cooling of foodstuffs. Water’s latent heat of fusion (0.093 kWh/kg) means that 0.093 kWh of heat is required to melt
1 kg of 0°C ice into 0°C water. If the melt water can be used for cooling up to a temperature of 6°C, then 1000 kg of
ice contains 100 kWh of cold [24].

4.1. Snow storage in thermally insulated buildings

Thermally insulated buildings have been used for seasonal snow storage since ancient times. Though the building is
thermally insulated also the snow/ice is usually also insulated. The most commonly used natural material is sawdust,
but other natural thermal insulation materials and also manufactured thermal insulation material are being used. Part
of the storage building’s volume (25-50%) is filled with snow during the winter. Snow blowers and/or tractors are
used to fill the snow storage room. The main part of the building is used for storage of root vegetables, fruit, rice,
etc., which means that the object to be cooled is placed in the same building. Such buildings could have a snow
storage volume of 45,000 m3.
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Fig. 10. Snow storage in thermal insulated building
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4.2.Snow storage in thermally insulated pits

The principle of this system, which is usually located partly below the ground surface, is outlined in Fig. 12. Snow is
stored during the winter in a shallow watertight pit. When the storage is filled up, it is covered by thermal insulation.
Because of natural snowmelt caused by heat leakage from the surrounding snow, melt water is formed at the bottom
of the storage. This water, which is close to 0°C, is used for cooling. It is pumped through a heat exchanger where it
cools the cooling circuit, as it absorbs its heat. The warmed water is now pumped back to the snow storage.

-10°C Ry m water

Thermal insulation

O0ocO0OcOO
O0cOO0cOC |
DDDDDDDD ———= Warm water
L 1
OOmOOmOO -
storage 0°C Melt water =+ Cokd water
Fig. 11. Storage system integrated with structure Fig. 12. Thermally insulated pit

The is cooled after being spread onto the snow where it melts more snow and new 0°C melt water is formed. As the
process continues, increasingly more melt water is formed at the bottom of the snow storage. The melt water, which
is more or less polluted, is then let out of the snow storage through the overflow. Polluted melt water from snow
dumps usually causes considerable environmental problems. About 90% of the pollutants in a snow dump will fall
out as the snow melts and about 10% will be dissolved in the melt water.

5. Aquifer thermal energy storage system (ATES)

ATES systems are used to store cold from the winter for use to cool buildings in the warmer months of the year and
to store heat from the summer to heat buildings in the colder months. ATES systems appear, at times, as open loop
geothermal systems since they might incorporate heat pumps in the winter to supply heating demand and at the same
time store cold thermal energy.

The principle of energy storage in aquifers is very simple, shown in Fig. 14. If there is natural cold in the winter, this
can be stored in an aquifer. In summer the stored cold can be used for cooling purposes. It requires a minimum of
two wells, a warm well and a cold well. In larger systems it requires several warm and cold wells. When cooling is
demanded by the user, cold water is extracted from the cold well(s) and utilized to meet the cooling demand. The
water is then returned to a warm well(s) at an elevated temperature. When there is a demand for heating, water is
extracted from the warm well(s) to provide the heating load. The water is then injected into the cold well(s) at a low
temperature (as in Fig. 14). In this manner thermal energy is stored seasonally.
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Fig. 13. Schematics of ATES Fig. 14. Flow diagram of working principle of ATES [24]

6. Cryogenic energy storage

Cryogenic energy storage (CES) uses of low temperature (cryogenic) liquids such as liquid air or liquid
nitrogen as energy storage.Process. When the energy availability is cheaper (usually at night), electricity is used to
cool air from the atmosphere to -195 °C using the Claude Cycle to the point where it liquefies, as shown in Fig. 15.
The liquid air, which takes up one-thousandth of the volume of the gas, can be kept for a long time in a large vacuum
flask at atmospheric pressure. At times of high demand for electricity, the liquid air is pumped at high pressure into
a heat exchanger, which acts as a boiler. Air from the atmosphere at ambient temperature, or hot water from an
industrial heat source, is used to heat the liquid and turn it back into a gas. The massive increase in volume and
pressure from this is used to drive a turbine to generate electricity [25].

In isolation the process is only 25% efficient, but this is greatly increased (to around 50%) when used with a low-
grade cold store, such as a large gravel bed, to capture the cold generated by evaporating the cryogen. The cold is re-
used during the next refrigeration cycle. Efficiency is further increased when used in conjunction with a power
plant or other source of low-grade heat that would otherwise be lost to the atmosphere. Highview Power Storage
claims an AC to AC round-trip efficiency of 70%, by using acold storage, thermos storages and otherwise heat
source at 115 °C [26].


https://en.wikipedia.org/wiki/Liquefaction_of_gases#Claude.27s_Process
https://en.wikipedia.org/wiki/Liquefaction
https://en.wikipedia.org/wiki/Liquid_air
https://en.wikipedia.org/wiki/Vacuum_flask
https://en.wikipedia.org/wiki/Vacuum_flask
https://en.wikipedia.org/wiki/Atmospheric_pressure
https://en.wikipedia.org/wiki/Peak_demand
https://en.wikipedia.org/wiki/High_pressure
https://en.wikipedia.org/wiki/Heat_exchanger
https://en.wikipedia.org/wiki/Boiler
https://en.wikipedia.org/wiki/Turbine
https://en.wikipedia.org/wiki/Power_plant
https://en.wikipedia.org/wiki/Power_plant
https://en.wikipedia.org/wiki/Low-grade_heat
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7. Using Phase changing materials (PCM)

Generator

Power back

into the grid

A phase change material (PCM) is a material that changes phase at a certain temperature. During the phase change
process, a PCM absorbs or releases a large amount of heat in order to carry out the transformation, as shown in Fig.
16. This action is known as the latent heat of fusion or vaporisation, and through this process energy is stored. The
PCMs used can be organic and inorganic materials. Relative to sensible energy storage, the main advantages of such
storage systems are the large storage capacity and the potential recovery of thermal energy at almost constant
temperature,and is the ability to store large amounts of energy where the temperature difference between the heat
source and sink is low. This property makes them useful for thermal comfort in buildings, solar heater systems, low
energy cooling, concentrating solar power (CSP) plants and many other applications [24].
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Fig. 16 : Phase changing of PCM material on storing energy
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Many PCMs, including many salt hydrates, have their phase transitions in the moderate-temperature range, 40 °C to
just over 100 °C. Salt hydrate materials consist of an inorganic or organic salt with one or more waters of hydration.
Salt hydrates were the first materials to be investigated for use as PCMs [27].

Moderate temperature PCM’s are used in solar thermal water heaters, to heat up the water for domestic
applications.Heat transfer fluid, such as water or glycol, circulated through a flat plate or an evacuated tube solar
collector, collects solar radiation as heat to be used to heat water for household use.
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It is also used for seasonal heat storage. Long-term “seasonal” heat storage is characterized by multi-month to
multiannual heat storage retention. Two principal mechanisms contribute to the ability of a PCM heat storage system
to accomplish seasonal heat storage: insulated thermal mass and stable super cooling. The first mechanism is
common to all heat storage media and not unique to PCMs, whereas stable super cooling is a unique property of
PCM storage [28].

7.2.  High-Temperature PCMs

For high-temperature heat storage, in the range of several hundred to well over1000 °C, the PCMs used are metals
and anhydrous salts. For the latter, variouscarbonates, chlorides, sulphates, nitrates, and nitrites are commonly used,
as well as their eutectic mixtures [29].Molten salts are corrosive to many steels and their vapours are often reactive,
and therefore expensive alloys and coatings are required to achieve an acceptable lifetime for the system. Salts also
have low thermal conductivity, so metal or graphite rods or fins are required to transfer heat within the bulk of the
PCM [30].

High temperature PCM’s are used for concentrated solar stations, use large volumes of molten salt for thermal
energy storage. The use of thermal storage in concentrated solar power (CSP) plants decouples power production
from solar radiation availability [31]. In most thermal storage systems for solar thermal power plants, only the
sensible heat of the molten salt is used. The Andasol Solar Power Station in Andalusia (Spain) is one such example.
Andasol consists of three 50 MW projects, each producing about 165 GWh of energy annually. Andasol is a
parabolic trough-type solar thermal station and operates just under 400 °C [31]. In this configuration, parabolic
mirrors focus solar radiation onto a system of pipes containing biphenyl-diphenyl oxide eutectic as a heat transfer
fluid, which carries heat to a steam generator and turbine, and to tanks of molten salt for storage.

Another application of high temperature PCM is Industrial Heat Scavenging. Excess process heat in continuous
processes is routinely and economically captured in heat exchangers called economizers and using combined or
cogeneration cycles. Sensible heat storage masses (e.g., bricks) are presently used to store excess heat from exhaust
gases in large furnaces, then used to preheat inlet gases to active furnaces. Suitably encapsulated PCMs could be
readily deployed to substitute bricks for thermal mass and improve the heat storage densities in these processes since
operating temperatures are well defined and storage durations are short

8. Summary

A review on ultrahigh temperature energy storage is given and comparison study is done with other thermal energy
storage devices is done. It can observe that when energy is stored at high temperature, the round efficiency has been
increased comparatively with other thermal storage systems. By storing the excess energy on these storage devices
definitely improves the energy loss inside the storage system and helps to improve the performance of the storage
devices. In addition to this, facilitates effective utilization of intermittent renewable sources and can be combined
into smart integrated energy system.
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Abstract

Controllable Pulse Turbocharging System can optimize the whole performance of the diesel engine at a low-
speed or a high-speed condition, through switching the turbocharging system with a controlled valve. In this
paper, the research object is D6114 diesel engine, the model is simulated by GT-POWER and validated with the
data from experiments. This research aims to obtain the changing traits of the pressure waves of different
turbocharging system and different operating speeds, compare the two different turbocharging systems, evaluate
the performance of the diesel engine with controllable pulse turbocharging system, and find the
appropriatecondition to open the controlled valve to improve the performance and efficiency.

Keywords: Controllable Pulse Turbocharging, pressure waves, diesel engine.

1. Introduction

Turbocharging system can obviously improve the overall performance of diesel engine. At present, there are two
different turbocharging system of diesel engine[1], the first one is constant pressure turbocharging system, which
has a smaller pumping loss, high turbine efficiency, and can achieve a better performance at a high-speed
condition; the second one is pulse turbocharging system, which has a high air intake pressure, can make full use
of the energy of the exhausted gases and has a superior performance at a low-speed condition. However, a fixed
turbocharging system can hardly take into account the performance of power, economy and emissions
requirements of high and low speed conditions at same time, there are some limitations and deficiencies in
practice.

As a new type of turbocharging system, controllable pulse turbocharging system can combine the advantages of
both constant pressure turbocharging system and pulse turbocharging system by switching the turbocharging
systems with a controlled valve or some other mechanical structures, so it can make the engine operate well at
both high and low speed conditions, but it is different from MPC[2] and MIXPC[3], when the engine is at a low-
speed or in a speed-up process, close the controlled valve to make the turbocharging system as pulse
turbocharging, so it can make full use of the pulse energy of the exhaust gas and decrease the fuel consumption
as well as emission levels; when the engine is at a high-speed condition, open the controlled valve to make the
turbocharging system as semi-constant pressure turbocharging, so it can lower the exhaust back pressure, reduce
the pumping lossand improve the efficiency and performance of the engine[4-7].

In this paper, the research object is D6114 diesel engine, the model is simulated by GT-POWER and validated
with the data from experiments. This research aims to obtain the changing traits of the pressure waves of
different turbocharging system and different operating speeds, compare the two different turbocharging systems,
evaluate the performance of the diesel engine with controllable pulse turbocharging system, and find the
appropriate condition to open the controlled valve to improve the performance and efficiency.

2. Construction and validation of simulation model

In practice, the six-cylinder diesel engine generally adopts a three-pulse turbocharging system, and it has a good
performance when the speed is slow,however, in high-speed working conditions, the pumping loss is large and
the performance is deteriorated. If the controllable pulse turbocharging system is adopted, the controllable valve
willbe opened to connect the exhaust pipes, thereby reducing the exhaust back pressure, reducing the fuel
consumption, and improving the engine’s performance. This chapter is mainly about the research and analysis of
the pressure wave characteristics of the exhaust gaswhen the engine is under a steady-state with controllable
pulse turbocharging system.
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2.1. Construction of simulation model

The main parameters of the engine used in the calculation are shown in Tab..2.1. In order to realize the
controllable pulse turbocharging system, a controlled valve is installed in the middle of the two exhaust pipes.
When the controlled valve is closed, the engine's turbocharging system is pulse turbocharging; when the
controllable valve is open, the engine's turbocharging system is semi-constant turbocharging, while there are
certain differences between the semi-constant pressure turbocharging and the constant pressure turbocharging
system. The diesel engine was simulated by GT-POWER software. The simulation model is shown in Fig.2.1.
The schematic diagram of the exhaust pipe system and the controlled valve is shown in Fig.2.2.

Tab. 2.1. Parameters of the engine

6 cylinders, turbocharging,

Type intercooling

Cylinder diameter x stroke | 114mm x 135mm

Swept volume 8.26 L

Compression ratio

17.7:1

Rated power

184kW (2200 rpm/min)

Maximum torque speed

1400 rpm/min

Firing order

1-5-3-6-2-4
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Fig. 2.1. Simulation model of controllable turbocharging system
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Fig.2.2. Schematic diagram of the exhaust pipe system and controlled valve

2.2.Validation of simulation model

The simulation model of diesel enginewasvalidated by the experiment data of the original turbocharging system,

which is pulse turbocharging. The comparison results between the expe
in Fig.2.3 and Fig.2.4.
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The comparison results demonstrate the experiment power values of the original engine and the power values
fromsimulation modelagree well, and the maximum differenceis 2.35% when the speed is 2200 rpm. The

experiment torque values of the original engine and the torque values

calculated by the simulation model are
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very close, and the maximum difference is 2.32%. Therefore, the errors of power and torque on the
originalengine and the simulation model areless than 3%; although the effective fuel consumption rate is larger
in low speed conditions, the error is below 5% in high speed conditions, so the established GT Power simulation
model is in good agreement with the real diesel engine.

3. Comparison and analysis ofpressure waves with two different turbocharging systems
3.1. Analysis of pulse turbocharging system

In the simulated calculation, low speed 800RPM, high speed 2200RPM and the maximum torque speed
1400RPM were selected as three main study conditions. The main studiedcharacteristicsof pressure waves are
the pressure changes in exhaust gas pipe,before the turbine and after the compressor. Taking the first cylinder
exhaust gas branch pipe as the research object, the exhaust pressure waves at different speeds is shown in Fig.3.1.
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Fig.3.1.The exhaust pressure wave of pulse turbocharging system

By using pulse-turbocharged mode, the first, second and third cylinders share one exhaust branch pipe, since the
exhaust interference between cylinders is relatively small with three-pulse turbocharged system, the exhaust
process in cylinders will not proceed at the same time, thus, in one working cycle there are three peaks in one
cylinder exhaust process, one of which is due to the cylinder’s own the exhaust process, and the other two are
formed by the pressure waves generated by the exhaust processes of the other two cylinders.

According to the Fig.3.1, the exhaust pressure will increase as the engine speed increases. This is because when
the engine speed is rising, engine’s power will also increase and gradually reach the rated power, and the engine
needs to increase the output work of the cylinder, theamount of fuel injection and intake air will increase
accordingly, resulting in an increase in engine exhaust pressure. In addition, as the engine speed increases, the
exhaust pressure rises, the crank angle of the largest peak will be delayed accordingly, because the pressure wave
in the exhaust pipe is transmitted at the speed of sound, and the length of the exhaust pipe is constant, and the
pressure wave propagation time is constant, but the engine speed increases, and the crank angle calculated in the
same time will correspondingly increase. When the maximum speed is reached, the cylinder discharge pressure
will appear a second small amplitude fluctuation after a peak wave occurs, which is caused by forced exhaust,
and this situation doesn’t occur at low speed, with the speed raise, the influence of force exhaust on exhaust
pressure waves are becoming more and more obvious. As the speed increases, the peak value of the pressure
wave increases more than thetrough value in the cylinder, which means that the fluctuation intensity of the
exhaust pressure wave is increasing.

The exhaust branch pipe is shared by the first, second and third cylinders,the pressure before the turbine will be
slightly smaller than the pressure out of the cylinder due to the influence of the internal resistance of the exhaust
pipe,and the heat transferbetween the atmosphere and the pipe wall. The characteristics of pressure wave before
turbine are similar with the exhaust pressure wave. As the speed increases, the pressure before the turbine will
also increase, the volatility of the pressure becomes stronger and the energy of the exhaust pulse is also increased,
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so that the available energy of the exhaust gas also increases, as a result, the turbocharger can increase the intake
air pressure, thereby increase the intake air amount, and ensurethe engine works effectively.
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Fig.3.2.The PMEP curve with pulse turbocharging system

When the controlled valve is closed, thepumpingmean effective pressure (PMEP) corresponding to the external
characteristic speed of the diesel engine is shown in Fig.3.2. The PMEP values actually reflect the pumping loss.
The smaller the PMEP value is, the greater the pumping loss. It can be seen from the Fig. that the PMEP value is
large when engine is at low-speed working condition with the pulse turbocharging system. As the diesel engine’s
speed increases, the PMEP value gradually decreases, and the pumping loss is also becoming more and more
serious.

3.2. Analysis of semi-constant pressure turbocharging system

In the simulated calculation, the same conditions were selected aslow speed 800RPM, high speed 2200RPM and
maximum torque speed 1400RPM. The main studied pressure wave characteristics are the exhaust pressure wave,
the pressure wave before turbine and after compressor. Taking the first cylinder exhaust branch pipe as the
research object, the exhaust pressure waves at different speeds with semi-constant turbocharging system are
shown in Fig.3.3.

According to theFig., there are 6 peaks on the exhaust pressure curves with semi-constant turbocharging system,
because the controlled valve is open. With two branch pipes are connected to each other, so that the exhaust
pressure waves of the cylinders can be transmitted to each other in the exhaust branch pipe, one of the six peaks
is generated by the cylinder’s own exhaust process, and the other five are generated by the other cylinders
exhaust pressure transmission. Compared with the general constant pressure turbochargingsystem, the exhaust
pressure of semi-constant turbocharging system has a higher fluctuation range, but it is much lower than the
pulse turbocharging system, which illustrated thatthe engine’s turbocharging system can be switched by the
controlled valve.

The exhaust pressure of the cylinder increases when the rotational speed goes up, and the fluctuation amplitude
of the exhaust pressure wave also increases with speed, but the variation of the exhaust pressure is small, and the
overall pressure tends to be sTab.. The peak value of the pressure wave caused by the forced exhaust of each
cylinder of the semi-constant pressure turbocharging system is not much different from the peak value of the
pressure wave caused by free exhaust, so the pulse energy of the exhaust is small.
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Fig.3.3.The pressure wave of semi-constant pressure turbocharging system

The pressure wavebefore the turbine pressure of the semi-constant pressure turbocharging system is basically the
same as the pressure changesafter the cylinder, apart from some differences, because there are some heat loss
and resistance in the exhaust branch pipe, so the pressure value before the turbine will decrease, and the
fluctuation amplitude of the pressure wave and the available pulse energy will also decrease accordingly.
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Fig.3.4.The PMEP curve with semi-constant pressure turbocharging system

Semi-constant pressure turbocharging system has a lot in common with constantpressure turbocharging system.
Therefore, the turbocharging performance is poor at low speed condition, the utilization of exhaust energy is
relatively low, and the low-speed torque characteristics and acceleration performance are not good. However, at
high rotational speeds, the utilization of exhaust energy is high, and the intake air pressure is also relatively large.
The PMEP curve of the semi-constant turbocharging system with speedis shown in Fig.3.4. As the speed
increases, the PMEP value increases first and then decreases, indicating the pumping loss of semi-constant
pressure turbochargingdecreases first and then increases. The maximum PMEP value appears at the speed of
1300 rpm, the pumping loss is the smallest. The pumping loss is smaller at low speed compared to high speed
conditions, but the working speed of the engine is at medium and high speed, so it is necessary to make the pump
loss at the working speed of the engine as small as possible, but this is not the only evaluation parameter. To
optimize the overall performance of the diesel engine, the influence of other parameters should also be
considered.
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3.3.Comparison of pulse and semi-constant pressure turbocharging system

Pulse turbocharging and semi-constant pressure turbocharging systems have their own advantages. The semi-
constant pressure turbocharging system is obtained after the controlled valve is opened on the basis of pulse
turbocharging system. The connection of the branch pipes causes some changes in the performance of the engine.
The changes in the intake and exhaust system are mainly reflected in the cylinder exhaust pressure, the pressure
before turbine and the intake pressure after the compressor. Semi-constant pressure turbocharging and pulse
turbocharging systemhave different performances at different speeds. In order to evaluate the advantages of
pulse turbocharging and semi-constant pressure turbocharging under different operating conditions, comparing
and analyzing the performance under the same working conditions with different turbocharging systems are
required, the main contents of comparison and analysis are exhaust pressure, pressure before turbine and intake
pressure. By analyzing the above parameters, the adaptability of semi-constant pressure turbocharging and pulse
turbocharging system under different working conditions can be determined.
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Fig.3.5.Comparison of exhaust pressure with different turbocharging system at speed of 800 rpm

Comparison of exhaust pressurewith pulse turbocharging and semi-constant pressure turbochargingsystem at 800
rpm, 1400 rpm and 2200 rpm are shown in Fig.3.5, Fig.3.6 and Fig3.7. The exhaust pressure increases with the
increase of the rotational speed. Compared with the pulse turbocharging, the pressure of the semi-constant
pressure turbocharging is smaller and more sTab.. When using pulse turbocharging, the peak values and the
trough values of the exhaust pressure increase with the increase of the rotational speed, but the increased degree
of the peak is much larger than the trough value. Therefore, as the rotational speed increases, the intensity of the
pulsed exhaust pressure wave increases. Thepressure fluctuation intensity of semi-constant pressure
turbocharging system is smaller than the pulse turbocharging system. Therefore, the exhaust pulse energy of the
semi-constant pressure turbocharging system is smaller than the exhaust energy of the pulse turbocharging
system.

The difference between pulse turbocharging and semi-constant pressure turbocharging is that the volume of the
exhaust pipe and the pressure before turbine are different. The pressure at the turbine inlet does not change much
due to the stabilizing effect of the exhaust pipe with semi-constant turbocharging system. As forpulse
turbocharging, periodicpressure fluctuations arisebefore the turbine due to the periodic pulse in the exhaust pipe.
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Fig.3.5.Comparison of exhaust pressure with different turbocharging system at speed of 1400 rpm
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Fig.3.6.Comparison of exhaust pressure with different turbocharging system at speed of 1400 rpm
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As the engine speed increases, the pressure before turbine will gradually increase. Compared with pulse
turbocharging, the pressure wave before turbine of the semi-constant pressure turbochargingsystem is more
regular, and the variation is not high. It can be explained that pulse turbocharging can provide more pulse energy,
and semi-constant pressure turbocharging can ensure stabilities. In order to analyze the pressure before turbine
under the two turbocharging systems, it is necessary to calculate the available energy before the turbine under
different working conditions, and results are shown in Fig.3.7.Although the pressure waves before turbine of
pulse turbocharging and semi-constant pressure turbochargingsystems are very different, the available
energybefore turbine is not much different.

4. Performance study of controllable pulse turbocharging system

During the actual operation of the engine, the controllable pulse turbocharging system can use the controlled
valve to realize the conversion of the turbocharging mode, so that the engine can adopt the appropriate
turbocharging system under different working conditions to optimize the performance. When the engine is in a
low speed condition or an accelerated loading condition, the total volume of the exhaust pipe corresponding to a
single cylinder is relatively small by closing the controlled valve, thereby the turbocharging mode is pulse
turbocharging, so it can fully utilize the exhaust pulse energy; when the engine is in high-speed working
condition, the total volume of the exhaust pipe is relatively enlarged by opening the controlled valve, so that the
turbocharging mode is converted into semi-constant pressure turbocharging, it can reduce the exhaust back
pressure andpumping loss,improve the turbine efficiency.

The three operating conditions of high speed, low speed and maximum torque speed are selected as the studied
cases. When calculating and analyzing the controllable pulse turbocharging system, the fuel injection amount is
the same before and after the opening the controlled valve in each case. The calculation results of each case are
shown in Tab. 3-1. When the rotation speed is 2200 rpm, the fuel consumption becomes smaller after the valve is
opened, and the power and torque values become larger. The fuel consumption is reduced because the PMEP is
larger after the valve is opened, which means that the piston has to overcome a smaller work to push the exhaust
gas out. After the valve is opened, the pumping loss is reduced, the pressure after the compressor becomes larger,
and the engine’s air intake amount is increased, so that the power and torque of the engine are correspondingly
increased. The excess air ratios in the cylinder after the valve is closed and opened are 1.976 and 1.986,
respectively, so the fuel mixture can be fully burned in the cylinder, so the indicate mean effective
pressure(IMEP) values under these two turbocharging systems are similar. Therefore, in the high-speed working
condition, the fuel consumption is small after the valve is opened, and the power and torque are higher.

Tab. 3.1. Calculation results of controllable pulse turbocharging system

2200 rpm 1400 rpm 800 rpm

Closed Open Closed Open Closed Open

Fuel Consumpion | 540,74 | 235,810 | 200395 | 208.434 | 243589 | 246,558

[g/KW-h]

Power [KW] 162.843 | 166.246 | 13539 | 136.014 | 46.4061 | 45.8473
Torque [N-m] 706.833 | 721.605 | 923.486 | 927.743 | 553.932 | 547.262
IMEP [bar] 125441 | 12.7738 | 155455 | 15.6049 | 9.49556 | 9.38781
PMEP [bar] -0.94218 | -0.71695 | -0.11525 | -0.0106 | -0.00117 | -0.04685

Pressure after
compressor [bar]

Air-fuel ratio 28.2581 | 28.4019 | 25.1662 | 24.7214 | 21.0848 | 20.5411
Excess air ratio 1.976 1.986 1.76 1.73 1.474 1.436

2.17515 | 2.19927 | 2.07869 | 2.06053 | 1.18953 | 1.16405
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When the speed is 800 rpm, the controlled valve is closed, the fuel consumption is small, and the power and
torque are larger. Although the PMEP value becomes larger after the valve is closed, the IMEP becomes larger,
resulting in a reduction in fuel consumption. In low-speed conditions, the valve is closed and the turbocharging
system is pulse turbocharging, which can make full use of the pulse energy, so that the engine intake pressure
and intake air flow are both larger, and the power and torque values will be correspondingly larger. The excess
air coefficients in the cylinder after the valve is closed and opened are 1.474 and 1.436, respectively. At this time,
the larger the excess air coefficient in the cylinder, the more compete the combustion of the mixture is, and the
larger the IMEP in the cylinder is. Therefore, the fuel consumption is smaller when the excess air ratio in the
cylinder is larger.When the engine is working at low speed condition, closing the controlled valve will make the
fuel consumption smaller, make power and torque greater.

When the speed is 1400 rpm, the performance indicators of the engine are not showing many differences no
matter the controlled valve is open or closed; the values of power, torque and fuel consumption are very close.
This means that when pulse turbocharging systemandsemi-constant turbocharging systemare used alone, there
will be an intermediate speed which makes the performance of the engine similar no matter which turbocharging
system is used, and the pulse turbocharging system is better when the rotational speed is lower than the
intermediate rotational speed; meanwhile, when the rotational speed is greater than the intermediate rotational
speed, semi-constant pressure turbocharging is superior. Therefore, in this study, 1400 rpm can be the speed for
switching the turbocharging systems by opening or closing the controlled valve.

5. Conclusions

For the D6114 diesel engine, a platformwith the controllable pulse turbocharging system was built, and the
simulation model was established and verified by experiment data. Through simulation calculations and
experimental studies, the following conclusions are obtained:

1) The exhaust pressures of the pulse turbocharging system and the semi-constant pressure turbocharging
system increase with the increase of the rotational speed; the fluctuation of the exhaust pressure wave is
enhanced with the increase of the rotational speed; the fluctuation intensity of the semi-constant
pressureturbocharging system is less than the pulse turbocharging system’s, the pulse turbocharging can
provide more pulse energy, and the semi-constant pressure turbocharging can ensure the stability.

2) As the rotational speed increases, the exhaust pressures before the turbine of the pulse turbocharging
system and the semi-constant pressure turbocharging system increase, and the available energy for the
turbine increases. At low speeds, the pulse energy utilizationof the pulse turbocharging system is high;
at high speeds, the semi-constant pressure system has higher turbine efficiency and higher overall
energy utilization.

3) At high speeds, after the controlled valve is open, fuel consumption is reduced, power and torque are
greatly increased; at low speeds, when the controlled valve is closed, fuel consumption is reduced,
power and torque are increased; there is no big influence on the engine’s performance when the
controlled valve is openor closed at the speed of 1400 rpm. Therefore,it can be used as a control
boundary for switching the turbocharging system.
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Abstract

Microbial fuel cell is emerging and innovative technology for simultaneous energy production and wastewater
treatment. This paper will give an overview about problems related to adopt this technology, comparison with
other conventional wastewater treatment processes. Practical implementation and adoption of Microbial fuel cell
is challenging for different processes. However, it is more efficient than energy negative aerobic treatment.
Various key factors that has effect on process efficiencies are discusses in this review. Challenges facing by this
technology are high cost of electrodes, high capital investment, low return rate and low power density.
Meanwhile, its positive impacts are environmental friendly with no carbon footprint, no energy intensive and
possibility to integrate with other treatment technologies.

Keywords: Wastewater, Microbial Fuel Cell, Bioelectricity, Energy Saving, Aerobic Treatment

1. Introduction

Conventional treatments for waste water such ach activated sludge isn’t capable to recover full potential due to
energy intensivist and residuals problems. Anaerobic digesters have significant capability but sometimes it
doesn’t meet the regulatory standards although it can be self-energy sustain process. Waste water treatment
requires a self-efficient sustainable technology for both water and energy saving. In fact, water reuse is quite
implemented in dry regions with waste water treatment but issues are concerned with water quality criteria for
domestic usage. Wastewater is now recommended as a vital resource for water reuse. An emerging technology
microbial fuel cell is under consideration due to its multifunctional ability of waste water treatment and clean
energy production [1]. Problems caused by disposal of waste water directly from industrial, agricultural and
domestic applications, imposes greater environmental problems like algal blooms and eutrophication of fresh
water. Technologies currently adopted for waste water treatment requires high energy input and capital costs
without revenue generations, Almost 0.5-2 KWh/m? energy is consumed for removing nitrogen and carbon from
waste water. Which on other hand, emits a large fraction of greenhouse gases and volatile compounds in
degrading ecosphere. Furthermore, carbon footprint for these conventional technologies are higher as each KWh
of electricity releases 0.9kg of CO and 155 tons of greenhouse gases emitted with every 1000 tons of treating
wastewater[11]. Addressing energy and environmental challenges in far remote areas, microbial fuel cell acts as
promising technology for bio hydrogen production, direct electricity generation, bio remediation and waste water
treatment. Special advantages for adopting microbial fuel cell technology are no energy input, independent of
atmospheric constraints even works at low temperature, direct electricity production, less sludge with no gas
treatment and can be applicable in remote locations without excessive electrical systems [2-5]. Microbial fuel
cell can be extended into Bio electrochemical cells with a combination of biological catalytic redox activity and
abiotic electrochemical reactions. As compared to other fuel cell (direct methanol fuel and proton exchange
membrane fuel cell), microbial fuel cell can operate at relatively low temperature (14-45C) almost near to
atmospheric conditions, appropriate pH conditions (neutral) [6-7]. Indeed, previous researches about microbial
fuel cell shows great achievements using milliliters volume reactors. Problem lies within scaling of this
technology on commercial level due to non-uniform properties of domestic waste water with low conductivity
and biodegradability. Bioactivity could be reduced by low biodegradability and concentration as organic matter
degraded and catalyzed by microorganisms at electrodes. This could affect greatly the output which causing
hurdles to scale up this technology for municipal waste water treatment [8]. Sustainability of microbial fuel cells
can been for waste water treatment through direct conversion to electricity, reduction of activated sludge as
compared to conventional treatment technologies and insensitivity towards ambient conditions. Energy can be
saved and storages a byproduct which makes this process more self-sustain. Challenge lies in the mechanism of
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electron transfer and bio scale formation and production of bio anodes at macroscale. This innovative technology
for simultaneous waste water treatment and electricity generation show great potential in terms of industrial
context at lab scale. Moreover, the effectivity can be increased by merging this technology with other treatment
processes creates more opportunities and effectiveness of systems [9]. Energy extracted from domestic and waste
water can be classified into chemical and thermal energy. Almost 26% of chemical energy is bounded in the
form of Carbon which can be determined by Chemical Oxygen Demand. Major portion lies with thermal energy
with potential of 74%. Extraction of chemical energy is quite efficient method but extremely difficult for thermal
energy. So, while reducing environmental impacts by extracting this chemical energy, waste water technology
can be converted into energy yielding or self-sufficient processes [10].

2. Features and Performance of Microbial Fuel Cellfor Wastewater Treatment

Conventional aerobic treatment generates a lot of activated sludge by municipal and domestic waste water but
also contains a large amount organics which can be utilized for electricity generation in microbial fuel cell.
Meanwhile, operating cost sludge treatment can reach to more than 50% of waste management investments. As
sludge is valuable and this decrement in treatment cost will impact great potential with emerging technologies.
Animal Manure is suiTab. due to high organic content and strength and can be collected in large volume from
crop faring and livestock. Treating agricultural waste water containing high nitrate and phosphate concentration
through microbial fuel cell technology can avoid odor problems and met with environmental regulations. High
carbohydrate, starch and protein component of food industry waste water act as a good substrate for microbial
fuel cell. Brewery waste water with high COD content act as a suiTab. substrate for microbes which could result
in high electricity production. Milk and dairy processing waste water contains a higher number of biodegradable
organics which can be utilized as an efficient electrolyte for microbial fuel cell technology. Textile and dyes
industrial waste water can also be treated for water discoloration, pollutants removal and electricity production
as previous research has been carried out for activated carbon based microbial fuel cell which results in 70-77%
of color elimination and 71-76% of COD removal with a power density of 1.7W/m? [12-15].

Tab. 1 Comparison of Conventional Anaerobic Digestion with Microbial Fuel Cell [16]

Anaerobic Digester Microbial Fuel Cell

Systematic configuration Anaerobic  Migration, Upflow | Single and dual Chamber,
sludge blanket reactor and internal | Cylinder, tube and stack reactors
circulator reactors

Bio Catalyst Food chain type Axenic/mixed culture

Input High/low concentration COD | Low strength influents containing
biomass glucose etc

Output 1Kg of COD to 1 KWh 1 Kg of COD to 4 KWh

Power Density 400 W/m? 250 W/m3

Cathodic
Reduction

Anodic
Treated Oxidation

sulfur )
Sulfide
o, i
Hydrocarbon
{C6-C40)
€0,

Organics -
Jphencis @

Effluent

Refinery
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Fig. 1. Refinery Waste Water Treatment using Microbial Fuel Cell (adopted from [31])
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Fig. 2. Microbial Fuel Cells coupled with wastewater treatment [17-19]

3. Framework for High Power Generation Using Wastewater

To oxidized organic compounds, bacterial colonies have ability to transfer electrons. However, it is more
problematic to have mixed cultures that have more possibilities to cause disturbances because resistivity of
mixed culture is comparatively higher for substrate consumptions. In some studies, it has been found that pure
culture produce more consistency in power output. However, for some waste water treatment, it has been found
that mixed culture is suiTab. for wide range of substrate. Almost, every bacterial colony doesn’t have any effect
because of temperature sustainability of cell. However, Klebsiella pneumonia special kind of bacteria is more
suiTab. for electron transfer and hence more applicable for microbial fuel cell. Design of microbial fuel cell
technology also impose a significant impact on performance and efficiency of fuel cell. The biological reactions
in which redox mediator takes place are always supported by batch reactor. Problematic situation mostly
happens in flow reaction due to large species/ colonies of bacteria tends to deposits on electrodes and hence
forming biofilms. Affinity and colonial structure of bacteria is also affected by anolyte which has the direct
impact on power generation density and coulombs efficiency. Durability and proper electronic transfer and
bacterial deposition is effected by the proper use of electrodes. Electrodes should have high conductivity and
large surface area and better structure. Other desired properties of electrodes are non-reactive (inert and non-
toxic) to microorganisms, long lasting and economically feasible. Efficiency and performance of microbial fuel
cell technology can be optimized by selecting different materials for electrodes. Usage of internal separator
membrane to separate cathode and electrode have a significant impact on performance as the membrane has its
own resistance which could drastically reduce the efficiency of system. To minimize concentration gradient
across electrodes, low pH is utilized for proton movement towards cathode. However, methanogens can be
suppressed by increasing pH which could significantly increase power generation [21-27].

4. Expenditure Analysis for Microbial Fuel Cell

Numerous MFC waste water treatment system has shown a significant potential for producing 1000mW/m2. A
case study has been done with population of 100,000 producing 16.4 billion liters of wastewater can produce
2.3MW of electricity based on avaergae BOD value (300mg/l). However, if we compare MFC with activated
sludge and other treatment technologies, activated sludge doesn’t have revenue generation system which
anaerobic digestion has greater potential for generating net worth which s comparably very high as compared to
other technologies. While MFC can overcome it’s 50% of capital cost for its life time. Major cost distribution
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for MFC is taken place by electrode material which could affect the economic impact of MFC. When it comes to
economical effectiveness for energy positive/neutral system, MFC cannot stand against them at current stages.
Using advanced schemes, MFC integration with other technology to produce bioethanol, bioelectricity can show
a significant return on investment in 20 years[28-30].

5. Conclusion

Microbial fuel cell is one of the promising technology that generates no sludge, save and produce energy,
innovative in wastewater treatment technologies. Some of its unique features have leading edge over other
technologies. Problems lies with amount of power generation and , biofouling, high membrane cost and very less
return of investment. TO overcome this problem, microbial fuel cell shows vital performance when merged with
other technologies. Performance dependence on mixed organism culture results in better power density as
compare to pure inoculation. Stability and capital investment impose a great challenge for scaling up of this
technology. COD removal efficiency is significantly high that it can achieve 92 % removal. Further research has
to be done to make this technology more cost effective by improving design and change of electrodes
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Abstract

The article presents numerical analysis of current-voltage characteristics of a single Solid Oxide Fuel Cell
depended on microstructure's features of electrodes. The issue of SOFC and the role of its microstructure
wasintroduced.A  description of mathematical model and its main assumption were included.
Presented model was validated using an experimental data for ensuring its correct performance. Subsequently the
results were presented and discussed. Taking into consideration that SOFC performance strongly depends on its
microstructure,  obtained  results can be a  precious information  when  considering
an optimal SOFC working conditions.

Keywords: Solid Oxide Fuel Cell, Mathematical modeling, Microstructure

1. Introduction

Solid Oxide Fuel Cells are expected to play an important role in ongoing energy utilization, their work
parameters enables to cooperate either with a renewables or conventional power stations supplied with carbon
(IGFC). Although as each emerging technology requires to fulfil energy industry expectation. Therefore this
paper covers the topic of enhancing SOFC performance by manipulation of its microstructure parameters. This
research

is based on“Parametric study approach”- is a method used in mathematical modeling that helps us artificially
examine the relationship between input and output data. More precisely, in the mathematical model of a given
phenomenon, we check how the change of only one input parameter will affect the output results.
Thanks to this method, we are able to identify in which direction and to what extent particular parameters affect
our model, so we can more effectively determine which parameters have a significant impact on the given
phenomenon to check it experimentally, rationalizing the costs of our project.One can hardly find suchstudies.
Similar researches were presented in [1].

2. SOFC and its microstructure

High temperature solid oxide fuel cells are one of the most efficient devices directly converting chemical energy
into electricity, they work in the high temperature ranges, around 600-1000 °C. Due to the operating temperature,
it is possible to use internal reforming and use of various fuels (hydrogen, carbon monoxide, methane and other
hydrocarbons) to supply the cell. There is no need to use expensive catalysts, while maintaining sufficiently high
rates of electrode reactions, what is a huge advantage. The idea of this type of links was proposed by Nerst at the
end of the 19th century. [2]

2.1. The characteristics of SOFC electrodes microstructure

The main characteristic of SOFC is a solid electrolyte, composed ofY ,03 stabilized ZrO, called (YSZ), which at
a temperature range of 600-1000 °C is an ion conductor (here: O% ) and is impenetrable for electrons.
The characteristics that this material should have in order to be a good electrolyte are: a high density for
preventing the penetration of gases between the electrodes and high stability in oxidation and reduction
environment. It is also important that the material has a strong chemical durability in the high oxygen partial
pressure and good mechanical properties allowing it to work within the range of 600-1000 °C. [3]

The anode material is responsible for fuel oxidation which reacts withoxygen ions flowing from the cathode
through electrolyte. Features that this material should perform are; high conductivity for ions and ions, chemical
stability in reducing atmosphere and catalytic activity for hydrogen oxidation reaction. A well-functioning anode
provides a constant supply of reactants to catalytically active sites (TPB) while efficiently draining the products
of this reaction (eg water vapor). The most popular anodic material used for SOFC is a nickel-zirconium cermet
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(Ni + YSZ) with a porous structure allowing gas to flow. The role of the ion conductor is played by YSZ,
and the electron conductor is nickel. [3]

In the Cathode material an electrochemical oxygen reduction is performed. Oxygen ions O% formed during the
reduction are incorporated into the electrolyte via oxygen vacancies. The challenges the cathode fulfill are
catalytic activity for oxygen reduction, high ionic and electronic conductivity, physical and chemical stability,
and compatibility with other components. Materials that meets these criteria are generally complex oxides with
a perovskite structure of the formula LaMO3 Symbol “M” in this case is an atom or mixture of transition metal
atoms such as Cu, Ni, Fe, Co, Mn. To increase the ionic and electron conductivity, these metals are partially
replaced with lanthanum ions with acceptor additions such as Sr and Ca. One of the most commonly used
cathode materials are LSM (Lanthanum strontium manganite): LaixSrxMnOs.s0r LSCF (Lanthanum strontium
cobalt ferrite): Lag gSrg,Cog gFeq,05. [3]

All of these materials should be chemically and physically compatible with each other. Working at such a high
temperature is associated with the occurrence of high mechanical stresses in the materials and their connections.
It is important to adjust the coefficients of thermal expansion, due to the fact that a high tightness is required
from the cell in order to prevent the penetration of gases between the materials. In addition, these materials
cannot create intermediate phases that interfere the cell's operation.[3]

2.2.Solid Oxide Fuel Cell operation

[: 5
&=
e e
[ |
H O electrolyte 5 )y
- O — -
mo| o+ T | e
fuel ()“
02 - oxidizer
0? o
_H2 02 - .
—— N 0%
H, (),
[ |
anode caothode

Fig. 2.1 The scheme of Solid Oxide Fuel Cell operation [4].

Fuel (here: hydrogen) is supplied to the anode where it is oxidized by oxygen ions that are able to penetrate the
cathode electrolyte according to the following reaction:

Hy(g)+0% =H,0 ) +2€

Cathode is supplied by air which contains oxygen. Free electrons flowing through the outer circuit from the
anode reduce the molecular oxygen at the cathode to the oxygen ions according to the cathode reaction:

Oz(g)+26-=02-

The reaction product (here: water vapor) is produced on the anode. Hydrogen oxidation and oxygen reduction
reactions take place in a region called TPB (Triple Phase Boundary), this is the zone where the electrode,
electrolyte and gas phase are in contact.

Total reaction:

1
H2+§02:H20
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2.3. Triple Phase Boundary Region
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Fig. 2.2 Chemical and physical processes taking place on electrodes in TPB region.[5]

The TPB surface (Fig. 2.2) is the region occupying a small portion of the electrode, however, the reactions
occurring in this area are much more complicated than those listed above. Generally, the mechanisms that
influence transport in the gas phase within the cell are convection and gas diffusion in the channels of porous
electrodes, molecular diffusion, adsorption and desorption of gaseous components, dissociation, surface and
mass diffusion, surface reactions and charge transfer. [6]

Parameters of microstructures affecting the processes occurring in the TPB area are:
o length of the TPB area - the size describing the amount of the active surface of the electrode,
e tortuosity (1) - it is a parameter describing the complexity of the structure in the electrodes,

e porosity ( &) - the share of free spaces in the volume of electrodes which are the flow channels for
reagents,

e the contribution of individual materials forming the electrode in its total volume.
3. Mathematical model

In order to examine the influence of selected microstructure parameters on current-voltage characteristics of the
cell, a one-dimensional version of the numerical model described in the article [7] was used. It is an isothermal
model of a single SOFC, implemented in MATLAB. This code calculates the volumetric current density, ionic
and electron potential of the conductive phase, all three parameters were measured along the cell. Model takes
into account to the composition of substrates given to the electrodes, cell operating temperature, and the
microstructure parametees of electrode materials and electrolyte. These are among others:

e volume fraction of individual substances in electrode materials ( ¢),
¢ length of TPB region inside the electrode (active surface on electrode),

e tortuosity ( z )the degree of microstructure complexity , defined as [8]:

Legs

Lo

Where,

Less - mean length of the curve (m),
Lo-distance between the ends of the curve (m).
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The code calculates current density according to given voltage difference. Thanks to this method, determining a
few points between the set voltages, current-voltage characteristic of the entire cell are obtained.

a) lons and electrons transports

The essence of fuel cells operation is the cooperation between two conductors, ionic and electric. Therefore,
there must be an exchange current i,,,;,, which is passed between the two conducting phases in the area Triple

Phase Boundary for an anode or Double Phase Boundary that only consists of a porous LSCF. Transport
equations look like this:

lons transport, respectively for the anode, electrolyte and cathode:

2
effa ¢i0n _ .ot

ion dx2 — tano
2
eff d ¢ion =0
fon 5,2
2
effa ¢i0n _ __:ct
ion dx2 - ano

Electrons transport, respectively for the anode and cathode:

2
effa Pel _ _ct
Oel dx2 = —lano
eff *Pel _ ct
el 52 = lcat

Where,
¢ion — i0Nic potential in ionic conductor (V ),

¢ - electric potential in electron conductor (V ),

. . . A
icqt jano — VOlumetric current density (F)’

eff

o,n — effective ionic conductivity, i - component of electrode (%),

eff

0i—¢)- effective electric conductivity, i - component of electrode (% ),

Effective ionic and electric conductivities for electrode materials (YSZ, LSCF, Ni) are calculated using the
equations:

For anode it is: o'

eff _ @ g bulk
i el
TNi

eff _VYSZ bulk
Ovysz—= Ol
Tysz

Where conductivity of a pure material is calculated from:

oI = 3.4 x 104 — exp (— 222

T
Pk =327 x 10° — 1065.3T
For calculating the conductivity for LSCF the model proposed by Matsuzakiet al. were used [9].
b) Diffusion of gas species

Gas diffusion was modeled using Fick's equation:
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For hydrogen:
Dﬁfzfazpﬂz_ igho
RT 0x? 2F
For nitrogen,
DEf 92py,
RT dx?
For water vapour,
Dityo 92Puyo _ igho

RT 0dx?2  2F

Assuming that cathode is supplied by air which is an oxidizer, there is a diffusion of oxygen and nitrogen.

Diffusion on the cathode:

For oxygen:
D§y 9°Po, _ ik
RT 0x? 4F
For nitrogen:
ff 2
Dy, 0°Py, _
RT dx?

Where,

F - Faraday's constant (%),

R - gas constant /
mol K

T - temperature (K),

P; — partial pressure of j-compound (Pa),

2
D]-eff— effective diffusion coefficient offj —compound (mT) depending on microstructure according to

equation:

D?ff pore Daulk
]
Tpore

For the equation above, volumetric diffusion coefficient was calculated using Fuller’s method [10].

c) Electrochemical reactions

Volumetric current density for the hydrogen oxidation is obtained from Bulter-Volmer equation, it is calculated

in every grid point throughout the cell. Respectively for anode and cathode it is:

—F
. .tpb b
S0 = 175,195 (exp (Snass) — exp (~ o))
1.2F —
. dpb ,dpb
lccat lolzatAcgt (exp (W’Igﬁg) — eXp (‘ ﬁniﬁ%))
Where,

l;f,l; -dlugo$¢ obszaru TriplePhaseBoundary W anodzie( % ),

dpb
cat

2
- powierzchnia obszaru DoublePhaseBoundary w katodzie ( )

l(t]p:;m exchange current density on the anode derived by de Boer'a(%),[ll].
18300
b -
l(t)pano =314 PH?'Og ' pIE)I;O  €Xp (_ T )
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ig‘}g‘;t - exchange current density on the cathode derived by de Esquirol et al. (ﬁ) [12].
.dpb 85859
igeat = 1.47 - 10° - P37 - exp (— - )

nact nact _ activation overpotentials for anode and cathode (V) defined as:

act — conc
Nano = ¢el - ¢ion — Nano

act _ _ __ ,,conc
Ncat = Pion ¢el Ncat

Concentration overpotential ( n°™¢ ) were calculated according to:

conc _— E nplg;llk PHZO
Nano 2F PH P]E)[;%k

2

bulk
LN
TN

Current density is obtained by integrating volumetric current density (it ) throughout the electrodes, according

to:
1
f itdx
Lcell

The values of i ,;;combined with respective voltage drops were used to build current-voltage characteristics of
SOFC.

lcel =

4. Numerical method

The discretization method used for that problem was Control Volume Method presented in [13]. The obtained
system of algebraic equations were solved using Gauss-Seidel method.

5. Results

The model has been verified by experiment conducted in the fuel cell laboratory at the Department of
Fundamental Research in Energy Engineering in AGH UST. The measurements were carried out for a
temperature of 700 °C and 750 °C with fuel composed from 60 % of H2 and 40 % of N2, and an oxidant
mixture composed of 21 % of O2 and 79 % of N2. Moreover we can clearly see a strong dependence between
the SOFC performance and operating temperature. The higher temperature we have the more efficient our cell is.
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Fig. 5.1 Comparison of model output with experiment
5.1.Changes in anode microstructure parameters

Because of the TPB region where fuel oxidation takes place, the structure of the anode is essential for SOFC
efficiency. This relation can be seen at the figure below. One can observe that with an increase of TPB length
inside the anode current density rises significantly. The shape of the current-voltage characteristic for the
highest density of TPB (black line) is also important, it is a straight line, which indicates a much smaller
activation polarization.
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Fig.5.2 Current voltage characteristic depending on TPB length.

In subsequent investigated cases, the influence of the amount of YSZ in the anode material at nickel cost was
calculated (Fig. 5.3) and at a porosity cost (Fig. 5.4 ) and the impact of YSZ tortuosity (Fig. 5.5 )
and nickel (Fig. 5.6 ) for a cell performance. Presented plots indicate a strong tendency for the cell's efficiency to
increase when the volume fraction of YSZ is increased which, being an ion conductor, has a significant impact
on the cell's operation. Because of the fact that ionic conductance is the main factor for diminishing the SOFC
performance. Analyzing the graph (Fig. 5.4 ), we can see that in the last case (for anode composition( 8 % pores,
64 % YSZ, 28 % nickel), the increase in current density is small in comparison to the previous composition, this
is due to decrease in the share of pores in the cell structure, making the flow of reagents difficult, what may rise
the concentration polarization. In the reality the performance in that case could be even lower, because of the
lack in pore phase continuity. Therefore, slightly better results are presented in the graph (Fig. 5.3 ) where the
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share of YSZ is increased at the cost of nickel participation.The nickel content should be adjust to the lowest
possible level in which the continuity of the phase will be preserved.
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Fig. 5.3 Current voltage characteristic depending on anode composition I.
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Fig. 5.4 Current voltage characteristic depending on anode composition II.

At the plots ( Fig. 5.5 ) and ( Fig. 5.6 ) it is easy to notice that the nickel tortuosity in the microstructure does
not affect the obtained current density, as opposed to the YSZ tortuosity which plays a very important role in cell
performance. The smaller the YSZ volume fraction, the better the performance of the cell is. For the theoretical
tortuosity, equal to 1, the link is more efficient about 40% than in the case of tortuosity factor equal to 2.28
assumed as reference. Although, as it was mentioned at the beginning of the chapter, low tortuosity factor is not
possible in the real cell microstructure, because it limits the complexity of the cell, thereby TPB length which is
undesirable.
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Fig. 5.5 Current voltage characteristic depending on YSZ tortuosity factor.
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Fig. 5.6 Current voltage characteristic depending on Ni tortuosity factor.
5.2.Changes in cathode microstructure parameters

The microstructure of the cathode material has also a significant effect on the performance of the SOFC. In this
model, for cathode material LSCF is used. This type of material belongs to group called MIEC (Mixed lon and
Electron Conductor). Thereby the most important region here, is called Double Phase Boundary in which the
electrons transported by the outer circuit reduce oxygen, from where oxygen ions are directed towards the anode.
As shown in (Fig. 5.7) the increase in the surface area of the DPB rise the density of the current produced
by the cell, although not in such a significant way as the increase of TPB length.
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Fig. 5.7 Current voltage characteristic depending on DPB surface area.

The next examined parameters were the porosity of the cathode material and the tortuosity of the LSCF.
As shown in Fig. 5.8for a higher volume of LSCF fraction, the cell achieves more effective operating
performance. In Fig. 5.9it can be observed that the decrease in LSCF tortuosity increases the density
of the current produced by the fuel cell, what, as in the case of YSZ tortuosity factor, is the resultof the relation
for the effective diffusion coefficient in the material.

1.2 T T T \ \
r Cathode composition |
115 —30% LSCF, 70% Pore|[]
r ~—45% LSCF, 55% Pore | ]
11K ~—59% LSCF, 41% Pore [
r . ——70% LSCF, 30% Pore |7
1.05 —80% LSCF, 20% Pore [

potential [V]
o
&
T

=) b
w
LN L

0.85F

0.75[

L B T S Sl W IS WP I W W B W W W N S P
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

current density [A/cm 21

Fig. 5.8 Current voltage characteristic depending on LSCF volume fraction.
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Fig. 5.9 Current voltage characteristic depending on LSCF tortuosity factor.
6. Conclusions

Analyzing the current-voltage characteristics of the SOFC cells presented in the previous chapter, made for 9
different microstructure parameters as well as operating temperature, itcan be seen a close interaction between
some parameters and cell efficiency. The presented validation of the model shows that it can be a reliable source
of information, because the current-voltage characteristics obtained from the simulation of the model and data
from experiments carried out in a laboratory are very similar and show common features.

From the analysis made for different operating temperatures, we can see that this is the most-important
parameter in the context of SOFC fuel cell performance. An increase in the working temperature of the cell by
100 °C increases the current density by about two times. Unfortunately, this way of growing the SOFC efficiency
is problematic due to the fact that high mechanical stresses occur inside the cell when operating at high
temperatures. This fact results in the problem of adjusting the thermal expansion coefficients for the materials
from which the cell is made and the interconnectors used in the fuel cells system.

Based on the results obtained by changing the parameters of the microstructure, we can notice some important
regularities affecting the density of the energy produced by the cell. Both for the anode and the cathode, the
increase in the density of the TPB regions(DPB in the case of the cathode). TPB length is the factor that the most
effectively improves the cell's performance, which is simply caused by the upswing of reaction rate inside the
electrodes. Other important parameters which have a positive effect on the density of produced current in the cell
are the volumetric fractions of ionic conductors within the electrodes (YSZ for the anode and LSCF for the
cathode, which is also an electron conductor), which can be explained by the fact that the process of ion transport
inside the cell is the slowest process and the source of concentration losses. In addition, the decrease in the
tortuosity of the YSZ and LSCF volume fractions also significantly improves the efficiency of the
cell.Unfortunately this parameter should not be decreased because of the fact that, the lower tortuosity we have
the less complex our microstructure is. Because of that we observe a significant drop in area of active surface
(TPB and DPB) in electrodes. In the case of the anode for the volume fraction of nickel fraction and its
tortuosity, no significant change in the appearance of the current-voltage characteristic was observed.

In conclusion, the results presented in the above study clearly show that the features and parameters of the SOFC
fuel cell microstructure have a very significant impact on the efficiency achieved by this device and should serve
as a guide in designing and manufacturing components for SOFC cells.
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Abstract

This article contains basic facts about lithium-ion all-solid-state batteries and presentation of the research results.
The aim of this research was to prepare electrolyte-cathode interfaces by impregnation of asymmetrically porous
electrolyte pellet with liquid cathode precursor, which was subsequently calcinated and construction of Li-ion
cells with the use of fabricated junctions. Later, electrochemical performance of the cells was measured. Material
used as electrolyte was perowskite Lays-xLisxTiO3, cathode — spinel LiNigssCuoosMn1504 and anode — metallic
lithium. Electrochemical impedance spectroscopy and cyclic woltammetry methods were used to measure cells
performance. In order to compare the cells with each other, parameters of equivalent circuit were fitted to
impedance spectra, which allowed to choose the best performing cell. This work also shows how purity of
produced materials, particular construction steps and hermetic storage of electrochemical cells can affect their
performance and utilization.

Keywords: energy storage, lithium-ion cells, all-solid-state batteries

1. Introduction

In the light of ever growing demand for energy, depletion of fossil fuel reservesand pressure on utilization of
renewable energy sources, one of the main challenges scientists face today findingnew, reliable and efficient
ways to store energy. Over the recent years there has been significant progress in development of
electrochemical energy storage systems such as Li-ion batteries or supercapacitors which are widely used in
porTab. electronic devices, electric vehicles, grid energy storage and many other. Requirements addressed to
new technologies are safety of use, reliability of performance, low production cost and harmless influence on
natural environment [1,2]. Today the state-of-the-art LIBs offer volumetric and gravimetric energy densities up
to 770 Wh It and 260 Wh kg™, respectively. For comparison, energy accumulated in water at 100 m dam height
is equal to 0.278 Wh I'* and 0.278 Wh kg, in wood 5000 Wh kg™ and in biodiesel 11 722.2 Wh It and 9 166.7
Wh kg [3]. Although conventional Li-lon batteries (LIBs) have proven their performance, the technology is
well known and production cost is reasonable it is predicted that there is little room for improvement since their
energy density will soon reach its electrochemical limit. In addition, the vast majority of conventional LIBs use
organic liquid electrolytes which cause a risk of self-ignition or explosion if used improperly. A good example
that proves the safety concerns are real is the widely known issue with Samsung Galaxy Note 7 which batteries
occasionally exploded even though smartphones were used properly. Many scientists believe that the answer to
the above problems could be replacement of combustible liquid electrolyte with inflammable solid one.
Application of such electrolyte would not only bring significant benefits in terms of safety but also would enable
the use of lithium metal electrode increasing energy and power density of the battery and simultaneously
decreasing its size. Another positive features of solid state electrolyte are improvement of electrochemical,
mechanical and thermal stability, lack of dangerous leakage and increased lifespan [4]. Since the task of
electrolyte in battery is to transport positive metal ions between electrodes with concurrent flow of electrons
through external circuit, the sought electrolyte material must poses high ionic conductivity, infinitesimal electron
conductivity and be chemically compatiblewith electrodes [5].

History of solid ion conductors begins in the fifties years of the XX century when Li* conduction was discovered
in solid lithium nitride LisN. Over the next years other compounds of different structures and better conduction
properties were unveiled. Few examples are perovskite oxides LiiplLai,TiOs (LLTO), NaSICON oxides
Lit+xAlxTiox(PO4)s or garnet type LivLaszZrsOs. In 2016 it was discovered that Li* conductivity of
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Lios4Si174P144S11.7Clos can reach 25 mS cm* which confirmed the former assumptions that solid electrolytes
will outbalance ionic conductivity of their liquid counterparts [6]. In recent years perovskite oxide LLTO has
gained huge interest due to its ionic conductivity at the level of 1 mS cm™ in room temperature. Because of that
it is considered as one of key electrolyte materials for development of Li-ion all-solid-state batteries [7].

The aim of the research presentedin this article was the synthesis of electrolyte-cathode interfaces via
impregnation of asymmetrically porous solid electrolyte with liquid cathode precursor, its calcination and
construction of lithium ion cells based on the synthesised interface and lastly measurements of cells
electrochemical performance. The subject of observation was how the method of the electrolyte-cathode
interface synthesis influenced performance parameters of cells. The applied electrolyte was hybrid system:
perovskite oxide LaysxLisTiO3 (LLTO) for x = 0.11 from cathode side and liquid solution of LiPF¢ in organic
aprotic solvent. Material used as cathode was lithium manganese spinel with an admixture of nickel and copper
LiNio4sCuoosMn1504, and lithium metal as anode material. The applied electrochemical measurements were
open circuit voltage (OCV), electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV).

2. Research methodology

The research covered the synthesis of electrolyte material Lays.xLisxTiO3z, formation of asymmetrically porous
electrolyte sinter, synthesis of liquid cathode precursor LiNig4sCuoosMn1s504 via sol-gel process, formation of
electrolyte-cathode interface and cell construction. At the final stage electrochemical measurements of cells were
carried out to determine their performance. The measurement methods applied to the cells were electrochemical
impedance spectroscopy (EIS) were cyclic voltammetry (CV). Open circuit voltage (OCV) measurement were
done before each EIS. Upon synthesis of electrolyte and cathode material their samples were analyzed in terms
of their phase composition to estimate the content of unwanted compounds using X-ray diffraction method. The
applied test procedure of the electrochemical properties of cells is shown in the diagram below.
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Fig. 2.1. Procedure of electrochemical properties of cells measurements.

All cells have undergone an identical measuring cycle with the same settings of the measuring devices. OCV and
EIS measurements were made using the Solartron Analytical 1252A frequency response analyzer. The settings
for OCV are: 2 minutes and frequency 2 points per second, while for EIS it is the frequency range of 0.3 MHz -
1mHz, with an amplitude of 0.1 V over the voltage obtained when measuring OCV. The next step was to
perform two CV cycles for the voltage range 3.5 - 4.9 V with a scanning speed of 0.1 mV s using the MULTI
AUTOLAB M204 (MetrohmAutolab) device. Finally, the OCV and EIS tests were repeated for the same settings
as before. The results of EIS measurements were developed using the ZView2 program issued by Scribner
Associates Inc. This program is used to model equivalent circuits to describe the impedance of the materials
tested. During the analysis of the obtained impedance spectra, anequivalent circuit was used, which was taken
from the scientific work devoted to the analysis of impedance spectra of Li-ion cells with liquid electrolyte [8].
On the basis of the electrochemical nature of the individual processes taking place inside the cell during the
charge transfer, in the literature it was found that using such a system of elements (Fig. 2.2.), a Li-ion cell can
bereliably modeled.

Rs CPEf Cdl
Rf Rct We
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Fig. 2.2. The equivalentcircuit adopted to analyse results of EIS. Rs — internal cell resistance, Rf and CPEf —
resistance and capacity of passivation layer (SEI), Rct — cathode charge transfer resistance, Cdl — capacity of
double layer, Wc- Warburg element [8].
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3. Materials synthesis and construction of all-solid-state cells

This chapter is devoted to a detailed description of the procedure for the production of electrolyte material -
Lags«xLisxTiO3 perovskite for x = 0.11 cathodic - lithium manganese spinel with an admixture of nickel and
copper LiNig4s5CuoosMn1504 (LMNO) and their use in the construction of all-solid-state cells.

3.1.Synthesis of electrolyte material

The electrolyte material used in this work is a compound of the Lazs«LisxTiO3 perovskite structure (LLTO)
obtained as a result of high-temperature synthesis. The summary synthesis reaction is described by the following
equation:

3x ;. , %—x , , 3x
7L12C03 + TlOz + T La203 g Lag_xLl3leO3 + 7C02
3

for x = 0.11.

For the synthesis of 20 g of the electrolyte material the following amounts of reagents were used: 1.40376 g
Li»CO3 (99% POCH); 9.10364 g TiO2 (99.6% Alfa Aesar);10.33588 g La,Oz (>99.9% ALDRICH). Due to
hygroscopicity of La;QOs3, it was preheated for 12 hours at 1000 °C in argon atmosphere, heating speed was 5 °C
/ min. Reactants with 20 ml propanol addition were being grounded in the SpexSamplePrep 8000M rotary-
vibrating mill for 20 min. The product was then dried in a HERAEUS Vacuum Oven (Thermo Scientific) oven at
70 ° C, 30 mbar until complete propanol evaporation. The pellets were formed (20 mm diameter, pressure of
39,2 kN) using a Specac 15t single-axle hydraulic press. The material prepared in this way was calcined at 1000
°C. The pellets were placed in a ceramic boat and put into the oven. The heating took place in a synthetic air
atmosphere ata rate of 5 °C / min for 3 hours 20 minutes to reach the temperature of 1000 °C, which maintained
for another 12 hours, then the furnace was self-cooled. Then the pellets were broken into powder and re-
homogenized in a mill with 20 ml of propanol addition for 20 minutes, dried and pressed. This time pellets of 13
mm diameter were formed with pressure of 19,6 kN. The proper synthesis of electrolyte material (perovskite
LLTO) took place at 1150 °C in synthetic air. Heating rate was at a rate of 5.2 °C / min to 1150 °C (3h
40min),which was maintained for another 12 hours and then self-cooling. The tempered pellets were
homogenized in a mill with 20 ml of propanol and dried in a vacuum oven. In order to check the purity of the
obtained material, it was subjected to X-ray diffraction analysis using an Empyrean powder diffractometer from
PANalytical. Phase composition analysis was performed using the HighScore Plus program by matching the
entries in the ICDD database (International Center of Diffraction Data) to the received diffraction pattern.
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Fig. 3.1.1. X-ray diffractogram with phase analysis developed together with Aleksandra Bombata and Anna
Lasak for Lazs-011Li033TiO3 obtained in high-temperature synthesis.

Obtained peaks are compliant with the data contained in the PDF 01-087-0935, which characterizes the
compound Lazs-011Li033TiO3 with a perovskite structure (space group P4 / mmm).
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3.2.Synthesis of cathodematerial

Cathode materialLiNigs5Cuo0sMn1504 (LMNO) was synthesised via low-temperature sol-gel method, reagents
used for 10 g of final product were as follows: 0.16877 g Cu(NO3)» (99.999% ALDRICH chemistry); 3.56649 g
Ni(NO3)2 (99% ACROS ORGANICS); 3.36157 g LiNO3(>99,0% SIGMA); 10.29077 g Mn(NO3). (100%
POCH). The process of synthesis was conducted in two ways: in synthetic air atmosphere and in argon
atmosphere.

Method (1): Surplus weights were dissolved in a glass platter with a magnetic stir bar in 6 ml of distilled water.
Then 4.5 ml of 25% ammonia solution (POCH) was added to reach pH = 9.The cathode precursor in form of
slurry was dropped onto porous side of electrolyte pellets using Pasteur pipette. The synthesis was carried out in
an oven in a synthetic air atmosphere according to the program: heating to 400 °C for 4h (drying out the LMNO
precursor), heating from 400 °C to 800 °C for 1 h 20 min, maintaining temperature 800 °C for 8h (synthesis of
cathode material), self-cooling.

Method (2): To prevent contact of nitrates with oxygen, a two-necked round-bottom flask was used to prepare
the solution, through which argon was passed. Surplus weights were dissolved in the flaskwith a magnetic stir
bar in 6 ml of distilled water. The water was previously degassed in a vacuum oven. Then 4.5 ml of 25%
ammonia solution (POCH) was added to reach pH = 9. The cathode precursor in form of slurry was dropped
onto porous side of electrolyte pellets using Pasteur pipette. The synthesis was carried out in an oven in argon
atmosphere according to the program: heating to 400 °C for 4h (drying out the LMNO precursor), heating from
400 °C to 800 °C for 1 h 20 min, maintaining temperature 800 °C for 8h (synthesis of cathode material) self-
cooling.

Cathode materials were subjected to X-ray diffraction measurements to estimate their purity. During the phase
composition analysis, the HighScore Plus program identified three compounds consisting mainly of both
diffractograms obtained: desired LMNO (01-080-2162) and two lithium nickel oxides with various
stoichiometry LigsNi10502(01-087-1548) and Lig4Ni1602(01-081-0095). The estimation of their content was
carried out using the semi-quantitative analysis method using the scale factors given by the program and the RIR
(reference intensity ratio) found in the catalog's datasheets. The weight percentageis shown inTab. 3.2.1.

Tab. 3.2.1. Weight percentage of compounds in cathode material.

Weight percentage [%0]

Synthesis Method
LiNiosMn1504 | LioasNizosO2 | LioaNiisO2

Method (1) — synthesis in synthetic air | 47 44 8

Method (2) — synthesis in argon 65 30 5

The analysis shows that the cathode compounds produced in both ways are contaminated. It is evident, however,
that the limitation of oxygen access during the preparation process resulted in a higher proportion of the desired
cathodic compound LiNios5Mn1504and a smaller proportion of impurities.

3.3.Construction of cells
Preparation of the electrolyte in the form of one-sided porous pellets

In order to improve the efficiency of the cells, the interface engineering method was used to create an artificial
porosity in the outer layer of the electrolyte which was impregnated with the liquid cathode precursor. The first
attempts to make one-sided porous pellets constituting the electrolyte layer began with the preparation of
samples: 0.1 g of pure LLTO electrolyte phase and 0.3 g of a mixture of pure LLTO and starch in a volume ratio
(LLTO): (starch) — 1: 1. The starch used in this step was the SIGMA-ALDRICH rice starch, the LLTO-starch
mixture was prepared by weighing the reagents in the appropriate ratios and then homogenizing them in a mortar
for about 15 minutes. The next step was to create pellets by properly compressing the prepared samples. For this
purpose, 0.1 g of pure LLTO phase was placed on the basis of a punch of a hydraulic press with a diameter of 13
mm and spread evenly over its entire surface. Then this layer was pressed under pressure of 14.7 kN for 30
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seconds and then a prepared mixture of 0.3 g LLTO-starch was added to the top of the pressed LLTO layer and
the whole was pressed under a pressure of 19.6 kN for 30 seconds. The obtained pellets were placed in a ceramic
boat with a layer of pure LLTO facing down and sintered at 1200 °C according to the program: heating the
furnace to 1200 °C for 4 h - heating rate 5 °C / minute, maintaining 1200 °C for 12 h, and then automatic
cooling. Heating and sintering took place in the atmosphere of argon, while during self-cooling the flowing gas
was changed to synthetic air to burn out the starch and create the desired pores. Due to the cracking and
deformation of the pure LLTO side of obtained pellets some of them were rejected and only three were taken to
further work (cells were numbered 1; 2; 3).

Preparation of electrolyte-cathode interface

Asymmetrically porous electrolyte pellets were impregnated with cathode precursor by placing droplets on the
porous side of the pellets using Pasteur pipette.Three droplets of cathode precursor obtained in method (1) were
put on the cell no. 1 and only two droplets obtained in method (2) for cells no. 2 and 3. Then they were placed in
a vacuum dryer to pre-remove the water. The process was as follows: a negative pressure was created at room
temperature, sucking air from the dryer chamber, thereby drawing air from the pores of the pellets and allowing
them to be filled with cathodic material, reaching a vacuum of 100 mbar the pump was turned off and the valve
opened to refill the chamber with air, then negative pressure of 20 mbar was created and pellets were dried under
such conditions for 1 minute. Subsequently pellets were put into the FRIOCELL FC 55 dryer of BMT Medical
Technology and dried for 1 hour at 90 °C under atmospheric pressure. The next step was the synthesis of the
cathode material in the furnace in a synthetic air atmosphere for cell no. 1 and in argon for cells no. 2 and 3
according to the program: heating to 400 °C for 4h (drying out the LMNO precursor), heating from 400 °C to
800 °C for 1 h 20 min, maintaining temperature 800 °C for 8h (synthesis of cathode material), automatic
cooling.In order to enhance cathode-current collector contact in cells no. 2 and 3the cathode side was coated with
100 nm Au layer in a Quorum Q150R S atomizer.

Construction of complete cells

The construction of the cells consisted in the application of a metallic lithium anode on the dense LLTO side of
the pellets and placing them in the Swagelok casing. In order to prevent perovskite reduction when in contact
with metallic lithium, a separator was used - glass fiber impregnated with liquid LiPF6 dissolved in EC / DEC.
The whole construction process took place in a sealed argon chamber.

4. Findings

The aim of this work is to analyze the efficiency of charge transfer in the produced electrolyte-cathode interface.
The object of observation is the change of the resistance of the cells depending on the preparation of the cathode
material and its method of impregnation on a porous electrolyte pellet. Based on the literature, a
suiTab.equivalent circuit was selected and fitted to the obtained impedance spectra by determining the values of
the characteristic parameters of its elements. This allowed for the projection and identification of resistances
associated with individual processes taking place in different layers of the cell. Current responses of the cells to
the applied voltage during the CV measurement were also observed.

4.1. Results of the electrochemical measurements of the cells

The adjustment of the equivalent circuitparameters to the measured impedance spectrum consisted in appropriate
selection of the values of individual elements. The result of such a match was a graph which coincides with the
measured spectrum as it can be seen in Fig. (4.1.1.). The obtained adjustment parameters are summarized in Tab.
411 and Tab.4.1.2..

Tab. 4.1.1. Voltage of cells obtained during first OCV measurement.

Measured voltage [V]

Cellno. 1 2.97

Cell no. 2 1.34

Cell no. 3 1.67
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The literature states that the potential value between the LMNO cathode and the metallic lithium reaches up to
4.7 [V] for the open circuit [9-11]. The obtained values are therefore 2-3 times lower than expected. The
probable cause of such a low voltage may be contamination of the cathode or anode material, or to a lesser
extent, insufficient contact of the cathode and anode with current collectors. Cell no. 1 has a much higher voltage
compared to the others. The result of the first EIS measurement are the impedance spectra listed in Fig. 4.1.2.
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Fig. 4.1.1. An example of matching the equivalent circuit parameters to the measured impedance spectra of cell 1
at the second EIS measurement.

In the high frequency range - near the origin of the coordinate system in Fig. 4.1.2., the shapes of the impedance
spectra of cells 1 and 3 are more similar to the spectra typical for lithium cells with liquid electrolyte. Semi-
circle impedance responses are in the frequency range 50 kHz - 1 Hz. In particular, two characteristic
overlapping half-circles can be seen in the spectrum of cell no. 3. The first one, occurring in the higher frequency
range, reflects the resistance and capacity of the SEI (solid electrolyte interphase) layer, while the second one -
the charge transfer and double layer capacity. Cell no. 2 has one very distinct semicircle corresponding to anode
processes and virtually imperceptible semicircle associated with cathodic processes. Only in cell no. 1 it is
possible to notice the “tail” deviated almost by 40 ° in relation to the X axis (theoretical value is 45°) resulting
from mass transport in the cell, which describes the substitute element of Warburg. At lower frequencies,
measurement errors starts to appear from approx. 10-2 Hz.
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Fig. 4.1.2. Nyquist plot for first EIS measurement for cells no. 1;2;3.

T T
10? 10°

T
10°

T T
103 107 10" 100 10° 10° 108
Frequency [Hz]
-100
Cell no. 1
-80 - Cell no. 2
Cellno. 3
-60 4
O
o 40
=
-20 4
04
20 -
T T 1 L T 1 1 T
102 102 107 10° 10 10? 10° 10 10% 108

Frequency [Hz]

Fig. 4.1.3. Impedance module as a function of frequency (upper graph) and theta angle as a function of
frequency (lower graph) — Bode plots for first EIS measurement.

Tab. 4.1.2. Equivalent circuit parameters adjusted to the impedance spectra of cells. C1_1 means Cell no. 1, first

measurement.
CPEf-T Cdl-T Wec-T
Rs [Q CPEf-P | RfF[Q CdI-P Rct[Q Wc-P
s[Q] [Fem2sP-1] [ [Fem2sP-1] clQ] [Fem2sP-1] ¢
Cl1 1231 9,09-107 0,5642 | 11363 | 2,47-10° 0,4455 | 1,32-10° | 5,02-10* 0,2932
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Error

064 | 219 045 095 |037 064 |1531 - -
[%]

C2_1|298,8 | 4,01.108 0,8646 | 15120 | 1,30-10° 0,4419 | 44824 5,49-10* 0,5

Error

451 | 7,90 108 |220 |317 191 | 222 5,76 -
[%]

C3_1| 7609 | 1,02:10° 0,6305 | 15588 | 2,61-10° 0,5228 | 5407 3,26-10* 0,5

Error

324 | 273 228 320 |1044 226 | 599 4,46 -
[%]

On the basis of the above diagrams and parameters’ values in Tab. 4.1.2., there are significant differences
between the resistance of individual processes taking place in the cells. For the resistance Rs being the internal
resistance of the cell, the determined value of 1231 Q for O1 1 is four times greater than that for 02_1 (298.8
Q). An even greater discrepancy can be observed for the resistance value Rct, which reflects the load transfer
resistance. The smallest value (5407 Q) was fitted for cell no. 3, which is 24 times smaller than the resistance
value for cell no. 1 (1.32 - 105 Q). However, the direct comparison of resistances is not reliable, since analyzing
the course of the impedance module as a function of frequency (Fig.4.1.3.) the differences between the cells are
3 - 4 times the highest value in relation to the smallest. Such disparity may support the creation of a better
quality electrolyte-cathode interface in cells no.2 and 3, as it is of key importance during the charge transfer
process. The resistance of the passivation layer Rf is the smallest for cell no. 1 (11363 Q) and it does not deviate
too much from the value assigned to the other cells. The angular characteristics of the Bode plot (Fig. 4.1.3.)
allow to note that for the frequency of 2-10° Hz in cell no. 1 and 3 there were some difficult to identify side
processes, represented by small arcs. At a frequency close to 10* Hz, the spectrum characteristic for the
resistance and capacity of the anodic passivation layer was formed in all the cells (most clearly visible for cell
no. 2). For cell no. 3 another arc associated with the charge transfer resistance and double layer capacity is
visible at 10 Hz, while for cell no. 1 at 1 Hz. At this stage, it is difficult to clearly indicate which of the tested
cells is significantly better than the others.

In the next step, two cycles of cyclic voltammetry were performed, the results of which are presented in Fig.
4.1.4. All curves differ significantly from those typical for electrochemical cells. It can be assumed that the
voltammetric curve of cell no. 1 tends to create a peak that would be at a higher potential. When the 4.9 V
potential is reached, the current reaches its maximum and then starts to decrease with the voltage drop. A faster
rate of current growth is visible than the rate of its subsequent decline. For cells no. 2 and 3 scan 1 starts with a
higher current than the one obtained for the voltage of 4.9 V. Scans 2 of these cells show a very small increase in
current from the voltage of 3.5 V to 4.9 V, and then its decrease (in the cell 3 the current change for this range of
potential is virtually unnoticeable, the resistance is too high).
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Fig. 4.1.4. Collation of voltamperograms from two cycles of measurements using the CV method.

It is assumed that in the first cycles of charging / discharging the transport of charge between the electrodes can
cause morphological changes in the structure of materials and the formation of new passivation layers. The
possible effects of these processes can be seen in Fig. 4.1.4.due to the discrepancy between the scans and the

impedance diagrams for fresh cells. Perhaps the cell housings were unsealed, which could have caused changes
in the materials from which the cells were made.
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Fig. 4.1.5. Nyquist plot for second EIS measurement for cells no. 1;2;3.

In cell no. 1, the voltage increased slightly compared to the first OCV measurement, while for cells 2 and 3 it
decreased to around 0 [V].

Tab. 4.1.3. Voltage of cells obtained during second OCV measurement.

Measuredvoltage [V]

Cellno. 1 3.11
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Fig. 4.1.6. Impedance module as a function of frequency (upper graph) and theta angle as a function of
frequency (lower graph) — Bode plots for second EIS measurement.

The impedance spectra obtained during the second measurement of EIS are significantly different from those
obtained for fresh cells. The graph from Fig. 4.1.6.shows a large increase in the impedance of the cell no. 3,
which module reaches values of the order of MQ at the frequency of 102 Hz (for the fresh cell it was 6 kQ at 102
Hz). It is also difficult to identify individual processes in this cell because the spectrum consists of one large arc
and significant measurement errors at the end. The spectra of cells no. 1 and 2 consist of overlapping semi-
circles in the frequency range 10°-1 Hz, and in cell no. 2 three processes can be distinguished represented by
three half-circles occurring at frequencies 2-10° 2000 and 2 Hz visible in Fig. 4.1.6. Impedance spectrum of cell
no. 1 definitely best suits the typical shape of the lithium cell spectrum. Its semi-circles symbolizing the
resistances and capacities of individual processes are more distinct and occur in similar frequencies as in the first
measurement. It is noticeable that the characteristic deviation of its curve in the low frequency range and the lack
of measurement errors.

Tab. 4.1.4. Equivalent circuit parameters adjusted to the impedance spectra of cells for second EIS measurement.

CPEF-T CdI-T Wc-T
RSIQ1 | pemagey | CPEFP | RFIQT | (o oy | CalP | ReUQ] | (o ps | We-P

Cl_2 | 1682 1,25:10° | 0,5448 | 5229 4,25-10° | 0,7106 | 17873 5,02:10* | 0,2932

Error

1,26 6,87 136 | 217 1,73 079 | 1,36 6,47 3,42
[%]

C2_2 | 1822 | 4,14.10% 1 5331 2,75-10% | 0,6138 | 3,48-10° | 1,38:10* 0,5




Contemporary Problems of Power Engineering and Environmental Protection 2018 137

Error

4,53 3,03 - 2,76 0,59 052 | 072 - -
[%]

C3 .2 | 1851 | 4,72:10% | 0,9203 | 567870 | 1,13-10% | 0,7365 | 1,41-10°% | 1,63-10° 0,5

Error

11,60 | 1376 195 | 845 7,36 296 | 3,79 5,50 -
[%]

The internal resistance of cells represented by the Rs element in the equivalent circuit for all cells assumes a
similar value, the maximum difference is about 160 Q. However, they are larger than those measured at the first
EIS measurement, the largest increase in resistance Rsis for cell no. 2 and equals 1523.2 Q. The resistance of the
passivation layer Rf for cells no. 1 and 2 is similar (approximately 5300 Q) which corresponds to a 2-3 times
decrease in relation to the first measurement. In cell no. 3, the Rf element reaches the value of 568 kQ, which
significantly differs from the others. The charge transfer resistance Rct for cell no. 1 is the smallest (17873 Q)
while for cells no. 2 and 3 it has increased tremendously to the value of 3.48-10° and 1.41-108Q respectively.

For the purpose of projection the impedance spectrum of cell no. 2, it was necessary to modify the previously
adopted equivalent circuit. Between resistance RC and RCf additional element of resistance RCct was added in
series. It reflects an additional sequential occurrence at the frequency of 2000 Hz, which can be observed in the
diagram of Bode from Fig. 4.1.6. as a small convexity between neighboring arches. The determined parameters
of this resistance are: Ry, = 24055 Q, CPEg,-T = 3.93-107 [F-cm2-s”1] and CPE™-P = 0.5126.

Both the Bode charts from Fig. 4.1.3. and 4.1.6. and the data in Tab.s 4.1.2. and 4.1.4. show that cell no. 1
exhibits the most favorable electrochemical parameters compared to the others. It is the only cell in which
positive changes in electrochemical properties have been observed along with CV measurement. Its own
resistance Rs slightly increased from 1231 Q to 1682 Q, while the resistance of the anodic passivation layer Rf
decreased from 11363 Q to 5229 Q, and the resistance of the charge transfer Rct from 1.32-105 Q to 17873 Q.
The value of its impedance module dropped three times in the low frequency range compared to that before CV
measurement and is significantly lower in the entire frequency range compared to other cells (Fig. 4.1.6.)
However, it is necessary to identify such huge changes in electrochemical properties of cells no. 2 and 3to be
able to present reliable conclusions.

5. ldentification of reasons for discrepancies in results.

In order to visually check the condition of the cells, it was decided to disassemble the housings and remove the
cells from them. This was done on the laboratory Tab. in the atmospheric air. In cell no. 1 and 2, a white powder
deposited on the current collector was observed as a residue of the metallic lithium anode. No more detailed
analysis of this substance is shown in Fig. 5.1. Compounds that can be formed from metallic lithium when in
contact with atmospheric air are mainly LiO,, LIOH and LiCOs. The presence of this powder indicates the
contact of the lithium anode with oxygen contained in the air, thus leaks in the cell housings are probable. No
special changes were observed on the cathode side of any of the cells. In cell no. 3, the metallic lithium anode
looks as if it has been covered with a rust-colored substance and visible mechanical damage of the cell in the
form of cracks in the layer of dense electrolyte substrate.

The leakage in cell housings is considered the most probable cause of oxidation of the metallic lithium being an
anode in the cell. In the event that the metallic lithium is oxidized and forms a chemical compound, a further
oxidation reaction, the product of which are Li* ions and electrons is impossible. This is equivalent to the
inability to generate an ionic current in the cell in order to obtain electron current in the external circuit. In this
situation, the cell loses its electrochemical energy storage properties and is useless.
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cathode side

anode side
-

anode side

current collector

Fig. 5.1. Visual examination of the cells after removal from the casings in the air atmosphere a) cellno. 1: white
powder (residue after lithium anode) collected from the current collector and cathode side, b) cellno. 3: cathode
and anode side, c¢) cell no. 2: white powder (residue from lithium anode) collected from the current collector and
the anode side.

6. Conclusions

In this work, an attempt was made to create a electrolyte-cathode interface in all-solid-state cells using one of the
interface engineering methods and analysis of cells’ electrochemical properties was done. There are several
important stages of work that have had a decisive influence on the final result of the research. The first of these
was the successful synthesis of the pure compound LaysxLisTiO3z, from which one-sided porous pellets
constituting the electrolyte material of the cells were successfully produced. Next, the
LiNio.4sCuoosMn1s04cathode precursor was synthesized by sol-gel method and attempts were made to
impregnate it into porous electrolyte substrates, which were subsequently heated to produce the desired
electrolyte-cathode interface. Cells were constructed by applying a separator and a metallic lithium anode to the
dense side of the electrolyte pellet and they were locked in a special housing enabling electrochemical
measurements. To the impedance spectra obtained, anequivalent circuit was selected, on the basis of which the
obtained cells were compared and their electrochemical properties were analyzed: open-circuit voltage
measurement (OCV), impedance spectroscopy (EIS) and cyclic voltammetry (CV). Cell no. 1 showed the most
favorable parameters of work in relation to the others and the course of its impedance spectrum was closest to
the typical spectrum of lithium cells. In addition, favorable changes in electrochemical properties were observed
on the basis of impedance spectra obtained before and after the cyclic voltammetry test. For these reasons, it can
be treated as a reference cell. Probably the unsealing of its housing was so small that during the research most of
the anodic material was not destroyed yet, which affected the measurement results. This work illustrates how the
purity of the materials being prepared and the individual construction stages can affect the final properties of the
cells produced. It was shown that the lack of contact of the cathode precursor with oxygen during its synthesis
caused a decrease in impurities in the final cathode material. From the point of view of mechanical strength, the
pressing process is of great importance, as it was often found that the uneven distribution of material on the basis
of the press die resulted in cracking and deformation of the pellets after baking in the oven. Maintaining the final
cells in a sealed housing is crucial to ensure its long-term work and prevent degradation of materials.
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Abstract

In this paper the author describes the most important advantages of HVDC (High Voltage Direct Current) lines
determining their usefulness and tries to assume development tendencies thereof.Growing electric power demand
results in the need of modernizations in energy industry. Among others, transmission sector requires new
investments.In terms of bulk power transmission over long distances or submarine connections the HVDC
technology is usually a reasonable and profiTab. choice. First, advantages of HVDC lines over traditional
HVAC(High Voltage Alternating Current) lines were described,which among others include asynchronous AC
networks integration capacity, power flow control, transmission energy losses and right-of-way width.
Furthermore, development tendencies of HVDC lines were assumed. First one is a Light technology developed
by ABB company which uses VSC converters and cables with insulation extruded from modified cross-linked
polyethyleneXLPE-DC. The second is an idea of extensive, meshed HVDC grid which can enhance renewable
energy sources utilization and international power trade.

Keywords:energy transmission; high voltage; HVDC.

1. Introduction

The increasing consumption of electricity is a serious challenge for contemporary energy industry. The future of
the electricity productionrelies onimprovement of renewable energy sources utilization and the gradual
decommissioning of generation units using fossil fuels combustion technologies. Theelectric power transmission
sector must also undergo expansion and modernization in the coming years. HVDC lines with their excellent
performance are more and more often an optimal choice for large scale investments.

HVDC transmission systems have unique features, thanks to which their construction is often from the technical
point of view the best, and in some cases even the only possible solution. Examples of such situations are,
among others, systems which enable exchange of power between asynchronous networks or sea connections
over distances of hundreds of kilometers. However there are also some drawbacks of HVDC systems, for
example big costs of converter stations or generation of harmonics which require expensive filtering devices.
Moreover, voltage transformation is impossible for direct current and HVDC circuit breakers technology still
needs improvements.

Despite this HVDC power lines have humerous advantages that encourage investors to build them. The choice of
HVDC technology in most cases is motivated by economic profitability or technological reasons. The
advantages of HVDC over traditional HVAC transmission lines in certain cases are described in following
chapter.

2. Advantages of HVDC lines

2.1. Asynchronous networks integration capability

The nominal frequencies of neighboring networks can have different values i.e. 50 Hz or 60 Hz. Moreover, in
some countries, such as Japan, both frequencies are used. The technology of high voltage DC lines solves the
problem of transferring electricity between asynchronous systems, i.e. systems with different nominal
frequencies, and also operating independently with the same frequency. At both ends of the HVDC line there are
converter stations. The converters installed in them are made of semiconductor devices capable of withstanding
high voltage, such as transistors or thyristors switched by a gate pulse [1]. At the beginning, alternating voltage
is changed to DC voltage. Then the energy is transmitted through the direct current line (so-called point-to-point
connection) to the second station, where the voltage is changed back to sinusoidal. In some cases the voltage is
rectified and alternated to the desired frequency in the same station. This type of solution (so-called back-to-back
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connection) is usually an optimal one for integrating neighboring asynchronous networks or covering the needs
of customers located near a converter station. The station converting DC to AC thanks to PWM (Pulse Width
Modulation) with a sufficiently high transistor switching frequency is able to provide the output alternating
voltage with the appropriate quality parameters.

2.2.Simple active and reactive power flow control

The advantage of VSC (Voltage Source Converter) converters is the ability to quick and easy active and reactive
power flows control. High IGBT (Insulated Gate Bipolar Transistor) switching frequency and the use of the
PWM modulation method allows almost arbitrarily shape the course of the AC output voltage (with some
limitation of the maximum amplitude). As a result, it is possible to control the phase angle and the amplitude of
the voltage which determine respectively active and reactive power flowing through the transmission line. Both
powers can be controlled independently. HVDC stations made in VSC technology can therefore act as reactive
power compensating devices at the ends of the line. In addition, the high switching frequency of IGBT
transistors up to 2 kHz reduces the generation of higher harmonics. As a result, VSC terminals require much less
space for filtering devices in relation to traditional LCC (Line Commutated Converter) terminals.

Active power control in DC lines contributes to the stability of the system. The ability to immediately adjust the
frequency and voltage level allows you to maintain synchronism during transient states. When combining small
systems with larger ones, the high-capacity HVDC line balances the active power and provides support for
maintaining the desired voltage and frequency levels.

2.3. Narrow ROW (right-of-way) — smaller visual impact on the environment

High-voltage DC power lines require a narrower ROW (right-of-way) technology belt, compared to an AC line
capable of transmitting comparable power. This is an advantage of both overhead lines and DC cables, while for
overhead lines this fact plays a much more important role. A narrower stripe of land required by DC lines
enables supplying energy where area for transmission towers or cable path is limited, for example by high
buildings density [2]. In Tab. 2.1 a comparison of the ROW width for different transmission lines is presented.

Tab. 2.1. Comparison of ROW width for DC and AC overhead lines capable to transmit 6000 MW [2]

Voltage 765 kV AC 500 kV DC 800kV DC
Number of
transmission paths
“ > > > ‘ ’
Width of ROW ~240m ~110m ~90m

In the case of overhead lines, the narrower right-of-way is associated with smaller dimensions of high-voltage
lines and limitation of the visual impact on the environment as well as lower investment costs described in
subsequent point.

2.4. Smaller transmission losses — lower exploitation costs

Both overhead and cable high voltage DC lines are characterized by lower power losses compared to AC lines.
For both types of lines, the losses are proportional to their length. Total power losses consist of losses in the lines
and losses in the converter stations which does not depend on the transmission distance. In HVDC technology,
losses in converter stations are bigger than losses in AC transformer stations. It means that only for the relatively
long lines the total losses in the HVDC transmission system will be lower than losses in the AC system with the
same transmission capacity. Fig. 2.1. presents a comparison of total losses in AC and HVDC transmission
systems capable of transmitting comparable capacities.
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Fig. 2.1. Total power losses for AC and DC technology as a function of transmission distance [4]

In Fig.2.1 the transmission distance above which the total losses in the DC transmission system are smaller than
in the AC transmission system is called the critical distance. Value of this distance depends strongly on various
factors characteristic for particular case.

2.5. Smaller demand for materials — lower unit costs of overhead line construction

The choice of AC or DC technology is made primarily on the basis of economic analysis. The cost of converter
stations which are the key element of HVCD transmission systems may be several times higher than the cost of
standard AC transformer stations. The situation is different in the case of unit costs of overhead lines
construction. DC high voltage lines require fewer wires. The most common are bundledconductors. Depending
on the type of transmission system, one or two wire bundles are required. For comparison, one line of a three-
phase AC transmission path always consists of three phase lines.

There is no skin effect at direct current, which means that the conductors have a lower resistance. This results in
increased load capacity or reduced cross-section compared to the AC line. A smaller number (and weight) of
wires also requires the use of fewer insulators. As a result, the loads that have to withstand the supporting
structures, most often steel lattice towers, are reduced [3]. Thanks to this, they can be lighter and their
construction requires fewer building materials. HVDC overhead line construction costs are lower than the
construction costs of the same HVAC line length with comparable transmission capacity, as shown in Fig. 2.2.
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Fig. 2.2. Comparison of investment costs per kilometer for AC and DC technology [5]

The construction costs of DC terminals are much higher than those of AC terminals. However, similarly to
power losses, above the certain line length, the total cost of building the HVDC transmission system is lower. It
is estimated that for overhead lines this distance is 550+800 km [1]. It means that this technology is
economically viable when it is necessary to transmit energy over long distances.

2.6. Renewable energy sources integration

The energy policy of the European Union puts a strong emphasis on improving energy efficiency and reducing
greenhouse gas emissions to the atmosphere. It is assumed, among others to reduce primary energy consumption
by 20% by 2020 [6]. Investments in renewable sources are a solution to cover the growing demand for electricity
while limiting the use of fossil fuels.
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In European countries wind turbines are the most popular among renewable energy sources due to geographical
and weather conditions. However, the possibilities of using the potential of kinetic energy of wind on the land
may be limited, for example by the terrain shape, the presence of areas covered by the Natura 2000
environmental protection program or strong urbanization. In addition, local communities living in rural areas
often protest against the construction of new wind farms near their properties, because of possible noise or
negative impact on the landscape.

A good solution to the problems described above is the construction of offshore wind farms. In some countries,
such as the Netherlands, it is forbidden to build such installations at a distance of less than 12 nautical miles
(approximately 22 km) from the shore in order to eliminate their negative visual impact on coastal territories. In
addition, the potential of wind energy at sea is much higher than on land. Excellent conditions in the North Sea
and Baltic Sea such as high average wind speed at the height of the wind turbine nacelle and a large number of
hours during the year in which the turbine can work with rated power make those areas very useful for obtaining
clean wind energy [7].

An another important issue is transmission of energy generated in offshore wind farms to shore and its delivery
to the local power system of alternating current. HYDC submarine power cable lines are the perfect solution
here. Wind turbines generate alternating voltage with frequency changing over time, which is a result of variable
wind speed moving the rotor blade. In order to deliver the generated energy to the AC network, it must be
provided with the correct frequency. It is necessary to rectify the generated voltage, and then to use inverter to
producesine wave with the synchronous frequency. The converter stations installed on both sides of the DC
power line solve this problem.

An example of using the HVDC line to connect large clusters of renewable energy sources with the power grid is
the DolWinl connection. It makes it possible to supply 800 MW of power from the wind farms located in the
North Sea to the German transmission network. This system, with a DC voltage of + 320 kV, is composed of two
parallel cables with a length of 165 km (2x75 km of DC submarinecable, 2x90 km of land overhead line). DC
cables using Light technology with extruded insulation made of modified cross-linked polyethylene were
produced by ABB [8].

2.7. Offshore oil platforms power supply

Supplying power to offshore constructions (so-called power from shore) brings many benefits. The elimination
of gas turbines as an electricity generators on the oil platform can reduce noise and vibrations as well as exhaust
fumesemissions. Additionally, it reduces the risk of explosion or fire. Electrical installations have fewer moving
parts. This is associated with a lower need for maintenance and repair, as well as a smaller number of
expeditions for service teams [9]. All this allows to reduce negative environmental impacts, significantly reduce
operating costs and increase employees safety.

The HVDC transmission system was firstlyapplied to delivery electricity for object locatedfar away from shore
in 2005, when the construction of a two paths cable line in the Light system supplying power the Troll Aoil
platformwas completed. This construction was built on the coast of Norway. Four cables with a length of 70 km
and a nominal voltage of £60 kV DC were laid. In 2015, two more lines were commissioned to increase total
transmission capacity up to 188 MW [10, 11].

3. Examples of HVDC transmission system applications
3.1.Overhead line —Rio Madeira, Brazil

A good example of investment in which long distance was the main reason for choosing HVDC technology is
the record-breaking Rio Madeira connection in Brazil put into use in 2013. The total distance on which
electricity is transmitted is almost 2,400 km. This connection makes it possible to meet large power demand of
area with huge population using very remote hydropower potential. A 600 kV direct current DC line is capable
of transmitting 6,300 MW from hydropower plants located in the north-west of Brazil to the Sdo Paulo city area
at the coast of the Atlantic Ocean (Fig.3.1.).
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Fig. 3.1. Rio Madeira HVDC overhead line, Brazil [12]

Two back-to-back connections on voltages of 230 kV and 500 kV, with a total capacity of 800 MW, were also
implemented close to the power source in order to increase the stability of the local AC network [13, 14, 15].
The advantage of HVDC technology over HVAC for such a long connection consists in reduction of investment
costs, transmission losses and the right-of-wayarea, as well as increasing the stability of the system.

3.2.Submarine cable line — NorNed, Norway-Netherlands

The NorNed line connecting the Norwegian network with the Dutch network (Fig. 3.2) is currently the longest
cable line in the world, with a length of 2x580 km. Converter stations are located in Eemshaven (Netherlands)
and the Feda (Norway).

Feda

Eemshaven

Fig. 3.2. NorNed HVDC submarine cable line [16]

The connection consists of marine cables with impregnated paper insulation, placed on the bottom of the North
Sea. The line is built of two types of cable, depending on the depth — the shallow part was supplied by ABB,
while the part laid deeper by Nexans Norway AS. The bipolar system operates with a nominal voltage of +450
kV DC, and its maximum transmission capacity is 700 MW. The NorNed connection purpose is to connect
asynchronous AC transmission networks of both countries in order to enable energy trade, increase the flexibility
and reliability of power supply, as well as better use of renewable energy sources, which will reduce carbon
dioxide emissions [17].

4. Expected development tendencies of HVDC lines
4.1.HVDC Light technology

The construction of the high voltage cable and its insulation type depend mostly on the line capacity as well as
the environment the cable is laid in. The construction of the submarine cables includes additional layers
responsible for protection against moisture and increase mechanical strength. However, DC cables consist of the
same components as standard AC cables. It means that considering only the structure of the cable it is difficult to
assess to what type of current it is intended for.



146 Contemporary Problems of Power Engineering and Environmental Protection 2018

A key element in the design of HVDC cables is the insulation system. The basic types of insulation systems are
made of paper, paper and polypropylene or are extruded from special type of polyethylene. The insulation
thickness is influenced by such factors as the rated voltage level, the estimated values of overvoltages and the
ability to change the polarity of the cable line [1].

Extruded insulation used in HVDC cables is made of modified cross-linked XLPE-DC polyethylene. In order to
obtain it, the cross-linked polyethylene, used in AC power cables, is modified by adding inorganic fillers. As a
result, it is possible to achieve the desired, very good electrical, thermal and mechanical properties, and above
all, the tendency to create a space charge in this insulation decreases. Extruded insulation is characterized by
more beneficial properties than oil impregnated paper insulation. At the same time, it eliminates the risk of
environmental contamination associated with oil leakage, which can occur as a result of mechanical damage to
the cable line. This is the reason why cables with extruded insulation are more and more willingly used in
submarine cable lines exposed to breaking off by ship anchors.

An important advantage of cables with XLPE-DC insulation is their relatively low weight. This is why the
technology of DC transmission systems using cables with extruded insulation made of modified cross-linked
polyethylene, developed and patented by ABB, has been called light technology (HVDC Light). Light systems
use converter stations made in VSC technology and bipolar system, built of two parallel cable lines with
opposite voltage polarity (positive and negative). The bend radius of cable in Light systems is smaller compared
to the bend radius of cables using other insulation types. The combination of relatively small mass, high
flexibility and high durability considerably extends the possibilities of using DC transmission systems. Transport
and laying of a cable line in a light system are less problematic, which results in a reduction of the costs of
mentioned operations. The limited mass and bendradius, by reducing the required tensile force, facilitate the
installation of both land and sea cables for which smaller vessels can be used. In addition, the lack of oil in the
insulation system eliminates the risk of environmental contamination in the event of line damage. All these
features make HVDC Light technology more and more used for sea connections, which include connections
between countries, island power lines or oil platforms, as well as systems delivering energy from offshore wind
farms to power systems. The relatively narrow technological land strip needed and small dimensions of
converter stations in Light systems enable their use to power heavily built-up areas, at the same time limiting
noise, the presence of electric and magnetic fields and a visual impact on the landscape [1].

4.2. HVDC grids

The hypothetical high-voltage DC network (HVDC grid) consists of a large number of converter stations
connected by multiple HVDC lines. The effects of DC network operation (Fig. 4.1. a)) and the solution in which
many HVDC point-to-point connections were installed in the AC network (Fig.4.1. b)) would be very similar in
practice.

a) b) &

o—=0 o—
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I M M
Fig. 4.1. a) HVDC grid; b) numerous point-to-point connections; blue points represent converter stations [18]
In the case of the solution from Fig. 4.1. b), all power flowing through the given line must be converted at the
beginning and at the end of this line. Connecting more DC lines to a single node, shown in Fig. 4.1a), allows to
transfer some of the power (transmitted with DC voltage) through the node without converting it. In this
situation, the transmission capacity of the line is not limited by the rated power of the converter located in the
node to which the line is connected, but only by the permissible load of lines and switches. This results in a

reduction of losses accompanying the conversion process. The losses can also be reduced by the possibility of
offloading the overloaded fragments of the overlapping DC and AC networks. At the same time, it involves
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reducing the need to oversize installed devices, as well as increasing the reliability of power supply —to a certain
extent AC and DC networks are insuring each other [18].

Among the power lines built over the last fifty years, connections using DC technology accounted are only
around 2% of all investments. However, HVDC systems are often implemented in developing countries, where
the demand for electricity is growing at a rapid pace. It is often necessary to send large powers over very long
distances. In highly developed countries connections allowing better use of renewable energy, increase energy
security and facilitate cross-border trade in electricity need to be provided [18]. The proposal of the HVDC
network enabling the effective use of the potential of renewable energy sources in Europe, North Africa and the
Arabian Peninsula is shown in Fig. 4.2.

.
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Fig. 4.2. Idea of extensive HVDC grid integrating remote renewable energy sources [19]

An alternative to HVDC systems is the construction of a larger number of parallel AC overhead lines, which is
unprofiTab., and often unfeasible due to the surface that would be occupied by such corridors. Problems related
to the construction of new AC lines can be eliminated by modernizing existing lines by changing the type of
voltage from alternating to direct. It is connected with the necessity to build converter stations and therefore high
investment costs, but it allows to increase transmission capacity without the need to build new lines. Another
solution is the construction of underground cable lines. In this casewhile, considering long distances,HVDC
cable technology is the only possible solution. The need to build numerous new transmission "corridors™ and
obstacles in the construction of an alternating current lines such as long transmission distances, difficulties in
obtaining permits for the construction of overhead lines and problems with the use of AC lines for sea
connections encourage to consider the construction of DC transmission network as a solution corresponding to
the existing and future needs of electricity consumers [18].

Before implementing a HVDC network, a full analysis of its feasibility and profitability must be carried out.
Choosing the right configuration and obtaining the necessary arrangements and standardization will certainly be
a very long-lasting process, requiring international cooperation at the technical and political level. The creation
of a fully functional, complete (according to the initial assumptions) DC network can take several decades. The
topic of constructiona DC network has been discussed for years <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>