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MIXING OF BIOMASS AND COAL IN A STATIC MIXER
AS AN EXAMPLE OF TECHNOLOGICAL SOLUTIONS
INVOLVING IMPLEMENTATION

OF RENEWABLE ENERGY SOURCES

MIESZANIE BIOMASY ZW EGLEM W MIESZALNIKU STATYCZNYM
JAKO PRZYKLAD ROZWI AZAN TECHNOLOGICZNYCH WDRA ZANIA
ODNAWIALNYCH ZRODEL ENERGII

Abstract: The purpose of this article is to demonstrate ipdigges of mixing coal with biomass using static
mixers. The paper present simple and inexpensiwaads for producing fuel mixes for heat-generatants
equipped with stoker-fired boilers of power rangingm 3 up to 50 MW. Static mixer proposed in thisicle
may constitute an alternative for currently uselditsans in production facility. Based on statistiemalysis, the
article demonstrates that five mixing elementshef mixer is optimal number to ensure best biomelsipg and
pellets) concentration distribution in a mixtureiwfine hard coal.
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Introduction

Increasing energy demand with simultaneous depletimon-renewable resources and
growing pollution of natural environment due to tbensumption of fuels cause greater
interest in the use of energy derived from renewadburces. Renewable energy is
considered an important resource in many counairesind the world [1-8]. Renewable
energy sources constitute crucial component ofggnealances in European countries and
will play increasing role in actions aimed to redwmissions of greenhouse gases, support
social and economic development, and improve ensegurity (diversification of delivery
sources, dispersed energy production based onyiaoalilable raw materials) [9]. Global
energy consumption is growing [10, 11], howeverybar 2012 saw a slowdown, partly as
a result of the economic slowdown but also becdusginesses and individuals have
responded to high prices by becoming more efficiantheir use of energy [10]. The
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world’s energy market is flexible, continuously oging, adapt, innovate and evolve which
may be visible in an increasing diversity of sosra# energy [10]. In 2012 renewable
energy in power generation reached record shargkob#l primary energy consumption at
level 8.6% (hydroelectric output 6.7% and otheereables 1.9%) [10].

Activities related to growing importance of reneleabnergy sources result from legal
regulations of the European Union Member Statedctwlpecify general and detailed
objectives for reaching established energy shaes.rdn Poland, a strategic goal of state
policy is to increase the use of renewable enezggurces, so as to ensure that the share of
this energy type in final gross energy consumpiioa sustainable way reaches 15.5% in
2020 [12]. ‘Sustainable way’ should be highlighteste, as a result of the fundamental goal
of the EU strategy for sustainable developmentintprove the quality of life on earth of
both present and future generations including targ® renewable energies, reduction in
energy consumption, cleaner production, support dbmate targets for 2020 and
(indirectly) for 2050, and the strategy for biom4$8-17]. Poland is expected to exceed
their 2020 binding targets [18].

Biomass is the plant material derived from the tieacbetween C@in the air, water
and sunlight, through photosynthesis, to producdateydrates that form the building
blocks of biomass [9]. Biomass is an important dbotor to the world economy.
Agriculture and forest products industries providé only food, feed, fiber, a wide range of
other products, but biomass is also a source afgelvariety of chemicals and materials,
and of electricity and fuels [19].

In Poland, energy from renewable sources includesgy from: solar radiation, water,
wind, geothermal resources, and energy generated $olid biofuels, biogas and liquid
biofuels, and ambient energy acquired by heat py&s In Polish conditions, we are able
to use renewable energy sources in a limited sctps, in document [12] it has been
assumed that the pillar for increasing the sharenefrgy derived from renewable sources
will be using to a larger extent biomass and ele@nergy generated from wind. In years
2007-2011 the share of energy from renewable seuncetal primary energy increased in
the EU-27 from 15.6 to 20.3%, and in Poland - frém to 10.9%. At the same time, the
rate of primary energy generated from renewablecgsuincreased in the EU-27 by 21%
and in Poland by 54% [20]. The structure of engogyduction from different renewable
sources is diversified for the EU countries. Engpggduction from solid biofuels, which
include firewood, forestry waste, wood and papdusgtry waste, fuels from plantations for
energy production purposes, charcoal and organi&tewtom agriculture and gardening
reached 50.2% in 2007 and 48.1% in 2011 in thewlte in Poland: 91.1% in 2007 and
85.3% in 2011, respectively [20]. Biomass is plahterepresent 17.2% of the planned EU
heating and cooling mix and 6.5% of electricity somption in 2020 [21]. Moreover
Poland will be one of the main bioenergy market2020 [18].

Energy production from renewable energy sourcescassidered more natural
environment-friendly than in case of productionnfr@onventional sources (fossil) due to
the reduction of harmful impact of the power inadysin natural environment, primarily
through limited emission of noxious substancegjarticular greenhouse gases. However,
the issue of renewable energy production is higlogtroversial and is criticised, also as
regards sustainable development, both on an irtter@d and local (national) scale [21,
22]. Cao and Pawtowski [22] showed that the praduodf biofuels from agricultural crops
is, in many cases, unsustainable due to the fatittheduces the access to food by devoting
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cultivatable land to crops designated for the potidu of biofuels and it has also negative
influence on the environment, by reduces bioditgrspollute water. Authors also
highlighted that not in all cases the use of bitsfueads to the reduction of G@mission
[22]. Critics around the world point at high inuesint costs, the need to support wind and
solar power stations by conventional power plaetlogical and health hazards, and
doubtful effect on total CO emission [22-24]. Nevertheless, the CBA (cost-fiene
analyses) indicate many benefits (environmentabthemic and other, non-conventional),
which surpass the costs of initial support for weslgle energy sources development (being
gradually reduced per generated energy unit) if@mpate policy steps are taken [25, 26],
and further technological improvements, especialghnologies of converting the
transportation sector and the introduction of téienergy system technologies are crucial
[27].

Co-firing of coal and biomass in power boilers ieoof technological solutions not
requiring considerable financial outlays for impkamting renewable energy sources, which
may bring about ecological, energy-related and econ effect. In recent years, it is one of
development trends in professional energy prodoctaxtor. Co-firing of shredded biomass
in a mixture with coal may be also effectively extad in low-power boilers in individual
heating, and in stoker-fired boilers, fluidised-bledilers and pulverised-fuel boilers in
industrial power industry provided that optimal haof biomass in the mixture is
maintained. This guarantees effective combustiatgss execution from ecological and
energy production point of view, with reduced etiaissof organic pollution (TOC),
including WWA and volatile organic compounds (VOCS§QO, and NQ in flue gas,
reduction of combustible fraction volume in ashagdl and reduced GOemission.
Numerously studies have shown that burning bioméissfossil fuels has a positive impact
both on the environment and the economics of p@eeeration [28-32]. The emissions of
SO, and NQ were reduced in most co-firing of biomass and teethniques. There are also
other ecological effects of biomass and coal dagirthat is the reduction of advancing
environment deterioration caused by fossil fuelsing and disposal of waste from mining
industry in the environment, as well as reductioh soil erosion processes, water
management regulation and air pollution assimitatiesulting from cultivation of biomass
for energy production purposes. Introduction ofniess and coal co-firing constitutes an
additional economic benefit for larger Polish hgaterating plants with installed power
exceeding 10 MW, that is zero G@mission in C@ emission trading system in case of
using biomass [33].

The purpose of this article is to demonstrate fi#ges of mixing coal with biomass
using static mixers, which involves the need tovedhe problem of using simple and
inexpensive methods for producing fuel mixes foatkgenerating plants equipped with
stoker-fired boilers (power ranging from 3 up toNgWv).

Materials and methods

The experiment have been carried out in an indgustbdel of static mixer equipped
with internal elements - roofs (Fig. 1), which leeen designed to replace mechanical mixer
currently used in industrial conditions (Fig. 20pplying fuel mixture (coal with biomass)
to stoker-fired boilers of the MWD-2 line. In indtial conditions static mixer will be
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located between upper edge of belt conveyor supplifie existing mechanical mixer and
charging hopper of belt conveyor delivering coabtiler house.

Fig. 1. Static mixer with 3, 5 and 10 mixing elertsen

Static mixer dimensions result from the design oVB}-2 mixing station, so as to
allow static mixer replace the mixing station. Btahixer total height reached 3500 mm.
Mixing elements consisted of three, five and teng)ditted alternately - at the angle of
90° relative to each other. Besides mixing elemeshiwn in photographs, feeding box
sized 500 x 500 x 500 mm was provided above theemignd receiving box sized
360 x 350 x 520 mm below it. The height of eacleidng frame was 40 mm.

Fig. 2. The MWD-2 station in heat-generating pleguipped with stoker-fired boilers
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Fig. 3. Diagram of mixing line for biomass and figeal: 1 - preliminary mixing basket, 2 - belt
conveyor flight I, 3 - mixer, 4 - belt conveyordtit Il, 5 - control cabinet (based on 34)

Biomass and coal mix may be obtained in speciadlyighed mixing stations (Fig. 3),
which are used to mix and shred biofuels in fueragge yards located at boiler houses.
Ingredients are mixed in a mixer.

Static mixer proposed in this article may constitan alternative for currently used
solutions, including: separate coal and biomasslifige during coal delivery and their
mixing in pulverised-fuel boilers, bucket loadensixture production out of the plant, or
using specially designed for biomass in form oftdirs the proposed static mixer, mixing
process is executed by gravity-generated motiograihs of materials being mixed, which
run into mixing elements on their way. Grainy mitestream is divided by mixing
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elements several times, and then it is merged. d/ingredients are homogenised due to the
crossing of smaller material streams.

Considering the technology of mixing process in Mi&/D-2 station, that is filling of
charging hoppers, feeding the mixture ingredients ¢the shared belt conveyor, mixing and
shredding in a mixer, receiving ready mixture fritt@ mixer and its transport to the storage
yard, mixing in the static mixer may be includegsinflow only, that is one mixing step.
Process configuration at the MWD-2 station exclutles mixture circulation. In real
conditions, the mixing process will be additionadiypported by grainy material transport
by belt conveyor.

The following materials were used for tests: havdl avith grain size from 0 to 25 mm
and wood biomass: pellets 6 mm in diameter andttefigm 5 up to 30 mm, and softwood
chips sized up to 50 mm. Raw material for chip pidbn included waste from forest
production, wood industry of energy crops, whilecase of pellets these were unprocessed
wastes, namely wood dust, fine sawdust or stravarReters of the ingredients being mixed
are shown in Table 1.

Table 1
The parameters of applied granular materials
Parameter/ Bulk density . . Diameter . .
material » [kg/im?] Bulk density ratio d, [mm] Diameter ratio
Hard coal p1=700 _ dy =8.25 dn/ dp =
Chips =180 pilp2=3.89 101 | de=1344 061 | didp=
Pellets 3 = 580 pups = - dg = 10.35 0.80

Ingredients were mixed at weight ratio 1:10 (biognasoal). A 10% biomass share was
imposed by general application of this ratio inrggeproduction industry for firing boilers
unfitted for biomass combustion.

The tests involved using computer image analysith VABATAN application for
observation of quantitative portion [%] of tracbat is biomass on the surface of individual
receiving box sections. More information about catep image analysis is shown in
a different paper of the author [35]. After comjaat of decimal-to-binary conversion,
biomass (tracer) received value 1 and coal - v@luEen images of biomass concentration
on individual receiving box surfaces were receif@deach research experiment.

During preliminary tests it has been determined kbeation of coal in upper part of
feeding box, and biomass in its lower part will tdoute to improvement of the mixing
effect. Mixing effect depends on many parameterst just the parameters of the
components, but also on the technology and pramasditions [36]. From practical point of
view, this configuration of ingredients on belt gegor feeding the mixer (biomass covered
by coal) prevents blowing off of relatively lightdmass from the conveyor by strong wind.
Moreover, in the proposed configuration we deahwitgative segregation potential, when
denser ingredient is on top, an extra mixing effakées place.

The research experiment involved observation ofingiprocess for coal/chips and
coal/pellets configuration for three, five and teixing elements (Fig. 1). The purpose of
the experiment was to determine optimal number ixing elements in order to ensure
proper mixing of ingredients, which will be the aor specifying guidelines for static
mixer design.
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Results and discussion

Figure 4 shows graphically test results for chipsoentration in four test series for
10 mixing elements. It is visible that concentrataf chips in lower segments of receiving
box is lower than in upper ones. The data can kerited by third degree power function,
which represents empirical data variability tragegtvery well. This is proven by high value
of the fit coefficient R = 0.90).

Model: y=bO+b1*x+b2*x"2+b3*%"3
y=(0.113+{-0.004)"<*2-HD.00021)"x"3

\ oo
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Fig. 4. Concentration of chips in successive segmehreceiving box for 10 mixing elements in four
test series, including function model

Due to significance level valug & 0.07) obtained for ‘b1’ coefficient of regressio
function, this coefficient was not taken into acabim the model. Therefore, the model has
the following form:

y = 011- 0004x° + 0.0002%° 1)

Figure 5 shows pellet concentration for 5 mixingneénts in four test series. It is
visible that in upper segment of the receiving peXet concentration is by far lower than
in successive segments.

High value of the regression coefficielt € 0.92) proves very good representation of
empirical data variability by this model. Due tcetlignificance level valuep(= 0.13)
obtained for ‘b0’ coefficient of regression functiothis coefficient wasn't taken into
account in the model. Therefore, the proposed modgl be used for predicting changes in
biomass concentration during mixing in a static enixObtained results of experimental
research allow concluding that satisfactory biomemscentration is observed in central
segments of receiving box, while starting and emgnents contain biomass with
concentration different from average. The progedeed mixing process was described by
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a polynomial also in another paper of the auth@s] [for a 2-ton mixer working in
industrial conditions; other statistical methodsa(ssis of concentrations) were also applied
to describe variability of this process [38].

Model: y=b0+b1"x+b2*x*2+b3*x"3
y=(0:070206)"x+{(-0. 01215y 2+(0.00064)™x*3
0.16 T T .

Concentration of pellets |%)]

0.00 U ‘ ' : : -
0 2 4 6 B 10 12

Segment number of the receiving box

Fig. 5. Concentration of pellets in successive sagmof receiving box for 5 mixing elements in four
test series, including function model

Also in this case variability trajectory of empailovalues is described by the following
function:

y = 007x— 0012x? + 0.00064° )

High value of the regression coefficiel® € 0.92) proves very good representation of
empirical data variability by this model. Due tcetBignificance level valuep(= 0.13)
obtained for ‘b0’ coefficient of regression functiothis coefficient wasn't taken into
account in the model. Therefore, the proposed mmdgl be used for predicting changes in
biomass concentration during mixing in a static enixObtained results of experimental
research allow concluding that satisfactory biomemscentration is observed in central
segments of receiving box, while starting and emgngents contain biomass with
concentration different from average. The progoddeed mixing process was described by
a polynomial also in another paper of the auth@s] [for a 2-ton mixer working in
industrial conditions; other statistical methodsa(ssis of concentrations) were also applied
to describe variability of this process [38].

Basic statistics for coal/chips and coal/pelletsfiguration were compared in order to

determine optimal number of mixing elements inistatixer. Figure 6 presents obtained
results graphically.
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Statistical analysis of research results also wewlproving whether there are any
statistically significant differences in biomassncentration for 3, 5 and 10 mixing
elements. The nonparametric Kruskal-Wallis test waplied for the analysis. It was
checked whether there are any significant diffeesnin the concentration for 3, 5 and
10 mixing elements of static mixer. In case if natistically significant differences are
found, it can be assumed that the number of miglegnents inside the mixer has no impact

on biomass concentration. For this purpose, the hgpothesis has been formulated as
follows:

Ho! 1= 2= 13

Expected values of concentration for a given caaass configuration for 3, 5 and 10
mixing elements are equal.

Therefore, the alternative hypothesis is as follows
Hi: = (a=uo=ua)
There is at least one mixing configuration chandstel by an expected value of
concentration different from other expected valinesnother mixing configurations.
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Fig. 6. Comparison of basic statistics of variousmber of mixing elements for coal/chips and
coal/pellets arrangements

Sincep > 0.05 ¢ = 0.97 for coal/chips configuration apd= 0.4625 for coal/pellets
configuration), there are no grounds for rejectittte zero hypothesis, and thus
concentrations are equal independently of the nundfemixing configurations. The
Kruskal-Wallis test results and analysis of stadddgviation values provided the grounds
for selecting the number of mixing elements. Thedst value of standard deviation for
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coal/chips configuration was obtained for 3 mixiaements, whereas in case of the
coal/pellets configuration the lowest value wasergad for 5 mixing elements. From
operating point of view, the number of five mixirglements seems to be the most
advantageous due to obtained results and vergatilthe mixer for pellets and chips.

Conclusions

Using static mixer for mixing of coal and biomassaisimple and inexpensive method
for the production of fuel mixes for heat-genergtiplants equipped with stoker-fired
boilers (power ranging from 3 up to 50 MW). Mixergign and mixing method presented in
the article may be used as the guidelines for lgldther static mixers, which will be used
in industrial applications, therefore the proposeiter may constitute an alternative for
currently used solutions, including separate codl hiomass feeding during coal delivery
and their mixing in pulverised-fuel boilers, buckeaders, mixture production out of the
plant, or using specially designed burners for kissnin form of dust. Satisfactory biomass
concentration is observed in central segments ofiving box, while starting and end
segments contain biomass with concentration diftefeom average. On the basis of
Kruskal-Wallis test results and analysis of stadddeviation values, five mixing elements
are deemed to be the optimal number in order t@iobbest distribution of biomass
concentration in a mixture with fine hard coalcbmditions of mixing on an industrial scale
in the static mixer, the goal should be to enshat the mixed ingredients do not differ too
much in their size. For fine coal, maximum sizebddmass grains should not exceed
20 mm.
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MIESZANIE BIOMASY ZW EGLEM W MIESZALNIKU STATYCZNYM
JAKO PRZYKLAD ROZWI AZAN TECHNOLOGICZNYCH WDRA ZANIA
ODNAWIALNYCH ZRODEL ENERGII

1 Katedra Irtynierii Biosysteméw, Politechnika Opolska
2Energetyka Cieplna Opolszczyzny Logistyka SA, Opole

Abstrakt: Celem artykutu jest przedstawienie #iwosci mieszania wgla z biomas z wyciem mieszalnika
statycznego. Zaprezentowano pgosttania metod produkcji mieszanek paliw dla cieptowni wypasaych
w kotly rusztowe o mocach od 3 do 50 MW. Zapropoamymieszalnik statyczny do mieszaniggla z biomas
moze stanowd alternatyw dla rozwhzan obecnie stosowanych w warunkach przemystowych. iykale
wskazano, na podstawie analizy statystyczngjlidzba piciu elementéw mieszagych mieszalnika jest
optymalna, aby zapewhinajlepszy rozklad koncentracji biomasyeldti oraz pellety) w mieszance z miatem
wegla kamiennego.

Stowa kluczowe:odnawialnezrodta energii, biomasa, ggiel kamienny, wspotspalanie, mieszanie materiatdw
ziarnistych, mieszalnik statyczny



