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Objective and rationale of the project

Main objective of the proposed project is to investigate possibilities to reduce negative environmental
impact when using corn cobs as a fuel for combustion in common small facilities to generate heat energy
for households in Serbia.

Presentation of the work steps and the applied methods

The work tasks are summarized in three applied scenarios:

9 I: Corn cobs are to be collected from farm storage and combusted in heating facility in traditional way.

9 1I: After collecting, corn cobs are to be crushed prior to combustion in automated heating facility.

9 lll: After collecting, corn cobs are grounded and pelletized prior to combustion in automated heating
facility. Additives and fuel blending are applied with the aim to improve fuel properties.

Combustion experiments take place in selected units, during which emissions of CO, NOx, organic gaseous

carbons (OGC)), particulate matter (PM), as well as energy efficiency and thermal capacity of the

combustion unit were monitored. After initial measurement of the emissions appropriate primary measures

for emission reduction and for the improvement of energy efficiency are suggested and implemented,

followed by repeated combustion trails and measurement of emissions and efficiency. Assessment of

environmental aspects is performed through energy and greenhouse gas balances, whereas profitability

assessment through software BiomasaPro and selected economic parameters.
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Results and Discussion

Two experimental setups were constructed in Serbia (in Mladenovac i Termoplin, and in Kula, Terming)

and one in Hamburg (TUH). Results from the combustion trials in Serbia can be summarized as follows:

fAutomatic boiler Termoplin TK. When using corn cob pellets and after combustion chamber
modification, CO emissions were in line with the EN 303-5 class 4 requirements (< 500 mg/m?3) and PM
emission (143 mg/m?3) was in line with class 3 requirement (< 150 mg/m3). Efficiency > 75 % is also met
(class 3). When using crushed corn cobs and after the installation of the fireclay mantel, CO and organic
gaseous carbon (OGC) emissions are in line with class 3 (CO < 3,000 mg/m3 and OGC < 100 mg/m?),
whereas PM emissions and efficiency are outside the standard requirements.

T Automatic boiler Terming Ozone agro 25. After introducing secondary combustion air and a fireclay
cylinder in the combustion chamber, emissions from corn cob pellet combustion at nominal load
decreased. CO emissions met the class 4 requirements (< 1,000 mg/m3), but PM emissions were above
class 3 requirements (< 150 mg/m3). Efficiency values were in line with class 5 (> 89 %). Emissions are
partial loads (50 % and 30 %) are higher than at nominal load.

f'Manual boiler Terming TIG P. After modifications CO emissions are reduced more than 5-fold, being in
line with the requirements of class 3 for manually-fed units (< 5,000 mg/m3). PM emission is reduced
almost 3-fold and is close to the class 3 requirement (< 150 mg/m3). Efficiency is improved from 40 % to
> 50 %.

Project goals were partially achieved. The reduction of PM emissions remains an open question.

From the experiments at the Hamburg University of Technology (TUH) following conclusions can be made:

T Automatic boiler Terming Ozone agro 25. Blending of corn cob pellets with wood pellets has an effect
on emission reduction but not enough to meet the emission limit values. In some blends emissions of CO
are in accordance with EN 303-5 class 5 (< 500 mg/m3), whereas PM emissions are higher than standard
requirements. Corn cob grits are not adequate fuel for small-scale combustion without secondary
treatment. The emissions are outside of the acceptable range, even with additives.

T Pellet oven Austroflamm Polly 2.0. Blending of corn cob pellets with wood pellets has an effect on
emission reduction, but emission limit values are met only when minor shares of corn cob pellets are
present (up to 25 wt. % corn cobs). Additivation of corn cob pellets with kaolin prior to pelletization can
reduce both CO and PM emissions, but not enough to meet the standard requirements. The combination
of fuel blending and additivation of corn cob pellets with kaolin should be further investigated.

All three scenarios achieved high values of energy indicators, showing that the values of total energy input

are low and that it is possible to increase transport distances or apply fuel preparation. All three scenarios

are sustainable with savings of 98 % for the whole cob, 91 % for crushed, and 84 % for pellets. Investing
in the construction of heat generators is economically viable for all options. In the case of reconstruction,
scenario with whole cobs is mostly viable, whereas other two pathways are not.

Promotion and Presentation

During the course of the project results were presented at Central European Biomass Conference in Graz
2020 and Winter Seminar of Farmers Association Klub 100P+ in Kopaonik. At the moment of finalizing of
the report (December 2020), one original research paper is accepted for publication, and one is in
preparation. Additional papers are planned and underway.

Conclusion

Low-cost primary measures are effective up to a certain point. CO emissions have been reduced in most
cases and are in accordance with emission limit values. Due to the fact that the sole use of corn cob pellets
in automatically-fed small-scale units results in increased PM emissions which do not meet the emission
limit values, energetic utilization of corn cob pellets in small-scale automatically-fed units in an
environmentally acceptable is possible only in certain fuel blends. It could be recommended to blend agro
pellets with higher quality wood pellets and to further investigate the application of kaolin. In case of whole
and crushed cob combustion, it is possible that the achievement of such ambitious goals is attainable only
in large units with flue gas treatment. All investigated options met the sustainability criteria. Investment
options for heat generator construction are profitable for all fuel types, whereas reconstruction is not.

Deutsche Bundesstiftung Umwelt  An der Bornau 2 49090 Osnabriick Tel 0541/9633-0 Fax 0541/9633-190  http://www.dbu.de



http://www.dbu.de/

Table of Content i

Table of Contents

N[0 4[] T F= L = PP PPPPPPPRRRRRR il.
Y o] o] (2= U1 0] o - PP PP PRI V.
L SUMIMAIY . it e et eree e e e e e e e e e et e e et e e e e s meneeeeeeeeeaeeeennnnnnnes 1
2 Backgrounand @iM...........ccoooiiiiiiiiiiiiiiee e 2
2.1 BaCKgrOUNG.... ..o ee et e e e e e e e e e e e e e e e e eas 2
2.2  Project aim and deSCriPLiON............uuuuiuueiii i e e e e emnnres e e e e e e eaaes 4
I U 1= I o] 0TS T PP 7
3.1 Testing of COrN COD CIUSNEN..........oviiiiiiec e errer e 4
3.2 Collection and processing of corn cob samples............ccevvvvieeeeeeeeevveeeeiiiinn, 10
3.3 Selection and adaption of heat generatars.............cccccuvimmmrr e 13
3.4 Inventory of eCONOMIC PAramMELErS.........ccvvvvuriiiiii it e e eeee s 15
4  Measurement of emissions and technical assessni@aation 1 (Serbia)................ 17
4.1 Methodology and Experimental SEtUD...........cooiiiiiiiiimmmn e 17
A U= U S USSR 20
5 Measurement odmissions and technical assessnidmdcation 2 (Germany)........... 31
S0 B Y/ =1 To o (o] (oo Y2 31
5.2 Measurement Plan.............uuuuiiiiiiiier e errn e 39
5.3 Operational parameters asettings used during the combustion tests............. 41
5.4 RESUIS...ciiiiiiiiie e e e e e s snnrrnnnreeeeeeeeee e VD
SRS T O] o (o3 1] o] o =30 PSSP 82
6  Assessment of environmental @SPECL.........coviiiiii i iieer e 86
0 R Y/ =1 To o (o] (oo | V2P 86
8.2 RESUILS...oiiiiiiiiiiie e 89
7  Assessment Of SOGIBCONOMIC ASPECLS.........c.cevviiiiiiiiiiienneeeeeeeeeeeeerrra s emmmneeenees 97
4% S |V =1 g ToTo (o] [ To |V PP PSP OO SPPPP 97
A = U= 11U | S 97
8 Final consideration and OUIOQK...............ouuuumeiiiccciiieecieeie e 101
8.1  General CONCIUSIONS. .....cccuuiiiiiiiiiiiiiieeeriteiiee et e e e e e e e e e eeereeeeeeaaaeaeeaaeeeaaannnne 101
8.2 OUHOOK. ...t e e e e e e e e e et a e e e e e e e e an 103
=] = (PP PP 104

Y o] 01T o [T PP U PP PPPPPPPPPPPPPPR 110



Nomenclature

Nomenclatur e

Symbols in Latin alphabet

CO
PM
NOx
0OGC
NPV
IRR
PP
NG
MC
LHV
KEA
KEAH
KEAN
KEAE

KEAT

Er

Ee
Ep
ER

NET

€ec

Carbon monoxideoncentration in the flue gas mg/m?
Total particulate matter emission mg/m?
Nitrogen oxideconcentration in the flue gas mg/m?

Organic Gaseous Carbeoncentration in the flue gas  mg/n?

Net Present Value a
Internal Rate of Return %
Payback Period Year(s)
Natural gas price cu/3Sm
Moisture Content wt. %
Lower Heating Value MJ/kg
Cumulativeenergy demand MJ/tom
Cumulativeenergy required for production MJ/tom
Cumulativeenergy required for use MJ/tom
Cumulativeenergy required for disposal MJ/tom
Cumulativeenergy required for transport MJ/tom

Energy for transporof whole, crushed or pellets of cc MJ/tom
cob

Electricity for crushing, grinding, pelleting and combusi MJ/tom

Energy for packaging MJ/tom
Energy ratio MJI/MJs
Net Energy Gain MJ/tom

Total emissions from the fuel production befaeergy gCOred/MJ
conversion

Emissions from the extraction or cultivation of r gCQOuedMJ
materials

Annualizedemissions from carbon stock changes cai gCOedMJ
by landuse change
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Esca

€ccs
€ccr

ECh

ECr(n)

Nomenclature

Emissions from processing 9CO2edMJ
Emissions frontransport and distribution 9COzedMJ
Emissions from the fuel in use gCOzedMJ

Emission savings from soil carbon accumulation gCQpedMJ
improved agricultural management

Emission savings from C@apture and geological stora gCCredMJ
Emission savings from CQapture and replacement  gCQedMJ

Total greenhouse gas emissions from heat generatior gCQOzedMJ

GHG emission saving %
Emissions of fossil fuel comparator 9CQOzedMJ
Diameter of the nozzle m
Volumetric flow in the entry nozzle m®/s

Velocity of the flue gas at the measurement point (filte m/s

Measured sampled volume flow under the conditions ¢ m®/s
gas meter

Humidity content of the sampled volume flow under vol.%
condition at the measurement poitit€r)

Humidity content of the sampled volume flow under vol.%
gas meter conditions

Sampled volume flow temperature during measureme K
the gas meter

Temperature of the sampled volume flow at K
measurement point (filter)

Absolute pressure of the sampled volume flow at Pa
measurement point (filter)

Absolute pressure of the sampled volume flow duPa
measurement at the gaeter

Volumetric share of moisture -

Saturation pressure of the watemapor at the giver Pa
temperature



Nomenclature

x PM volumetric concentration in dry gas at stanc mg/n?

@ conditions and at the reference oxygen content
m Mass of the PMollected on the filter

W Volume of the flue gas under standard conditions
Y Standard temperature

N Standard pressure

0 Average measured oxygen content

0 Reference oxygen content

0 Chemical (fuel) energy input into the system

o) Fuel flow

0 Thermal capacity

a Mass flow of water though the water circuit

® Specific heat capacity of water

To Temperature of the incoming cold water

T Temperaturef the outgoing cold water

Symbols in Greek alphabet

de Energy efficiency index
dn Annual efficiency of heat generator
. Relative humidity

Excess air coefficient

- Thermal efficiency

m3
273,15 K
101325 Pa
vol. %
vol. %

J

kg/s

kKW

kg/s
J/kgK

°C

°C

%

%

%

%



Abbreviations

AAS
BA
FA
CO
DIN
dm
EDS
e.g.
ELV
EN
FTS
FU

HEPA

IUE

KAO
LCA
MgO
NO«
OGC
PM
PM10

PM2.5

Abbreviations \Y;

Atomic Absorption Spectrometry

Bottom Ash

Fly ash

Carbonmonoxide emission

Deutsche Institut fir Normung (German Institute for Standardisation)
Dry matter

Electron Dispersive Spectroscopy

Exampli gratia (for example)

Emission Limit Values

European Standard (Européische Norm)
Faculty of Technical Sciences

Functional Unit

High Efficiency Particulate Air

lon Chromatography

Id est (in other words)

International Organization for Standardization

Institute for Environmental Technology and Energy Econdmstitut flr
Umwelttechnik und Energiewirtschatft)

Kaolin

Life Cycle Assessment

Magnesium oxide

Nitrogen oxide emissions

Organic Gaseous Carbon

Particulate matter

Particul ate matter with aerodyn:

Particul ate matter with aerodyn:



ppm
PM

SEM
TUHH
Vol.%

XRD

Abbreviations

Parts per million

Total particulate matter emission

Scanning Electron Microscopy

Technische Universitat HamburgHamburg University of Technology
Volumetric share in percentage

X-Ray Diffraction

Vi



Summary 1

1 Summary

Main objective of the proposed project is to investigate possibilities to reduce negative
environmental impact when using corn cobs as a fuel for combustion in common small facilities
to generate heat energy for households in Serbia.

The work tasks are sumarized in thre@ossible pathways. Scenario | investigates corn cob
combustionn heating facility in traditional wagfter the collection from farm storag&cenario

Il includes additional step of corn cob crushprpr to combustion in automated heagfi
facility. Scenario Il includes, besides grinding as initial fuel processing desification
through pelletizingprior to combustion in automated heating facility. Additives and fuel
blending are applied with the aim to imprgwellet properties Combustion experiment®ok

place in selectedhanual and automatadhits, during which emissions of CO, NOx, organic
gaseous carbons (OGCQC)), particulate matter)(Rbte monitored, as well as energy efficiency
and thermal capacity. After initial measurensesppropriate primary measures for emission
reduction and for the improvement of energy efficiency are suggested and implemented,
followed by repeated combustion trails and measurement of emissions and efficiency.
Assessment of environmental aspects is goeréd through energy and greenhouse gas
balances, whereas profitability assessment through software BiomasaPro and selected
economic parameters. Two experimental setups were constructed in Serbia (in Mladenovac
Termoplin, and in Kula Terming) and one illamburg (TUH).

According to the esults from combustion trialgroject goals of emission reduction were
partially achieved. The reduction of PM eBias remains an open questiéfter combustion
chamber modifications in all tested unitsSerbia(two automatic and one manual boiler) CO
emissions were reduced and mostly in line with emission limit values from EN,3@3ereas

PM emissions were usuallydfier than emission limit valueSombustionexperiments at the
Hamburg Uiversity of Technology (TUlwith oneautomatic boileandonepellet oven have
shown that ending of corn cob pellets with wood pellets has an effect on emission reduction
but not enough to meet the emission limit values. In blevitsre minor shares of corn cob
pellets are preséifup to 25 wt. % corn cob€§)O emissions were accordance with EN 303

5 class 5 (< 500 mgf)y whereas PM emissiongerehigher than standard requiremer@®©

and PM enissions from orn cob grit combustion could not meet the emission limit values,
even with additivesAccording to the results from combustion experiments thigpellet oven
additivation of corn cob pellets with kaolin prior to pelletization can reduce both CO and PM
emissions, but not enough to mB&f standard requirementall t hree scenarios achieved high
values of energy indicators, showing that the values of total energy input are low and that it is
possible to increase transport distances or apply fuel preparation. All three scerribe
sustainability criterialnvestirg in the construction of heat generators is economically viable
for all options. In the case of reconstruction, scenario with whole cobs is mostly viableasvher
other two pathways are not.

Low-cost primary measures are effective up to a certain poineénii§sions have been reduced

in most cases and are in accordance with emission limit values. Due to the fact that the sole use
of corn cob pellets in automaticalfgd smaliscale units results in increased PM emissions
which do not meet the emission linvélues, energetic utilization of corn cob pellets in small

scale automaticaltfed units in an environmentally acceptable is possible only in certain fuel
blends. It could be recommended to blend agro pellets with higher quality wood pellets and to
further investigate the application of kaolin. In case of whole and crushed cob combustion, it is
possible that the achievement of such ambitious goals is attainable only in large units with flue
gas treatment.
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2 Backgroundand aim
2.1 Background
NatasaDragutinovic, Isabel Hofer, Djordje Djatkov, Milan Martinov, Martin Kaltschmitt

The problem of deteriorating air quality Serbia specifically air pollution resulting from the
emission of particulate matt@PM) andsulphurdioxide (SG&) is becoming more serious year
by year ané cheap and easy to implemsalution is urgently needeBuring thewinter 2019

20 most of urban settlements in Seripigparticularand inthe Balkan region in general were
dealing with theseveregproblem of por air quality to a certain padue to (increased) alrorn
pollutant emissions from stationary combustion sourcesséldmissions can be traced back to
large lignitepowered power plants (without an adequatsuléurization treatment) aralarge
number of smallscaleemitters This is in line withthe Serbian Environmental Protection
Agency Figure2.1) stating thathe biggest overall source of particulate mg@d) emissions
are stationary sourcebke e.g.district heating and singlenit combustion appliancdselow

50 MW.
100
90 H m Other sources

80
m Agriculture without
70 animal husbandry

60 O Road traffic

50

40 O Other stationary
combustion sources

30
20
10 = Energy industry

@ Industry

Sources of particulate matter
emissions per sector (%)

0
PM10 PM2.5

Figure2.1 Main sources of particulateatier emissions Serbia in 2019adapted fronfKnezevic et
al. 2019)

The number of installesblid fuel combustion unitsavebeenincreasing dramatically irecent
years(Figure 2.2). Since 2005, whethefirst pellet unis have beenmanufactured in Serbia,
interest towards the use of wood pellets in burners, boiler, and furnaces has been growing.
According to(Glavonjic et al. 2017)he production of pellet units increased@®o between

2013 and 201%vith the consequence théite market share of pellet ungsow from 5% in

2013 to7 % in 2015.This trend is expected to continmethe years to comevhich would most
certainly result in increased particulate matfeM) emissionsat least from wood fired
combustion devices

The production of wood pellets combustion units in Serbragastly realized by medium and
largescale manufacturef={gure 2.3). Some of them focuen the delivery to international
markets (EU and neRU countrie} andfor designmodernizatior{e.g., pellet burners for boiler
reconstruction). Micr&companies mainly concentrate on the manufacturing of kitchen stoves
and household appliances. These units for solid fuels are primarily used for cooking purpose
and secndarily for room (space) heatingfficiencies of kitchen stoves range between 60 and

90 %, whereas pellet boilers show efficiencad®ve90 % in some cases.

Previous studies on Serbian heating uitselsmann und Kaltschmitt 201bave shown that
these devices are related to technological characteristic values clearly less promising compared
to devices available within the Etlue to the valid environmental legislatiofhese design
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drawbacks become especially evident in the case of the combustion of crop residues due to the
problematic fuel properties tiese types ofsolid biomassSuchless promising fuel properties
compared to e.g. wood fuel become noticeable within the higheoasent, the higher alkali,

S, and Cl contents, the lower asielting temperatures etc.

2%

280 10%
2
< 270
=}
O
35 260
S c
T ©
29 250
52
€ 240
(3]
o)
E 230 88%
z 2013 2014 2015
@ Number of produced units OLarge & Medium BSmall @Micro

Figure2.2 Development of the biomass Figure2.3 Share / stribution of production of

combustion unit production sector in Serbia ~ combustion units in Serbia between large,

(adapted fronfGlavonijic et al. 2017) small, and micresized manufacturers in 201t
(adapted fronfGlavonjic et al. 2017%)

An overview of SerbiarkU, and German legislative regardiegnission limit value¢ELV) is
given inTablel.1.

Table2.1 Selectedcemissionlimit values (ELV) relevant for automatic smatiale combustion units

for biomass
EN 3035 BImSchV RS Regulation 2016 TA Luft
Condition 0°C 0°C 0°C
S 10% Q 1013 mbar 1013 mbar 11% Q
1013 mbar 13% Q 13% Q
Manua”y'fed unit AutomatiC Units Firewood Wood Cerea'sl
Fel Bi ic fuel Straw /wood  Briquettes / grasses,
logenic fue pellets  pellets miscanthus
. . 04 i .
Capacity O 50 kW . 04 kW O 1 M
O 1eWO0
Class 3 4 5 3 4 5 - old new -
mg/m? mg/m? mg/m? mg/m? mg/m?
(6{0) 5,000 1,200 700 | 3,000 1,000 500 400 4,000 800 250
PM 150 75 60 |150 60 40 20 150 60 50
OGC 150 50 30 |100 30 20
(inst. Ab
NO - - - - - - 31.12.2014) - - 500
500
Efficiency 75 0.83 0.89/0.75 0.83 0.89

“calculated according to EN 3@3for 25 kW nominal capacity

Emissionlimit values (ELVs) from EN 303 class Jeingthe strictest requirement from this
standard is similar / in accordance with Germegulation on emissions from newly installed
smallscale combustion device€ompared to thatSerbian regulation for emissions from
smallscale newly installed combustion unit issues limit valisedoser to class 4 from EN
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3035, and less strict than @ean BmSchV, especially regardingarticulate matterRM)
emission limit values.

Combustiondevicescharacterized by an insufficient environmental performance and a very
low efficiencycan be improvedypically throughthe implementation of hetter design and

control systemSuch a development can be stimulated byintreduction of regulations that

set clear requirements for testing procedures as well as emission limit values (ELV) for various
pollutantsemitted bythese devicedn this repectan important approaatan beto harmoniz

the technological differences between available devices on the Serbidhedfld-market
(Glavonjic et al. 2017)it is also necessary to support the development of critical infrastructure,
such as accredited national laboratories and quality testing systems for devices in accordance
with standards.

In order to resolve isssanentioned abovyemore sophisticated com&tion technology and
fuel-upgrading measures should be applied. However, this causes additional operating and
investment costanostly unaffordable fothe averageiserof solid biofuelsin Serbia, which
couldtypically only invest in cheap technical solutions. Therefore, the motivatidhigmeport

is to identify and develop lowost solutios for anenvironmentally friendly utilizatioof corn

cobs as a solid fuel in smatale combustion deviced possibility to mprove the fuel
properties of corn cobs is by apiplg primary fuetupgrading measurde.g, fuel processing
pelletization use of additives

Against this background, theaim objective of tfs reportis to investigate possibilities to reduce
negativeenvironmental impact when using corn cobs as a fuel for combustion in cdynmon
usedsmall scale combustioffacilities used for the provision of he&dr households imural
Serbia. Further objective is to develop necessary procedures to mobilize aasdntiezation

of this type of fuel in a sustainable way, which subsume more efficient, btaddsisolutions

for storage, processing, packaging, transport, manipulation and combustion as well.

2.2 Project aim and de<ription
Natasa Dragutinovic, Isabel HafeDjordje Djatkov, Milan Martinov, Martin Kaltschmitt

The overall pojectbeing behind this repois divided into two project phases: first one taking
up a majority of resources and lasting for 18 months, and the second one lasting for additional
6 months.

In the first project phaseabed ortheoverarchinggoal of minimizing negative environmental
impacts from the energetic use of corn cabs solid fuel in small scale combustion devices
several possible pathwagseanalyed. Figure2.4 presents the thremptionsto be investigated
within this project.

The first option subsumes storage of corn cobs at the farm premisesa aubsequent
combustion inthe traditional way for heating of own residential rooms. Corn cobs are not
processed, but stored in hovel priecbmbustionThe usedombustion facilityshows asimple
designwith manual stoking and ramutomaticcontrol ofthe overallcombustion process. This

will be the reference scenario and results obtained for other scenarios will be compared with it
in order to determine if certain measuaflew for thereduction ofanenvironmental impact.

The seconaption presentsan improved approach and includes fuel procesgirgughsize
reduction (crushing) to enald@automatt feeding of the fuel into thcombustion devicd his
option subsumes cases when corn cobs(&yeitherutilized for own needs within the same
farm, or (2) traded within the same rural community. If such a fuel is planned to be delivered
to another biomass user, packaging, trartspod storage prior to utilizationeed tobe
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consideredThe respectiveombustion facility isequippedwitha A ¢ | axcessicratib 0
control.

Storage Storage Storage
— — I T
. M . S

Combustion Crushing Grindingand
conditioning
l
" S
Packaging s
(optional) Pelletizing
!
Transport Packaging
(optional) (optional)
% f
Storage Transport
(optional) (optional)
: J l
————
Combustion Storage
(optional)
l
Combustion

Figure2.4 Investigateaptionsof corn cobs processirand utilization

The third option is similar to the second one, but the fuel processing includes corn cob grinding
and pelletizing. Since bulk density of the fuel is significantly increased due to such a mechanical
treatment, this option enables shippitng fuel via to longer distances by taken economic
constraints into consideration and the utilization of these fuel pellets by biomass users in other
municipalities, regions, etc. However, this form of corn cobs as a fuel could be used on site or
within the same community, if the goal is to reduce environmental impact. This could be
achieved if the combustion properties are improved, e.g. by blending with wood or admixing
with slagging inhibitors, such as mineral additives.

Based on thenain project goals iad the threeoptions discussed abawhe specific goals are
proposedand discusseldelow.

1 The first specific goal is to investigate fuel crushing and processing. For this purpose, the
crushing procedure for corn cobs using crusklablein rural communitiesis tested
Appropriate manipulation and stoking of corn cobs should be enaBkaticle size
distributionanalysisshouldbe performed as welVith this aim samples of corn cobare
to be collected from representative farrasing s$andard sampling proceduresThe
processing of the samplebould bein accordance witthe various optionsWithin this
project goal, all potential costs and incomeavings, that are consequence of investment
and operation of a heating facility that uses ambs as a fuel, are collected.

1 Thesecond goal is to investigate the emissions and efficiency of using corn caislas
biofuel in smaliscale heat generators. Two types of magketilable combustion devices
areselected for further investigatiofirst corresponhg to the traditional way of corn cobs
combustion (e.g., cooking ovens and stoyeslereasecond should allow for automation
process and control of the combustion and to use both fuel {orashed and pelletiz¢d
During the combustio, emissionand parameters relevant for eneggficiencycalculation
aremeasured in line with limitand guidelineslefinedwithin theEN 3035. If the obtained
resultsshouldbelong to any of the three classes defiwédin theEN 3035, the examined
heating facilitiesare declared asacceptable After conductingthe combustiontrials,
deficiencies of tested heat generators that cause technical problems and negative
environmental impactareevaluatedThe heating facilitiegare subsequently qualitatively
and quantitatively assessed lwitegard to whether certain fuel processing measures or
heating facility adaption measures contributéhereduction othe environmental impact.
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Appropriate measureare defined and suggested iodustrial partners to alter the
constructional and operational conceptrair combustion devices

1 The thirdgoal is theanalysis of the environmental burdesonductedhrough Life Cycle
Assessment (LCAjnethodby a development of representative maeif the defined
options Thesemodek shouldinclude the entire life cycle of corn cobs as a solid fuel, by
involving: transport, manipulation, storage, processing, combustior,reseoptiors are
analyzedwith respect to environmental impactlated to climate change (i.6&HG
emissiony Such aLCA analysis give an insighthether certaimeasures causecreased
environmental impact, possiblgue to additional energy inputs (direct) or material
consumption (indirect). These resulskiould be the basis to suggest which of the
investigatedptionshas the least negeé influence to the environment

1 Thefourth andfinal goal isit to assess thprofitability of investment in heating facilities
usng corn cobs as solid biduel to be conducted bthe application of the calculator and
decisionmaking tool named BiomasaPR{dartinov et al. 2011)The calculator is designed
to be used by potentiblomass users.

In the second phase of the project, the planned ssopdenckd to includecombustion of
processed corn cobs in the form of pellstthin an8 kW pellet oven This includes alsthe
measurement dhe resultinggmissions, includingnline measurement of the particulate matter
related to masand numbesize distribution, as well as detailed subsequent laboratory analysis
of the solid combustion residue$his extended analysis should gaéetter insight into the
effect of selecteduel-related primary measures for the particulate m#&R&f) mitigation in
smallscale units when using crop residues as fuels.

The heating facilities are subsequently qualitatively and quantitatively assessed with regard to
whether certain fuel procesgi measures or heating facility adaption measures contribute to
reduction of the environmental impact.
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3 Fuel processing
Fuel processing encompasses four tasks:

i Testing of corn cob crusher,

1 Collection and processing of corn cobs,

1 Selection and adaptan of heat generators, and finally
1 Inventory of economic parameters.

These variousasks are presented in separate-chdpters, each describing applied method,
followed by results and discussion. Certain tasks are performed at two loc@f)derbia and

(2) Germany. The results for these fdrkages are categorized according the location of the
experimental setup.

3.1 Testing of corn cob crusher
Djordje Djatkov, Milan Martinov
3.1.1 Methodology

For this experimenthe forms B and C according Fbagure3.1 were used. The production of

grits is only the final phase of comminuting as a final preparatory step for pelletization. Crushed
form used as a fuel, means reduction of length, whereby, its length should be same as
diameter or about 1.5 of diameter.

Figure3.1 Different product formats and sizes A: cobs grits; B: loose cobs; C: pellets

Figure 2.2resents the schematic of the used crushé~igure 2.3 shovike preparatory steps
for the crushing process (left) and crushed corn cobs (right).
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the openings up to mm woven cloth screens in accordance with DIN 4185, part 1, were
used. Sieves diameter were 200 mm. For openings 10, 16, 25, and 40, perfotatedrmpla
accordance with DIN 4185, part 2, were used, and sieve diameter were 400 mm. Longer
particles were measured manually and selected into two groups: 40 to 63 mm and longer. For

the particle length group up to 6.3 mm, as a representative value \Were rtaddle of

neighboring mash dimension. For further groups a manual measuring of particle sizes was
performed, the median has been calculated and used as a representative value of the group.
Samples were of minimum 14 in accordance with DIN CEN/TS 1594, and balance

accuracy 0.3.
3.1.2 Results

Results are presented in the diagram forrlogmal distribution Figure 2.4, according to DIN

66144, and for particle size distribution used method of calculation and presentation defined by

(Batel 1971)
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Selected results of the crushing tests are present€dbile 3.1, whereas an overview of the
corn cob properties fare and after crushinig given inTable3.2.

Table3.1 Results of crushing test (selected some of total 19)

Drum

Share, %

Distance to knives Second stationary Median, Coefficient of
N PTOl d, mm knifes Sllety <L 263 mm correlation
min mm mm mm
4 520 20 yes 85 0.8 05 7.5 0.89
8 520 30 yes 84 0.7 038 8.0 0.87
15 420 20 no 84 08 0.8 8.0 0.89
19 520 40 no 86 05 30 110 0.83
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Obtained patrticle size distribution of crushed maize cobs fully corresponds to size classes of
wood chips P45 and G50, in accordance with DIN CEN/TS 14961 and ONORM M 7133,
respectively.

Table3.2 Measured dimensions before crushing and bulk density of maize cobs
Cobsdé di mensi i

Median SD
Length 186.2 20.8
Max. diameter 27.1 1.6
Length middle point diameter 25.2 1.1
Bulk density, kg ¥
Median SD
Non crushed 104 8.9
Crushed 227 14.2

3.2 Collection and processing of corn cob samples

Processing of corn cobs was performed at two locat{@h$Serbia angd2) Germany. Methods
and results are categorized according to the locations and project partner performing the
respectivaasks.

3.2.1 Location 1 (Serbia)
Djordje Djatkov, Milan Martinov

Corn cob pellets for the combustion trials were procured in remdge form from one of the
biggest manufacturer of pellets in Vojvodina, located in Stari Slankamen. For the collection
and tranport of pellets a special, big volume trailer was usigaire3.5.

iwv A
)

e

Figure3.5 Trailer for the collection and transport of corn Figure3.6 Pelletizing of corn cobs
cobs for pelletizing in Serbia

As Figure3.6illustrates, crushing, milling and separation of dust were performed as preparatory
steps for pelletizing. Cooling and additional removal of dust fraction through sieving are
performed after pelletization.

Corn cob pellets were collected (purskd) in their processed form from the manufacturer
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3.2.2 Location 2 (Germany)
Natasa Dragutinovic, Isabel Hofer, Martin Kaltschmitt
3.2.2.1 Methodology

Ground corn cob feedstoqB-5 mm particle sizejvas procured from a German company
dealing in manufacture, collectipprocess, and trading of biomass. From this feedstock, further
processing of corn cobs was investigated through pelletizing of corn cob grinds:

1. In their pure form,
2. With additives (kaolin and magnesium oxide (MgO)),
3. With additives (kaolin and magnesiwride (MgO)), and starch as a binder.

During pelletizing mineral additivesan be easily added to the feedstok#lditives such as

kaolin and magnesium oxidee used to mitigate particulate matter generation and ash melting
behaviour(Kaltschmitt et al. 2016YSchmitt) (Steenari und Lindgvist 1998\luminasilicate

based additives such as kaolin have been proven to contribute to the reduction of particulate
matter (PM) emissions from tleembustion of woody biomas@{uelsmann et al. 201.9H06fer

und Kaltschmitt 2017)(Gollmer et al. 2019as well as to improve problematic ash melting
behavior and minimize other asl3sociated problems during combustion such as ash
deposition, fouling and corrosi@&teenari und Lindqvist 1998)

The effect of mineral additives on the selected physiechanical properties and ash melting
behaviour of corn cobs pellets, which in turn affect fines content of the pellets and consequently
fine PM formaion and emissions were investigatgerimentally and statistically

Pelletizing was conducted in two &= of experimentwith full factorial designin both series,

a full factorial design with three twievel factors was prepared using commercially available
software. In the first series the moisture content (180wt. %), the additive type (kaolin
MgO), andtheadditive content (0 to @&t. %) were variedWithin the second serief)estarch
content (used as a binder) (2 toMl %), the additive type (kaolirMgO), and theadditive
content (O to 2vt. %) were used.

After the production each pellbatch was left to cool down overnight and stored. Pellets have
been sampled from the produced batch and the @hysiechanical properties (according to
ISO 172256: mechanical durability, bulk density, ash content, moisture content, and higher
heating valie) have been assessed with the methods showalile3.3.

Table3.3 Overview of material analysis methods
Property/Procgs Method/standard Corn cob grind Corn cob pellets
Sampling EN 14778 X X
Sample preparation DIN EN ISO 14780 X
Elemental composition DIN EN 15104, DIN EN 15290 X
Particle size distributior mesh sizes: 6.84.07 2.07 1.0 mm X
DIN EN ISO 178272

Moisture content ISO 181342 X X
Ash content ISO 18122 X X
Bulk density ISO 17828 X X
Mechanical durability  1SO 178311 X
Higher heating value  Bomb calorimeter, isoperibolic IKA X

In order to statistically evaluate the influence of independent variables (factors) on the
mechanical durability and bulk density of pellets (responses) experimental series were
evaluated comprehensively with a commercially available soft{(BiRSS Software | IBM

2020) Where assumption for parametric tests were met (nodméibution of residuals,
equality of variance and no outliers), regression analysis was used (i.e., analysis of variance
(ANOVA)). Mathematical models useduring thisregression describe the main effect and
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interaction of independent variables (inputrgmaeters) on the output variables (response
variables), using linear equations (for main effects) and higldar equations for interaction
effects (quadratic, cubic etclh certain cases, after the transformation of input data the normal
distribution d residuals was met and appropriate parametric tests were performed.

In such aregression analysis (and ANOVA) linear or higleeder mathematical functions
(quadratic, cubic etc.) are used to describe the main influences of the input (parameter) on the
output variables (responses), as well as their interactions (quadratic model and higher). Quality
of fit of the proposed model has been estimated basédvafues and associat@evalues of

the overall model and individual model terms. Lack of fit telstgglue) compares pure error

with the residual error. Significant difference tests were performébvatue of 005 with a
confidence level being 9%. If probabilityp is belowU, null-hypothesis is rejected and there

is strong evidence that the altermatihypothesis is true. Then the effect of the parameter is
deemed statistically significant. The determination coeffici®his used to evaluate the
acceptability of the investigated model: the model is generally regarded as adetra®db.

If ANOV A assumptions are not meiet case of three parameters fialttorial design, non
parametric tests were applied. In this case the requirements -gfanmmetric tests (Welch
ANOVA, MannWhitney U test, KruskalWallis) were tested and, where appropridabese

tests were applie(Field 2018) Non-parametric tests doohassume that the data come from a
distribution that can be fully described by two parameters, such as mean and standard deviation
(in normal distribution). In most neparametric tests, dagameranked Thatmearsthat response

values are converted tbeir ranks in the overall data set.

Welch ANOVA is an alternative to classic ANOVAhis approactdoes not require the
assumption of homogeneity of variancBat normally distributed datare needed

Man-WhitneyU-testis the nonparametric equivalend parametric two sampleést, and does
not require normal distribution of residuals.

KruskaltWallis H-test is the nofparametric equivalent to ofeay analysis of variance
(ANOVA), also called ANOVA on ranksThis methoccompares the equality of medsafor

two or more independent samples of each or different sample sizes, also not requiring normal
distribution of residuals.

3.2.2.2 Results
Experimental findings can be summarized as follows:

1 Pellet properties such as moisture content, ash content, heatieg Mgland Scontent
from both experimental series are in accordance with threshold values given by the
respective nomwoodpellet standard ISO 1722

1 Without binder, only pellets with MgO can reach the durability threshold limit and only in
certain cass. This is possibly due to thermal stability and uniform heat distribwiitim
the biomasgpelletduring pelletizing of Mg@additivized feedstock, originating from high
heatconducting capacity of MgO and resulting in the formation of solid bridgpsliats
through lignin glass transition.

1 After the addition of a binding agent, the mean value of all additivized corn cobs pellets
with low amounts of starch (<wt. %) can reach durability requirements of the respective
ISO fuel standard for newood pdlets, damping the effect of powdery inert material such
as additive on the fuel mechanical properties.

1 The bulk density threshold limit was reached withexteptionsin both experimental
series. Values of bulk density from all produced pellets (withaatiebut additive, with and
without binder) are in accordance with the threshold values of the respective ISO standard
(> 600 kg/nd).
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1 Bulk density is negatively influenced by starch as a binding agent.
Results from statistical analysis can be summardaeidllows:

1 Mechanical durability is significantly affected by the type of added additive (to support an
environmentally sound combustion) and the amount and type of the added binding agent.

1 Type of additive affects mechanical durability of corn cob pelleithout the binder only
corn cob pellets with MgO as additive could reach the mechanical durability requirements
(and only in certain cases).

1 Moreover, there is a statistically nsignificant but observable interaction between additive
type and additig content.

Thus, the quality of agro pellets can be in line with the requirements of respective 1SO fuel
standard even when mineral, powdery mate(&lg. aradditive are applied. This requires the
addition ofa binding agento improve the durability of the produced pellets.

The results from this work package will be included in an original research paper.
3.3 Selection and adaption of heat generators

Similar to the previous chapter, the selection of heat generators used instiomknials was
performed at two locations. Methods and results are argduaiccording to the location and the
project partner responsible for combustion trials at the location.

3.3.1 Location 1 (Serbia)
Djordje Djatkov, Milan Martinov
3.3.1.1 Methodology

Combustionunits were selected taking into consideration the three investigated options
(described in chapte?.2). A heat generator with manual fueleding has been choseno
investigate option | and Il with unprocessed and crushed corn cobs, whereas a modern
combustion unit with automatddel feeding was selected to investigate option Ill.

3.3.1.2 Results
Three typical boilers for biomassive beeselected to be tested:

1 Termoplin. From the manufacturer Termoplin an underfeed boiler, developed for wood
chips, fruit pits (bones), but also tested with crushed corn cobs was investigated. Type TK
25 with a nominal thermal power of 29 k\Wigure3.7) has been selected. This one is also
suitable for the combustion of pellets.

1 Terming. From this manufacturer two boilers have been tested: OzdrA@5¢3.8) with
a nominal thermal power 25 kW, aimed for agro pellets, and &t®ty batch boilerMG-
P)aimed for combustion of whole coldsigure3.9).

Performed adaptations for both are presented in chapter 3.
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Figure3.7 TK-25 with nominal capacity Figure3.8 Terming Ozone agro with automate
29kw fuel-feeding

°

Figure3.9 Terming TIGP with manual fuel Figure3.10 Pelletoven Austroflamm Polly 2.0
feeding

3.3.2 Location 2 (Germany)

Natasa Dragutinovic, Isabel Hofer

3.3.2.1 Methodology

For the investigation of option Il with pelletized corn cobs two modern combustion units with
automated fueteeding were selected, with the aimctumpare the statef-the-art combustion
units, subsequently efficiencies and emissions in Serbian and German conditions.

3.3.2.2 Results
TUHH selected the following combustion plants:
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1 Terming. The boiler of the Serbian manufacturer "Terming Kula" was selectedwtable
smallscale biomass boiler for the combustion of corn cob pelfetgi(e 3.8). The same
appliance tested also by the Faculty of Technical Sciences. The combustion device "Ozone
agro" has 25 kW nominal heat capacity. This oven can operate with minimurggpaaial
load and is a "mukfuel boiler" (i.e., it can use different types of biomass as fuel, including
agro pellets). The system is also equipped with a moving grate, an automatic fuel supply
(with three speeds), and an air supply in two stages. This movingagsitates the use of
fuels with a higher ash content, such as agro pellets, and at the same time prevents sintering
of the grate ash. This plant was chosen on the basis of the moving grate, the favorable price
and the already performed and successfatiynpleted preliminary tests in Serbia. The
furnace is a representative example of sisedlle biomass plants in Serbia.

1 Austroflamm. The boiler "Polly 2.0" from theompanyAustroflamm is an automated
singleroom combustion plar{Figure3.10). This pellet stove has a tilting grate. Therefore,
it is expected that the stove will also be able to use-pgltets with a higher ash content.

34
Djordje Djatkov, Milan Martinov

3.4.1.1 Methodology

The necessary data for the economic estimation calculations are gilveinle3.4.

Inventory of economic parameters

Table3.4 Properties and purchase prices of assessed fuels

Fuel Natural Coal Wood Wood Wood  Whole  Crushed CC

gas logs chips pellets CC CC pellets
MC, % (w.b) i 24.0 20.0 20.0 8.0 75 75 8.9
LHV, MJ kg't 9.3 4.6 4.0 4.0 4.7 44 44 43
Purchasd! 302 115 105 75 180 30 100 140

CC: corn cobs; MC: Moisture content; w.b.: wet based; LHV: Lower heating V&lvéx; Snis; PG S S,

The overview of parameters used for the calculations is givEahte3.5.

Table3.5 Technical data, investment and operating costs of assessed heating appliances

Appliance Basecase TIG-P TK-25 Ozon 25
option

Power, kW 24 30 29 25
Stoking A M A A
Fuel Natural gas Whole CC Crushed CC CC pellets
Annual efficiency, % 90 557.P 60 9(¢
Lifespan, a 20 1220 1z 157

I nvest ment ¢ 550 680 2,100 2,580
Transport <co 0 0 121 0

I nstallati on 200 150 200 150
Mai ntenance, 20 50° 50 50
Material cos 20 50 50 100

A: automatic; M: manual; CC: Corn colf§oal: 60%, 1G; "Wood logs: 50%, 18, 00 “Wood chips: 1%; “Wood pellets: 92%, 18,
500 .

3.4.1.2 Results
The obtained economic performanees presented in thieable3.6.

Table3.6 Profitability assessment

Whole corn cobs NPV1i NPV, Viable
cC W logs 18,707 YES
cc Coal 16,978 YES
cC NG 14,105 YES
CC+HA NG 14,751 YES
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Crushed corn cobs NPV1i1 NPV, Viable
cC NG 4,714 NO
CcC W chips 1,625 NO
Corn cob pellets NPV11 NPV, Viable
cC NG 5,666 NO
CC W pellets 315 NO

NPV: Net present value; HAdeat accumulator; CQorn cobs; WWood; NG:Natural
gas.

Detailed inventory of economi c p e Prbfiabiltyance s
of corn cob utilization as a fuel in small residential heating appliabntedefound inthe
AppendixA of this report.

The obtained results are on the lower level for the use of corn cobs. This is mainly due to the
relatively low price of natural gas and firead.
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4 Measurement of emissionandtechnical assessmeritLocation 1 (Serbia)
Djordje Djatkov, Milan Martinov

Combustion trials make up the core of the project and include measurement of selected airborne
emissions, as well as testing of the proposed measures for the reduction of negative
environmental impadtom the combustion of corn cob.

Results ar@rganzedaccording to théocation andproject partner performing the taskasks

are performedat wo locations by the project partngfl) in Serbiaby Faculty of Technical
Sciences and Termopl{m KulaandMladenovag and(2) in Germanyy Hamburg University

of Technology(in Hamburg. Description of methods and experimental setuppr@gentedn

two chaptergchaptei0 and chapte®d), according to the location and project partner performing
the tasks.

In this chapterthe experimental trials performed by the Faculty of Technical Sciences with
industrial project partneiermoplinwill be explained Therefore the experimental setup and
methodology is described in the first, followed by the results frmaombustion expements.
Faculty of Technical Sciencesonducted experiments at two locations, first being in
Mladenovac, at the location of Termoplin company, and the second one in Kula, at the location
of the company Terming ATI.

4.1 Methodology andExperimental setup

Faculty of Technical Sciencesedrenewed existing measuring equipmastwell asnewly
acquired appliance$§as analyer TESTO 350 Svas renewedelectricity supply system and
measuring cells for NQ(nitrogenoxide)) was used for gaseous pollutant emrssnonitoring
(Figure4.1).

Furthermore, the device TESTO 380 with measuring sensors for PM, Ctengperature and
pressure and draught of the flue gas was (iSigdire4.2). The core part of the TESTO 380 is
the emissiormnalyer TESTO 3362 LL. In connection with the TESTO 380, the simultaneous
measurement gdarticulate mattefPM) is possible.
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Figure4.1 The existing devic@ESTO350 Sfor Figure4.2 The newly purchased

NOx measurement TESTO380 for CO, @Qand PM
measurements

Testing stands were planned and defined by project team members of the Faculty of Technical
Sciences and constructed by manufacturBesmoplin Figure4.3 andFigure4.4) and ATl

Terming Figure 4.5 and Figure 4.6). Except the repair and purchase of new devices for
measurement of emissions, in both firfasboth locationshew scales for mass measurement

and calorimeters (heat meters) used for measureafieggnerated heat energy and thermal
power of the investigated boilengere installedin order to determine energy efficiency of the
boilers and installed power.
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Figure4.3 Testing stand in firm Termoplin, Figure4.4 Experimental setup in Termoplin
Mladenovac

Figure4.6 Experimental setup in Terming, Kula

Figure4.5 Testing stand in Terming, Kula

The testing method was based on following standards (now adapted as national ones, SRPS

EN):

A EN 3035 Heating boilers Part 5: Heating boilers for solid fuels, hamtlaautomatically
stocked, nominal heat output of up to 500 kWerminology, requirements, testing and
marking.

A CEN/TS 1588Residential solid fuel burning applianceEmission test methods.
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A EN 132841 Stationary source emission®etermination of low range mass concentration
of dust Part 1. Manual gravimetric method.
A EN 303Heating boilers Test code for heating boilers for atomizing oil burners.

Testing methodsire defined in detailén these standardsind within the projecactivities
strictly followed.

4.2 Results
In the following text the results from the testing of two different combustion test stands (with
ATermoplind and ATer mi ngo) using di fferent

Combustion tests have been condudigdraculty of Technical Sciences in cooperation with
project partners.

4.2.1 Termoplin

On the location of Termoplin production site boiler unit-Z&with automatic, under fired fuel
feeding has been tested. This boiler is aimed to be used with differenstiedsas wood chips,

wood and agro pellets, fruit pits, as well as granulated materials of various origin. However, as
alternative, wood logs can also be used. The last possibility makes the reconstruction of
utilization of this boiler complicated, espalty for using corn cob pellets, and crushed cobs.

Nominal installed thermal capacity % = 29 kW. In this combustion unit measurement with

two fuels, corn cob pellets (moisture content about 9 %) and crushed cobs (length of pieces one
to two diameters, moisture content about 8 %) were performed. Schematic presentation of boiler
is given inFigure4.7, and view of combustion test standHigure4.8.

Figure4.7 Schematic of the boiler T& 25
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Figure4.8 Combustion test stand in  Figure4.9 Exhaust gas ventilator installed in 726
Termoplin

Natural drought{vacuum) was used at the beginning and was later replaced with exhaust gas
ventilator, as shown in tifagure4.9. Heat exchanger with an dieater was installed aaat
sink (thermal energy consumer).

The boiler has single stage combustion, with only primary air. Furthermatexcooledtubes,
which are part of the heat exchanger, are situated above the lower part of combustion chamber.
Their function is also toesve as a grate when using wood logs as a fuel.

The obtained measuring results are as presenfédbile4.1 andTable4.2 , for two types of
fuel forms.

Table4.1 Emissions from the combustion of corn cob pellets inZBK

No CO OGC PM d
: mg/n? for 10% O, %
1 2,683 188 247 71.6
2 2,731 98 272 69.5
3 3,273 76 314 64.5
4 2,964 87 307 66.5
5 2,473 56 308 70.8
6 2,787 26 294 67.3
Average 2,819 89 290 68.4

"OGCT1 organic gaseous carbon
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Table4.2 Emissions from the combustion of crushed corn cobs 25K

No CO O0GC PM d

) mg/n? for 10% O, %
1 10,194 1,712 324 50.5
2 11,468 2,300 264 60.1
3 13,679 1,828 347 61.3
4 12,482 2,362 335 58.8
5 15,670 2,095 358 61.4
6 13,160 1,475 392 57.5

Average 12,776 1,962 337 58.3
"OGCi organic gaseous carbon

The emissions of both CO arghrticulate matterRM) are several times higher than the
emission limit valuesgLVs) in the EN 3035. The obtained results are not meeting given
emission limit values, except the emissionsmfanic gaseous carbo@GC) when usingsorn
cob pellets as a fuel.

When comparing the emissions from corn cob pellets and crushed corn cobsiderg that
combustion of pellets results in lower emissions of both COpanticulate matter (PM)CO
emissionsas well as organic gaseous carbon (OGC) emis$ionsthe combustion gbellets
are in line with the class 3 from EN 383(CO < 3,000 mg/m and OGC< 100 mg/n3).
However, even when using pellepgrticulate matter (PM@missions are almost double of the
limit value of 150 mg/mfor class 3

In the case of crushed corn cobs, emissions of CO are almost 4 times higher than the CO
emission limi value of 3,000 mg/Afor class 3, whereas particulate matter (PM) emissions are
more similar to those from corn cob pellet combusti@nganic gaseous carbon (OGC)
emissions arenore than0-fold higher than allowed values from class 330 mg/m).

From the above results, it can be estimated that the most efficient measure for CO emission
reduction is automatic feeding of fuel, which eliminated the user interference and disruption of
combustion process due to loading of the fuel. Regarding particusdterniPM) emissions,
the need for additional improvements (both fagld combustion unitelated) become evident.

4.2.1.1.1 Implemented improvements

The main idea was to enable two stage combustion, introducing secondary combustion air in
hot zone, enable an impred mixture of flue gases, after primary combustion, and prolong
residence time within the hot zoriEherefore hovethe water tubes half cylindrical fireclay
mantelhas been situatgéigure4.10). By frequency control can be adjusted inlet of secondary
air, which is heated in the tubes inside of maritkls,it is possible to adjust excess air ratio,
also by control of exhaust gasemntilator, whereby share of primary air was between 55 and
60 %.
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Fireclay, thickness
50 mm

End of tube
daformad in
about third
ca660 ~——
Fi_reclay, Metal tube though door
T_upes for secondary thickness that will be connected to the
air inlet 33 60 mm ventilator for secondary air

Figure4.10 Schematic of the cylindrical fireclay mantel

In the Figure4.11 till Figure4.13 steelmade moulds for fireclay mantel are presenidtk
respectivecostswill increaserery roughlyby 25 to 30%.

Figure4.12 Steel mould top view

Figure4.13 Steel mould for the fireclay mantel

The obtained emission results and the energy efficiency values are presérabtbh3 and
Table4.4.
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Table4.3 Emissions from the combustion of corn cob pellets after the installation of the fireclay
mantel

No. CO OGC PM (
mg/ne for 10% O, %
854 26 112 78.6
736 18 156774
1,157 34 189 79.2
946 39 145 78.3
734 26 127 76.1
862 28 12577.3
1,236 32 121 75.0
863 18 165 79.4
Average 933 28 143 77.7
"OGCI1 organic gaseous carbon

O~NO U WNPE

After the installation of the improvadeasures in the combustion chamber, CO emissions from
the combustion of corn cob pellets were reduced almost three times, meeting the requirements
of the stricter class 4 from the EN 383< 1,000 mg/rf). Similar effectcan beobservedor

organic gaseousarbon OGC) emissions. Average value pérticulate matter (PMgmissions

of 143 mg/niis in line with the requirements of the EN 3B8lass I< 150mg/n?). Efficiency

value of > 75% is also met.

After the installation of the fireclay mantel CO amdjanic gaseous carbd@GC) emissions
from the combustion of crushed corn cobs are in line with class18@<ng/n{). However,
particulate matter (PM) emissions and efficiency are just below the standard requirements.

Table4.4 Emissions from the combustion of crushed corn cobs after the installation of the fireclay
mantel

No. CO OGC PM (
mg/m? for 10% O, %
3,654 86 178 73.4
2,587 102 175715
2,693 65 188 72.1
2,763 88 129 70.9
2,512 68 196 73.2
3,235 79 167 70.2
2,865 98 192 72.3
Average 2,901 84 17571.9
"OGCT organic gaseous carbon

~NoO O hWN R

4.2.1.1.2 Discussion

These results are for both fuels much better, but still not good enough to meet the requirements
of the standard.

To sum up, thenstallation of the fireclay mantel in the boiler & clearly led to the
improvements in the combustion process, as evident from the emissions and efficiency
parameters. In the case of corn cob pellet combustion, it is enough to place the emissions and
erergy efficiency values in line with the standard requirements. Even tough implemented
measures led to the reduction of CO emission by almost tenfold when using crushed corn cobs
as fuel,particulate matter (PMg¢missions and energy efficiency are still noeting the EN

3035 requirements.

4.2.2 Terming
The second test stand was located in the town of Kula, on the production site of the company
ATer mi ngo. Corn cob pellets wused for this

case. Whole cobs consipartly of crushed cobs; its moisture content was about 10 %.

r
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Combustion experiments were performed using two different units, the first one being an
automatically feed boiler A0Ozone agro 250,
Po.

4.2.2.1 Automatic feeding boiler Ozone agro 25

This, for Serbian conditions high tech pellet boiler is especially designed for agro pellets from
crop residues (dominantly wheat and soybean straw). The installed thermal cap@gity is
25KkW. This unit is also a single stagencbustion boiler (i.e., only primary ai).cross section

of this boilerindicating the realizedir flow is presented iRigure4.14.

Table4.5 Emissions from the combustion of
corn cobpellets in Ozone agro 25
No. (6{0) OGC PM d
n | n | D D mg/n? for 10% O, %
! 0 A | 1 2,485 63 280 91.5
" / \\‘"’ | 2 2,861 52 243 92.1
— ——1 3 2,136 49 216 908
_= 4 1,365 33 227 89.8
5 1,375 78 312 87.8
6 1,423 68 212 90.4
7 1,408 97 235 88.9

Average 1,865 63 246 90.2
"OGCT organic gaseous carbon

L

T 1

Figure4.14 Schematic of the boiler Ozone agr
25

The results from the initial combustion trials without amgdifications are presented Tiable
4.5. According to this CO andorganic gaseous carb@@GC)emissions from the combustion
of corn cob pelletswithin the Ozone agra25 are in line with class 3 of EN 3@(CO

< 3,000mg/mPand OGC< 100 mg/ni). Compared to thathelevel of particulate matter (PM)
emission is rather high. Efficiency is in line with the strictest EN3@8ss 5 (> 89 %).

4.2.2.1.1 Implemented Improvements

Figure4.15 shows the construction of the boiler after improvements. The idea behind these
improvements is to introduce secondary combustion air iextension of the burner (grate)

and before the added fireclay cylind@ihis ¢ylinder is installed with the aim to emulate
secondary combustion chamlierenabe stable high temperatures, promot turbulence and

to mix the combustion products aride seondary combustion air as well &sprolongthe
residence time dhecombustion products in the combustor before reaching the heat exchanger.
Figure4.16andFigure4.17 illustrate theeimprovements implementesiithin the combustion
chamber.

fal)
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Figure4.15 Schematic of the improvements on the Ozone agro 25 boiler

Figure4.16 Clay insert mounted above
the grate

Figure4.17 Fireclay insert during combustion

The results of measurements of the improved automated pellet boiler Ozone 25 agro are shown
in Table4.6t ill Table4.8. Table 4.6 presents the results during full load operatioe.,(at
maximal thermal power of 28//). Table4.7 and Table 4.8 show results for partial load of

boiler operation (30 % and 50 %) aiming to deti@e the level of expected increased emission

for alower powerrange It should be noted that only this boiler Ozone 25 agro enables power
regulation (.e., operation at partial load) due to more sophisticated fuel/air dosing regulation.
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Table4.6 Emissions from the combustion of corn cob pellets after the installation of the clay insert in
Ozone agro 25 at nominal load

No. CO OGC PM d

mg/ne for 10% O, %
1 982 38 148 90.1
2 895 42 164 93.0
3 870 25 157 94.2
4 839 27 118 89.8
5 1,055 21 183 93.7
6 809 33 192 91.7
7 656 23 196 89.9
8 1,149 18 154 91.6

Average 907 28 164 91.8
"OGCI1 organic gaseous carbon

At the nominal load of 25 kW the CO emissions are in accordance with class 4 (< 1,060 mg/m
Even though the installation of the fireclay mantel #mglintroduction of the secondary air
brought improvements, particulate matter (PM) emissions are still high, just abeveisiseon

limit values(ELVs) of EN 3035 class 3< 150 mg/n3).

Table4.7 Emissions from the combustion of corn cob pellets after the installation of the clay insert in
Ozone agro 25 at 50 % load
No. CO OGC PM d
mg/ne for 10% O, %
1,568 64 198 84.2
1,457 67 205 86.3
1,596 62 187 80.1
1,358 63 174 81.8
1,425 60 188 82.4
1,543 65 196 83.1
Average 1,491 64 191 83.0
"OGCI1 organic gaseous carbon

U, WN P

At the 50 % load the CO emissions increased when compared with emission at nominal load
But still they ae inaccordance with class 3 (< 3,000 m@ymvhereas particulate matter (PM)
emissions are also higher than at nominal |ddm latter wagxpectedBut nevertheless, this

is not in line with anyemission limit value¢ELVs) from thegiven and validstandard.

Table4.8 Emissions from the combustion of corn cob pellets after the installation of the clay insert in
Ozone agro 25 at 3 load
No. CO OGC PM (
mg/ne for 10% O; %
2,852 85 187723
2,645 73 193 76.6
2,378 92 197 74.5
2,832 87 194 71.7
2,387 95 183725
2,845 74 192 73.6
2,460 81 205 72.9
Average 2,628 84 193 73.4
"OGCI1 organic gaseous carbon

No ok, WNBE

Similar to in the previous case of combustion a¥bad, the emission from the combustion
at minimal load are higheompared tahoseat nominal load More specificallythey are the
highest ones. Still CO emissions are in accordance with EN63&s 3 (< 3,000 mg/r),
whereas as expected particulate matter (PM) emissions are too high.
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4.2.2.1.2 Discussion

Before the installation of the proposed improvements, the CO emissions from the combustion
of corn cob at nominal load within the Ozone 25 agro boiler werkne with class 3

(< 3,000mg/n?), whereagarticulate matter (PM@missions were too high. Efficiency values
were in line with class 5 89 %).

After the implementation ofhe proposed measures to modify (modarhthe combustion
chamber by introdunig secondary combustion air and fis
emissions from the combustion at nominal load decreased, more specifically CO emissions
meet the class 4 requireme(sl,000mg/n?), butparticulate matter (PMdmissions were just

above the class@nission limit values (£50mg/n?). Efficiency values were in line with class

5 (> 89%). As expectegemissions at partial loads (50 % and 30 %) are higher than at nominal

load. In both case€O emissions meet théass 3requirements (],000mg/n7). Particulate

matter (PM)emissions are not in line with the requirements of the standard.

Although the modifications brought substantial improvements in the qualitye obmbustion
process and therefore contributeeinission reduction, further measures need to be taken into
consideration. These include potentially the introduction of a lambda phetrepdernkation

/ improvemenbf the control system, fueklated measures etc.

4.2.2.2 Manual stoking batch type of boiler TIG P

This is a simple solution of boiler construction, aimedHiecombustion of diverse fuels, from
wood logs to straw and others. It is also the cheapest appliance. Installed heat capasity is
24 kW.Results of the preliminary testing are preseinetielable4.9.

Table4.9 Emissions from the combustion of whole corn cobs i@ Pl

No. CO OGC PM d

mg/ne for 10% O, %
1 21,567 2,442 322 44.8
2 23,659 1,445 440 36.8
3 22,452 2,014 529 44.2
4 22,364 1,834 496 44.8
5 26,257 2,569 469 35.7
6 27,579 1,836 499 36.4
7 27,881 1,587 522 41.5

8 18,852 1,879 457 39.7
Average 23,826 1,951 467 40.5
"OGCI1 organic gaseous carbon

Based on the results from preliminary testing of the TIG P boiler, none of the investigated
parameters meet the requirements of the ENSB88ndard. CO emissions ar®re thard

times higher tharthe respectiveemission limit valuedor class 3for manudly-fed units

(< 5,000mg/n?), whereas particulate matter (PM) emissions are almost doubéartission

limit valuesfor class For manuallyfired units (<150 mg/ni). Organic gaseous carbon (OGC)

is more tharil2 times higher than threspectiveemissionlimit values for class 3 for manually

fed units (<150 mg/m).

4.2.2.2.1 Implemented inprovements

A control of primary air intake byhe implementation of Burdon tube was introduced.new

flap for secondary combustion air, with manual adjustmettieyosition,was also installed.
Moreover, on the insidef the combustion chamber, a fire clay wall (fireclay elements) has
been introduced, aimed to support ignition of primary combustion compobigisg4.18).

The costs for reconstruction are assesgid the result thathe boiler pricemight increase
roughly byabout 20%.
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Figure4.18 Schematic of the boiler TIG P with improvements

The results of theemission and efficiencyneasurementafter the boiler reconstruction are
presented iTable4.10.

Table4.10 Emissions from the combustion of whole corn cobs after the improvements in TIG P
No. CO OGC PM (
mg/m? for 10% O; %
4,659 231 126 51.6
5,237 368 187 55.8
3,697 158 159 52.3
4,588 198 187 49.1
3,675 265 136 52.9
5,776 312 148 48.7
Average 4,605 255 157 51.7
"OGCI organic gaseous carbon

After the modification of the boiler TIG P, emissions are reduced for all considered pollutants.
CO emissions are in line with emission limit values for mantfellly units, class 3

(< 5,000mg/n?). Organic gaseous carbon (OGC) and particulate matter (PM) emissions are
still outside tlis standard

4.2.2.2.2 Discussion

Before the combustion unit modificatiogmissions from the combustion of whole corn cobs
in the TIG P boiler were many times higher than the limits and requirements given in EN 303
5, whereas efficiency was lower than the requirements of the standard.

After the modification of the boiler TIG Ryerage CO emissions are reduced more tHald5
beingin line with the standard requiremerits manuallyfed units class 3 (§,000mg/n¥).
Efficiency is also improvetby increasing from 406 to >50% on averageOrganic gaseous
carbon (OGC) emissiorsse reduceas wellmore than Ffold (from 1,900mg/n? on average,
to 255mg/n? on averageNevertheless, thestill donot meethe EN 3035 requirementdViost

OO~ WNPE
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problematic parameteparticulate matter (PM@mission, is reduced almosfdd and is quite

close theemission limit valuefor class 3 in EN 303 (< 150 mg/n?), on average. This is
somewhat of a surprise, taking into consideration the value of CO emission and the results from
the measurement trialgith other combustion units.

4.2.3 Conclusions

Considering the three investigated units (KZK Ozone 25 agro, and TIG P) and
corresponding emissions before and after the proposed measures, expected improvement has
been partly achieved. CO emission seem to be more easily reduced by controlling imombust

air and the introduction of fireclay elements in the combustion chamber. Thus, the requirements
for complete combustion such as leeigough residence time of volatiles, high temperatures,

and mixing (turbulence) of combustion products with oxygenamiéithted. Thestill unsolved

problem isthe considerableeduction of particulate matter (PMinissions

After the installation of the improved measures in the combustion chafst investigated

unit, automatic boileKTK-25, average CO emissiofrem the combustion of corn cob pellets
were reduced almost three times, meeting the requirements of the class 4 from thedEEN 303
(< 1,000mg/n?). In paralle) average value gfarticulate matter (PMymissions of 143 mg/n

have been measured being irelinith the requirements of the EN 3B2lass 3< 150mg/n¥).
Efficiency value of >75% is also mefclass 3)

In the other combustion unit (Ozone 25 agrgl)e condary combustion ai
combustion chamber 0 wseilmprovémeritst entsgiens dram th&ef t e r
combustion at nominal load decreased. CO emissions met the class 4 requirements
(< 1,000mg/n?), but particulate matter (PM@missions were just above the classn@ssion

limit values (<150mg/n7). Efficiency values atominal load were in line with clasg589 %).
Emissionsatpartial load (50% and 30%) have beeiigher than at nominal loath both cases

the measured emissionsiet the class 3emission limit valuesfor CO emissions

(< 3,000mg/n?). But, the measurement result havet beenin line with the particulate matter

(PM) emissionimit valueson average.

In the last investigated uniTIG P), after the modification of the boiler average CO emissions
are reduced more tharféld, being in line wih class 3 for manuaklfed units (<5,000mg/n7).
Efficiency is also improved but not in line with standard requirements, increasing frém 40
to >50%, on averageParticulate matter (PM@missions are reduced almosto®8l and thus
just abovethe accepable emission limit valuefor class 3 in EN 303 (< 150 mg/n¥), on
average.
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5 Measurement of emissions and technical assessment Location 2
(Germany)

Natasa Dragutinovic, Isabel Hofer, Martin Kaltschmitt

Combustion experiments are performed in two phases, differing in the following agpgcts:
the combustion unitand respective capacjtyand (2) measurement performed during
combustion.

All experiments areealizedat the combustion test stand, accordiodgEN 3035 under full
load.

1 Inthe first phase, during combustion in a 25 kW boiler, gaseous and particulate matter (PM)

emissions are monitored, as welltlsenergyconversiorperformancdenergy balance)f
the overall process. Samples of bottom agbm the ash container, fly ash from the
combustion chamber walls, and particulate matter (filter) are collected andezhadythe
laboratory for crystalline phases and elementary composition.

1 In the second phaseombustion experiments are performedh an 8 kW pellet oven.

Besides discontinuous particulate matter sampling mentioned in the first project phase, in

this second phase also the particle size and number distribution were recorded.

Thesedifferentphases are described in detail bel®Wis is also true fahe experimental setup
for the combustion experiments at TUHMhd the applied methodology. The results are
presented and discussed in the subsequent chapter.

5.1 Methodology

A detailed description of the methodology for each steghefihvestigation, as well as an
overall measurement plaareoutlined below

5.1.1 Materials

Corn cob pellets usadlithin the experimentas a solid biofuehave been produced from corn
cob grits cultivated in Germany. Wood pellets used in the combustion treale been
purchased from two different dealers in Germany.

The three feedstock samples (corn cob grits, wood pellets 1 and 2) have beedihaty
elementary composition in the laboratoryléfHH based oithe methods from DIN EN 15104,
DIN EN 15289, DN EN15290, and DIN EN 15297.

5.1.2 Phase ondxperimental setup

In the combustion tests of the first projpbiasethe boiler "Ozone agrokith 25 kW capacity
(ATI Terming Kula, Serbia) was integratatthe existing test stand in TUHH's technical cente
The schematic illustration of the test bench is showfigare5.1.
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Figure5.1 Test stand

Fuel consumption (energy input) was determined by weighing the fuel before (input) and after
(leftover) the combustion experiment. On the energy output side, a heat meter (Sontex
Superstatic 789) is installed and connectedh ttomputer with a MBus (RelayGmbH),
enabling online heat transfer data monitoring using a commercial available software (Relay
GmbH). These two data sets are used to calculate the thermal capacity and effigpeeogix

B). Water circuit of the boiler heat exchanger is operating at a pressure |datbwf3 bar.

The water circuit is connected tioe cooling systenof TUHH. The water flow of the cooling
circuitis ca. 1.1 n¥h. Efficiency is alculated in accordance with EN 363

Fuel is fed into the combustion chamber from the fuel hopper (capacity 75iggjg5.2),
connected to the burner through automatically controlled staeder with adjustable speed
control. Combustion air is fed using a single fan with adjustable speed control (3 speeds)
distributed as primary air from the bottom of the moving gratiditionally, a shareof the
combustion air is blown to the combustion chambéhnrough holes on the burner sides.
Approximately half of the overall moved air is introdud¢lebugh the gratand the reghrough
theseholes on the burner sidego the combustin areaAsh from the moving grate is actively
removed from the combustion chamber into a separate ash container using an ash screw feeder.
The emperature inside the combustion chamber is monitoredalgiible immersion probe

type K, class 1Testo 95, measurement £,300°C). Above the burner, gaseous combustion
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products are passing through the heat exchanger, in which turbulators are installed to enable a
better mixing of combustion products and-peated air.

Figure5.3 Corn cob granulate and pellet fuéigp);
Figure5.2 Combustion test starat the moving grate and ash removal scrgmiddle); filter unit
Hamburg University of Technology for PM sampling and conditioned filter before samplir
(bottom)

After the heat exchangéhe flue gases are passing through the chimrésre, additional
measurement points are installed. Pressure and temperature are contimgassiyed online

at different points in 18 intervals and monitored online (TracerDAQ software). Flue gas
velocity (differential pressure) is monitored using a pitot tube and Testo 440 dp. Gaseous
emissions such as GACO, NQ and Q concentrations are ntinuously measured using gas
analyer Wohler 550 in 18 intervals and monitored online (Wohler software). Flue gas
moisture content is measured sarontinuously in (Testo 440 dp).

5.1.2.1 Particulate matter and ash sampling

Particulate matter (PM) content issdontinuously sampled according to-lsnetic method

using a Paul @Gthe titanium sampling probe witfilter unit (according to/DI 2066-1) (Figure

5.3). Before the measuremdour quartz filters (Machereagel QF 10, diam. 4.5 cm)our

plane filter holders and coarse PM filter holder are conditioned at@&0r 1h and cooled

down inthe desiccator for at least 8 h. Three conditioned filters are used for measurements
whether the fourth one is used for blank value determination (error). During sampling the filter
unit, equipped with a titanium nozzle and probe which enabldgnstic sampling of the flue

gas, is heated to 16C in order to maintain approximately the same temperature as in flue gas
and to prevent any condensation of the gaseous species. After entering the sampling probe
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through the selected nozzle, sampled gas is @akssugh the isolated, heated filter unit. After

the filter unit, a silica gel station removes the moisture from the sampled flue gas and at the end
of the measurement train is a pump (Carpanelli) wittas meter (GMT BK GA4T). Each
particulate matterampling duration lasted 5 to 15 min depending on the loading of the filter.
Volumetric flow of the sampled gas (affected by the pressure drop due to the filter loading) was
kept constant by regulating the vacuum pump flow. The volumetric flow of the shggseat

the gas meter is calculated based on actual conditions dimengespectivecombustion
experiment(i.e., temperatures at the sampling point (filter) and at the gas meter, pressures at
both points, and humidity at both mentioned pqginBarticulde matter (PM) measurements
have been performed in triplicates for each experiment. After the sampling filters and filter
holders were heated again to T&for 1 h, kept for anothert8in the desiccator and weighed.

The load of the patrticles in the saing probe was divided between each of the PM samples
proportionally, based on each sampling duration.

After each combustion experiment, bottom &sim the gratefly ashfrom the combustion
chamber wallsand particulate mattgPM) samples are takenlyFash includes aiborne
particulate matter entrained from the grate and / or released in gaseous form but condensed and
finally deposited on the walls or bottom of the combustion chamber and / or the heat exchanger.

5.1.2.2 Laboratory analysis of solid residue amples
The three sampled fractions of ash samples are investigated in the laboratory

1 All three ash fractions are investigated for elemental composition.
1 Bottom ash (BA) and fly ash (FA) samples are investigated additionally for crystalline
phases witlpowder Xray diffraction (XRD).

Analysis of elemental compositioDetermination of elemental composition of bottom ash and
particulate matter (PM) samples are performed using two methods. The concentrations of K,
Na, Ca, Al, Feand Mn are determined aftenicrowaveassisted acid digestion of the sample
with aqua regia and the atomic absorption spectroscopy (AAS). lon chromatography (IC) is
used for measuring the watssluble portions of S£J, CI, and PG*.

Contents of Sg¥, CI, and PG> were deternmed using IC (ICS0 Dionex). Samples (0.05 g)
are filled with 10mL of double distilled (ultrapure) water, shaken fdn &t 150min?, and
afterwards filtered with a mesh size of 0&4%n .

For the determination of K, Na, Ca, Al, Fe, und Mn, bottom ashptes (0.1y) are firstly
digested in a mulstep pressurized microwave with aqua regia and nitric acid. In the initial
step aqua regia (8L) is added to the sample, consisting of three parts HG)3nd one part
HNOs (65%). Samples are then treated the microwave oven (Anton Paar Microwave
Digestion System Multiwave GO) for 30in at 500W and additionally for 1Bnin at 1,000V,
possibly reaching temperatures of 28)and a pressure level of up tol2dr. Another 6nL of

HNOs is added after theasple is cooled down. After this step, the sample is treated again in
the microwave oven for another g0n at 1,000V, possibly reaching temperatures up to
260°C and pressures up to Bar. Because silicates are not digested through this process,
digestel samples are filtered using filter paper and filled up to 50 mL with distilled water. After
this sample preparation, the content of Na, K, Ca, Mg, Fe, Al and Mn is determined using AAS
(Analytik Jena ContrAA 700).

Analysis of crystalline phaseln orderto investigate the possible reactions taking place in the

ash during combustion, -Ky diffraction analysis (XRD) (model Siemens D500) is used to
identify crystalline phases in the ashes. The bottom ash sample is directly placed in a holder
andloadedinhe di ffractometer, in range 20 to 63 A
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5.1.3 Phase two Experimental Setup

In the second project phase the boiler is substituted with theo$téte art pellet oven, model
Polly 2,0 (Austroflamm)Figure5.4).
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Figure5.4 Schene of the Polly 20 pellet over{left) and photo of #@olly 20 pellet over{right)

Primary heat transfer moderadiation; thusheat exchanger (gas / water) and water distribution
circuitdo not exist. Therefor@lso the possibility of direct online measurement of heat transfer
and thermal capacitig not possibleThus, the #iciency is calculated in accordanegth EN
303-5/EN 304 Indirect methodFuel consumption (energy input) was determined by weighing
the fuel before (input) and after (leftover) the combustion experiment. The temperature of the
flue gas was used to calculate the heat output

The rellet oven Polly 20 isa commercially available oven favood pellets, equipped with a
flip-grate and a ceramic cup burn&@he presence of setfeaning grate should enable the
combustion ofagro pelletsand/or pellet blends with higher ash content and lowerimgelt
points.The pelletizeddel is fed into the combustion chamber from the fuel hopper (capacity
25 kg) This feeding isautomatically controlled. Combustion air is distributed as primary air
from the bottom of the moving grate. Ash from the cup burneacisely removed from the
combustion chamber using a figrate on hinges, into a separate ash container underneath.

An overview of the most important operational and technical parameters of the combustion unit
is given inTable5.1.
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Table5.1 Technical and operational parameters of the Pollyp2llet oven

Nominal thermal output 7,8 kKW
PartiaHoad thermal output 2,4 kKW
Degree of effectivity 90,7 %

Flue gas temperature at nominal lo 206 °C
Flue gas temperature at partial loar 115 °C

CO content at nominal load 47 mg/ni
CO content at partial load 173 mg/m
Flue gas mass flow at nominal loac 4,9 gls
Flue gas masiow at partial load 34als
Capacity of filling tank 25 kg
Min./max. pellet consumption 0,67 1,9 kg/h

Above the burner gaseous combustion products are passing through directly into the chimney
pipe androm hereinto the chimney, where measurempaints are installed~igure5.1) (for
detailed description sedhapters.1.2).

5.1.3.1 Particle size number and mass distribution

Beside above mentioned sampling and measurement methods (seexthapién the second
phaseparticulate mattefPM) distributions are sampled and areggl using a system consisting
of:

1 Sampling of the flue gas using a wtstep dilution system (Dekati FinBarticle
Sampling (FPS) 4000 Module)

1 TSI NanoScarfl0to 420 nm)and TSI OP$0.3to 10 um) devices for PM for number,
mass and surface size distribution

First step of the particle number and size distribution measurement is the sampling of the flue
gas sing a twestep dilution system (Dekati Fine Particle Sampler 4000 {#309)). The
Dekati Fine Particle Samplesamples the flue gas with anstack method using a perforated
sampling probe, after which the sampled gas is mixed withgaged dilutioniaalso atl60°C
(Figure5.5 andFigureb5.6). The perforated samplintube isheated with @ontrollable external
heating element 4160 °C. Preheated air is compressed to 3 bar, filtered usimglaefficiency
particulate air HEPA) filters and dried in silicagel before entering the mixing module. After
the primary dilution the jector diluter is introduced, further diluting the sample to the
concentrations appropriate for the detection limits of the subsequent analysis mEihoes (
5.7). The combination of primary diluter and ejector diluter amourthédotal dilution of the
sample. In thisneasurement®tal diution ratios 10Go 200 were usedrhe total dilution ratio
and temperature of the primary diluter are adjusted online usingSa\WP.3 software.
Volumetric flow of the sampled flue gas wagproximately0.8 L/min. After passing through
the softwaref theDekati Fine Particle Sampleatiluted sample &g is split into 6 sulstreams.
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Figure5.5 Sampling probe with heated primary dilution @PS  Figure5.6 Control system of

manual full 5.8) the FPSFPS manual full 5.8
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Figure5.7 Schematic of the sampling probe and #votion seps(FPS manual full 5.8)

TSImeasurement train consists of two devid@&d: NanoScan Scanning Mobility Particle Sizer
(SMPS) and TSI Optical Particle Sizer (OPS) model 3030. The NanoScan is a portable
analytical instrument measng nanoparticle size distributions and concentrations. NanoScan
consists of following parts:

1 Inlet conditioner is used to remove larger particles which can potentially cause clogging
and which are likely to have multiple charges. To ensure optimum resadwtothe entire
operating size range, a cyclone with an approximately 500 nm cutpoint is used on the inlet
of the NanoScan.

1 The @rosol chargecharge each particle.his charge per particle must be known to
calculatethe particle diameter from electricahobility. Unipolar charger is used which
increases nanoparticle counting efficiency

1 Electrical mobility, or the ability of a particle to traverse an electric field, is a method to
measure particle size, because it can be directly measured and is anitiptepfunction
of size. Electrical mobility is typically measured by using a Differential Mobility Analyzer
(DMA).

1 Downstream of th®ifferential Mobility Analyzer the number of particles in each size bin
is measured using an isopropabaked Condensan Particle Counter (CPC) prowity
measurements at high and low concentrations using a working fluid acceptable in workplace
environments.Condensation Particle Counter (CP@gasure particle concentration by
counting single particles resmlg in a high level of accuracy and excellent performance at
low concentrations.

The Model 3330 Optical Particle Sizer (OPS) operates on the principle of single particle
counting(Figure5.8). The Optical Particle Sizer (OPSjses a laser and a detector to detect
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particles passing through a sensing volume illuminated by the laser. The flow rate being
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sampled intahe instrument is 1.0 L/miand alditionally there is 1.0 L/min of shéa flow.

Sheath flow keeps the particles well focused across the laser light and also prevents the optics
from getting contaminated. Beam shaping optics focus the laser light and convert that to a fine
sheath with maximum intensity across the particle b&dma viewing volume is created by the

intersection of the l&s sheath and the particle floRarticles pass through the beam and light

scattered by the particles is picked up by an elliptical mirror and focused onto the photodetector.
The intensity of tk flash is used to count and size the particléss measurement device
over

providesr es ol u

tion

t he s

i ze

range

counted is 1@m. Particles above 1€ will be counted but not sized.

Aerosol Indet

10LPM

Temp &

Humidity
Exhaust |
1.0LPM ‘ s’—"' |
-—
L}

Sheath Air 1.0 LPM i‘
s h
I

Optics Chamber

1
Mirror

I Orifice 00"+ 60°

Collection

Beam Shaping

Optics oy

Ll o

Light \ X

Light Trap
Laser Beam

L

Photo
Detoctor

Viewing Volume

37 mm Fitter

ol
Orifice

Fiiter
y Cartridge

Total Flow
20LPM

Internal
Pump

of

0.

Figure5.8 Schematic oDptical Particle Sizer (OP$JSI OPS Operation and service manual)

5.1.3.2 Scanning Electron Microscopy and Energy Dispersive >Ray Spectroscopy

(SEM / EDS)

In addition to the same methods appliadthe first phase of the combustion triéthapter
5.1.2, Scanning Electron Mcroscopy (SEM) coupled with mBergyDispersive XRay
Spectroscopy (EDS) were used to analyze the morphology and surface elementary composition
of selected ash samplddsing these methodparticle (ashysurface morphologpn a micro
level, and elemental compositionf selected areasan beinvestigated allowing for better
understanding of processes taking place in the aslwell as better understanding Rl

formation.

Representative samples of bottom @A) and particulate matter (including filte®M) were

homogenized and noated on carbon tapes which were then mounted on top of sample tabs.
Particulate matter including quartz fiber filters were cut to fit size of the sample holder and
mounted on carbon tapes mounted on top of sample ltehsof solid combustion residue

sanples from each combustion series is givemable5.2.

3

t

(0]
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Tableb.2 List of samples analyzed with SEM / EDS; from each experiment bottom ash and particulate
matter sample was analyzed

Series Sample
Blends of corn cob pellets and wood pellets Abbreviation
100 wt. %wood pellets WP

50 wt. %woodpellets 50 wt. % corn cob pellets  50%CCP
100 wt. % corn cob pellets CCP

Corn cob pellets with additives Abbreviation
99 wt. % corn cobs pellets 1 wt. % kaolin CCP 1KAO
98 wt. % corn cobs pellets 2 wt. % kaolin CCP 2KAO

99 wt. % corn cobs pelletsvlt. % magnesium oxid« CCP 1MgO
98 wt. % corn cobs pellets 2 wt. % magnesium oy CCP 2MgO

Samples were coated with ca8 Am gold to provide a conductive surface and loaded into the
Zeiss Supra 55 VP FESEM with Variable Pressure Mode (M#ode), EDS,WDS und
EBSD. Operational parameters used were electron high tension (EHT) of 5 kV and Aperture
size of 1Cem.

5.2 Measurement plan
Below the measurement plans are described.
5.2.1 Phase one

Here the effect of primary measures such as fuel processing (pelledinthlel blending, as
well as certain combustion unit modification steps, are investigateal 25 kW boiler
Combustion trials were orgameid and performed in two series of experiments, which are
presented in the following text. In addition to this, tised abbreviations are defined which are
to be usedluring the subsequent presentation of the results

5.2.1.1 Blends of corn cob pellets anadvood pellets

There are three reasons for blending commercially avaiadbel pellets with corn cob pellets
produced in the lab. Firstly, by blending the agro fuels with standardived pellets, the

quality of the agrofuel is improved in comparison with pure agro pellets (and the resulting
airborne emissions are consequelthost likely) reduced). The second reason is the limited
availability of corn cob pellets (research scale pellet mill). Therefore, first experiments with
such a fAinewo fuel ( ¢ o rzationaverd Eerformed by blendinlg eorna i m
cob pellets wth wood pellets. Lastly, preliminary experiments performed only with corn cob
pellets resulted in so excessive CO emissions that the available equipment could not measure
its concentration in the flue gas (> 5,qfjim). The overview of the experimentalissiis given

in Table5.3. Purewood pellets have been regarded as reference fuel.

TableS3Ex per i ment s Blendsrof corrceb psllets amboslpelfetd  iuding |
abbreviations
Fuel Abbreviation
100wt. % wood pellets WP
87.5wt. % woodpellets 12.5nt. % corn cob pellets 12.5CCP
75wt. % woodpellets 25wnt. % corn cob pellets  25CCP
50 wt. % wood pellets 50wt. % corn cob pellets  50CCP
100wt. % corn cob pellets CCP

5.2.1.2 Corn cob grinds and additives

In order to facilitate the energetic use of corn cobs with minimal proces8orgs andwith
minimizedinvestments and enable its use in boilers with automatieféaeling, the crushed
corn cobmaterial is combusted without additives as a reference case in this series. In subsequent

C
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experiments, it is mixed with additives to investigate the effect of the applied additives on the
particulate matter (PM) and carbon monoxide YE€Rissions. Kaolinrad magnesium oxide in
1wt. % and 2wt. % have been used as additiv&alfle5.4).

Table5.4 Experiments from the seri@is@rn cob grits and additivésncluding abbreviations

Fuel Abbreviation
100wt. % corn cobs grit CCG

99 wt. % corn cobs grit Wt. % kaolin CCG 1KAO
98 wt. % corn cobs grit 2vt. % kaolin CCG 2KAO

99wt. % corn cobs grit Wt. % magnesium oxide CCG1MGO
98 wt. % corn cobs grit #t. % magnesium oxide CCG 2MGO

5.2.2 Phase two

The effect of primary measures such as fuel blending and additivation on the patrticle size
distribution andthe properties of ash fractions of particulate matter are investigated.
Combustion trials were orgameid and performed in several series of experiments, which are
presented in the following text. First two experimental series are analogue to thogshistne

one whereas third series includes the combustion of upgradedcobrpellets with starch.
Starch has been used to improve mechanical properttas péllets (reduce fine content and
increase mechanical durability). In all three series, pellets have been sievedhwitlsiéve

before loading them in the fuel hopperreamove fines thatight cause disruptions with the
combustion in the pellet oven. The abbreviations are defined which are to be used in the latter
chapters.

5.2.2.1 Blends of corn cob pellets anavood pellets

Fuel blending(i.e., blending agropellets with standardizedood pellets in defined ratigs
improves the quality of fuel in comparison with pure apgedlets. This in turn minimizes
potential operational issues such as blockage d€ading, ash sintering, and most importantly
reducegparticulate matter®M) emissions due to reduced fuel ash and fine content. In addition,
due to their low cost and availability in agricultural regions gugitets are comfortable and
affordable for consumers in agricultural regions. The overview of theriexgntal series is
given inTable5.5. Purewood pellets have been regarded as reference fuel. All experiments
have been performed twice (two replications).

TableS5Experi ments from the seriwecslp diBll etngd® iorfdclcwd i
abbreviations
Fuel Abbreviation
100wt. % wood pellets WP
87,5wt. % woodpellets 12,5nt. % corn cob pellets 12.5%CCP
75wt. % woodpellets 25wt. % corn cob pellets  25%CCP
50 wt. % wood pellets 50wt. % corn cob pellets  50%CCP
100wt. % corn cob pellets CCP

5.2.2.2 Corn cob pellets with additives

This option includes full fuel processing, starting with particle size reduction, mixing with
additives (prior to pelletization), and pelletization. Results from additivized pellet combustion
have been compared with the results from pure corn cob peidtustion (without additives).
Kaolin and magnesium oxide invit. % and 2wt. % have been used as additivéalfle5.6).

All experiments have been performed twice (t@plications).
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Tableb.6 Experiments from the series idfGrn cobpellets withadditive® including abbreviations

Fuel Abbreviation
100wt. % corn cobs pellets CCP

99 wt. % corn cobs pellets\it. % kaolin CCP 1KAO
98 wt. % corn cobs pellets®&t. % kaolin CCP 2KAO

99 wt. % corn cobs pelletswit. % magnesium oxid¢ CCP 1MgO
98 wt. % corn cobs pellets®t. % magnesium oxid¢ CCP 2MgO

5.2.2.3 Corn cob pellets with additives and binder

This option includes full fuel processing, mixing with additives (prior to pelletization) and
binder, and pelletizatiomn order to cover the full rangetill 2 wt. % kaolin as additive, pellets
using 0,5nt. % and 1,5wt. % kaolin(with 2 wt. % starchas binderhawe been produced able

5.7). This series has been performed once.

Table557TEx peri ments fComnthbhebspel betoefwiith additi v
abbreviations
Fuel Abbreviation
98 wt. % corn cobs pelletd wt. % starch CCPB
97.5wt. % corn cobs pellets&t. % starch 0.5vt. % kaolin CCPB).5KAO
96.5wt. % corn cobs pelletd wt. % starch 1.5t. % kaolin CCPBL5KAO

5.3 Operational parameters and settings used during the combustion tests

Bel ow the operational setting used in the |
presented and explained.

5.3.1 Phase one
5.3.1.1 Blends of corn cob pellets anavood pellets

The settings of the combustion device used for these investigations in the first set of
experiments were chosen based on manufacturers input as standard settirogsl foellets

(Table 5.8). However, air and fuelfeeding have been firined in order to minimize the
pollutant emissions and keep the heat load (heat output) as stable as possible. Therefore, in
some cases variations caused instable regime argbporrding increase in emissions.

In the second series of experiments;fegding was kept constant. In parallel, other parameters
have been finduned in order to keep the thermal output constant.
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Table5.8 Operational parameters used in the combustion of blends of corn calmadgdellets

SERIES1

Fuel Heating value  Air-feeding Feed speed Duration of the Loading of the
(P1/P2/P3) movement burner

kWh/kg V g/min. S S

WP 4.8 85/90/95 410 1 30

12.5CCP 3.6 n.a. 500 0.5 30

25CCP 4.6 95/100/105 400 1 30
105/110/115

50CCP 4.2 95/100/105 380 1 30
105/110/115

CCP 3.8 85/90/95- 390 1 30
95/100/105

SERIES 2

Fuel Heating value  Air-feeding Feed speed Duration of the Loading of the
(P1/P2/P3) movement burner

kWh/kg \% g/min. S S

WP 4.8 85/90/95- 465/390 1 30
80/85/90

12,5CCP 4.8 65/70/75 440/460 1 30
50/50/50

25CCP 4.8 85/90/95- 410/465 1 30
65/70/75

"P1/P2/P3 power settings of the afeeding fan in Volts

5.3.1.2 Corn cob grinds and additives

The most important difference in this series is the-feetling parameters adjusted to the bulk
density of the corn cob grind$4ble5.9). In the first gries of experiments, the aand fuel
feeding were finduned to keep the emissions at minimum and the heat load constant. However,
this results in the end in an instable operation and in increased airborne emissions. Therefore,
in the second series, the-feeding was strictly kept constant and the heating value was adjusted

in the control system, as well as fdeéding, in order to meet the heat load of 25 + 2 kW.

Tableb.9 Operational parameters usedlie combustion corn cob grinds with additives

SERIES 1
Fuel Heating value  Air-feeding Feed speed Duration of the  Loading of
(P1/P2/P3) movement the burner
kWh/kg V g/min S S
CCG 3.9 95/100/105 300 0.5 50
CCG 1IMGO 3.2 85/90/95 330 0.5 50
CCG2MGO 35 80/85/90 300 0.5 50
CCG 1KAO 5.2 90/95/100 330 0.5 50
CCG 2KAO 5.6 80/85/90 350 0.5 50
SERIES 2
Fuel Heating value  Air-feeding Feed speed Duration of the  Loading of
(P1/P2/P3) movement the burner
kWh/kg V g/min S S
CCG 4.3 80/85/90 330 0.5 50
CCG 1IMGO 3.9 80/85/90 330 0.5 50
CCG2MGO 3.6 80/85/90 330 0.5 50
CCG 1KAO 5.8 80/85/90 330 0.5 50
CCG 2KAO 5.6 80/85/90 350 0.5 50

"P1/P2/P3 power settings of the afeeding fan involts

5.3.2 Phase two

Below the operational settings dfe Polly 2.0 pellet oven used in the respective combustion
experi ment al

ser i
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parameters can be adjusted in the control system of the pellet oven: quality of the pellet fuel (1
best, 3worst), target temperature (C), and power levdb{, 5--nominal capacity).

5.3.2.1 Blends of corn cob pellets anadvood pellets

Operational parameters used during combustion of blends of wood and corn cob pellets are
given inTable5.10

Table5.100per ati onal parameter fr oandwmoloed cerd Lestsioo n

Fuel Target Power level Pellet quality
temperature

OC - _
WP 30 5 1
12,5CCP 30 5 1
25CCP 30 5 1
50CCP 30 5 1
CCP 30 5 1

5.3.2.2 Corn cob pellets with additives

Operational parameters used during combustion corn cob pellets with and without additives are
given inTable5.11.

Table5.110per ati onal parameters used iwthadhei ciombsadt |
Fuel Target Power level Pellet quéty
temperature

OC - -
CCP 30 5 1
CCP 1MGO 30 5 1
CCP 2MGO 30 5 1
CCP 1KAO 30 5 1
CCP 2KAO 30 5 1

5.3.2.3 Corn cob pellets with additives and binder

Operational parameters used during combustion corn cob pellets with and without additives are
given inTable5.12.

Table5.120per at i onal parameters used i withadHiteesammmbust i
bindeid
Fuel Target Power level Pellet quality
temperature
oC i i
CCPB 30 5 1
CCPBO0.5KAO 30 5 1
CCPB1.5KAO 30 5 1

5.4 Results

Below the resultdfrom feedstock analysis and twexperimental serieare presented and
discussed in detail.

5.4.1 Fuel
Results

An overview of the elementary composition of duid biduels used in the combustion trials

is presentedh Table5.13. In the case of corn cob grits also trace elements in the fuel have been
determined.C contents of corn cobs and wood pellets are ca. 4@ovand 50 wt. %,
respectively. H contents of all analyzed samples ranges from ca. 6.7 to ca. 7.8. wt. %, whereas
N content ranges from <0.10 to 0.25 wt. %. S contents of corn cobs and woody pellets are 0.1
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and <0.2 wt. %, respectively. Ash forming elements such as K can be found in corn cobs in the
concentrations of ca. 0.77 wt. % whereas in wood samples the cornoastease more than 10
timeslower, fromca.0.04 to 0.8 wt. %.Chlorine content of corn cobs is ca 0.37 wt. %, whereas

it is <0.05 wt. % in both wood pellet samples.

Table5.13 Elementary composition of fuglsed in combustion experiments

Element Corn cob Woodpellets 1  Woodpellets 2
Wt. Yodm

C 48.879 50.000 50.000

H 7.769 6.700 6.600

N 0.108 0.250 <0.110

S 0.108 <0.210 <0.210

@) 40.229 42.897 43.172

K 0.766 0.058 0.043

Na 0.006 <0.02 <0.00

P 0.019 <0.013 <0.013

Mg 0.019 0.016 0.019

Ca 0.006 0.076 0.104

Al 0.001 0.003 0.006

Cl 0.367 <0.0% <0.0%

Si 0.019 <0.020 0.056
mg/Kgim

Zn 14 <100”

Cu 4.70 <10”

Cr <0.5 <10”

Cd <0.2 <0.5"

Pb <0.5 <10"

“dm- dry matter " literature values froniVerma et al. 2012)

Discussion

When comparing elementary composition of selected fuels, corn oebkaracterized by a
higher H contentin average whereaswood pellets havetypically more C in the fuel.
Characteristically high Cl and Kontent of corn colhsn comparison to woods observed,
making this fuel more challenging for combustion purposes. Ca content is distinctively higher
in wood than in corn cobS§i content is similar in first two samples, being three times higher
in the tird one which could be due to presence opumities in the wooduch as soénd sand

Content of Clat 037 wt.% in this studyis higher thar0,01wt.% (as receivedjeported by
(Krugly et al. 2014¥or corn stalkpellets. Same can be said foh®reit was determined to be

0.11 wt.%, whereagKrugly et al. 2014)assessed at 0028 wt.%. This can be explained by
different cultivation practices, soil conditions, as well as difference in analytical nsethod
Content of heavy metals, more specifically, Zn at 14 mg/kg is comparable with values of 19.5
mg/kgreportedby (Brunner et al. 2011)whereas copper concentration in our case ahg/Kg

is lower than 11.8ng/kgreported byBrunner et al. 2011) ead in our case is lower than the
detection limit, whereas itne study by{Brunner et al. 2011y was 05 mg/kg.

5.4.2 Combustion Phase one

Combustion experiments have been perfatna¢ the location of Hamburg University of
Technology using Ozone 25 agro boiler. Below are the various results presented. Therefore,
this part of this report is divided into subchapters based on experimental series. Here the
emissions of CO and particutatnatter (PM) are presented and discussed, as well as elementary
composition of different ash fractions and crystalline phases in the ash. Finally, the energy
efficiency of the process idiscussed Specifics of each combustion series and associated
challenges and remarks are described in the respective sections.
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5.4.2.1 Blendsof corn cob pellets and wood pellets

5.4.2.1.1 Emission indicators and energy efficiency

Results

Emissionsand efficiency. All values of emissions pollutants refer to standard conditiof€ (0
1,013 mbar) and are related to %00, and dry flue gas (according to EN 3BB Average
resultsfrom two replication are given ifiable’5.14. Combustion experimentsith blends of
50CCP (50% corn cob pellets) and CCP (pure corn cob pellets) were performed only once,
whereas the combustion experiments with all the other blends were performed twice.

Tableb.14Averageval e s of sel ected parameters from the

pellets andvoodp e | | et s O
co NO PM Tfg" Thermal = £ iency
capacity

mg/Nm** °C kw %
wp? 282+237.5 6628 67+11.5 145+4.5 25+0.6 83+0.1
12.5CCP  189+0 80+0 1640 125+12 25+0.4 9545
25CCP 1326+1295.5 63143 171427 150+0.5 27+0.8 90+2.6
50CCP 3,627 110 349 153 31.8 98.5
CCP 6,750” 115 263 132 28.7 66.7

*(dry gas, 0 °C, 1,013 mbar, 10 %)0"temperature of théue gas ™ calculated value
or the list of abbreviations sé@@ble5.3

Table5.15 givesan overview of average temperatures in the combustion chamber (in the center
of the chamber, on the side of the burner).

Tableb.15 Averagetemperature in the combustion chamber ealdulate excesair from the series
iBl ends of wamdpren |lceabs dand
Abbreviation = Temperature Excess air

OC -
WP? 515 5+2.2
12.5CCP 489 310
25CCP 679 6+4.2
50CCP 651 2.2
CCP 512 1.7

&or the list of abbreviations s@able5.3
Discussion

CO Emissions During initial combustion tests with pure corn cob pellets emissions of CO
were 106fold higher tlan with wood fuels. This could be traced back to fuel properties and fine
tuning of airfeedingusedduring this first combustion series to keep the heat output constant
and minimize emissions. During each combustion experiment parameters such as ltmger hea
value (LHV), air and fuefeeding & well asair distribution between primary and secondary
combustion air were adjustedihis turns out tde counterproductive. After mixing corn cob
pellets with grade Al pellets frora commercial trader the CO emisss considerably
improved.

The values of CO emissionseasured during the initial tegtem the combustion of corn cob
pellets were too high for the available equipmémbrder to estimate this valaayway corn
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cob pellets mixtures with wood wemroduced and combuste8ased on these values
regression analysis of the resuissbeenperformed. Based on the regression results Rith
square of (9 the CO emission from the combustion of pure corn cob fuel was estimated at
approximatelys.4 g/Nn.

Such acorrelation between the CO emissions and the share of agro pellets in the blends with
wood pellets are reported fyuszczak und Lossy 201Zollowing their findings, the CO
emission increase is directly proportional with the share of pgliets within the fuel blend.
Therefore, the blends with > 5@.% wood pellets are more favorable frommCO emission
reduction point of viewThe calculationgperformed herédave shown a Pearson coefficient of
0.77 between the content of corn cobs andeG@ssiongFigure5.9 andFigure5.10).

The CO emissiongneasuredn the first replication series from experiments with paneod
pelletsand two blends (with2.5wt.% corn cob pelletand with 25wnt.% corn cob pelletsare
in line with emission limit valuesgLV) of 3035 class 3< 3,000 mg/m). This is also true for
theSerbiaremission limit value&LV for old applianceg< 4,000 mg/m). Pure corn cob pellets
without additional measures cannot comply wit® emission limit valus, neither in Serbia
nor in Germany.

6000 6000
—~ y = 5495.6x - 80.451 =

;:EL 5000 R2= 05949 g 5000

S 400 S 4000
s s

2 3000 w3000
(2] (2]
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0 0.2 04 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Share of corn cobs in the blend (-) Share of corn cobs in the blend (-)
Figure5.9 Regression analysis for CO Figure5.10 Predicted values of CO emission
emissions vs. corn cob share in the blend from pure corn cob combustion

A reduction of CO emission was observed in the second s#riesperiments, where air
feeding was kept constant. In the sec@xgerimentalseries constant thermal output was
achieved by finguning the fuefeeding and heating value of the fuel, whereasesiding was

kept unchanged throughout the experimentsaict the optimal values determined in previous
series of experiments. In this case, blends of wood pellets with corn cob pellets are in line with
theCOemission limit values frorstrictest class 5 iEN 3035 (<500 mg/ni), theCO emission

limit valuesfrom Serbian regulation for new units 800 mg/ni), and in line with German
BImSchV requirement (400 mg/nd).

The optimal values of afeeding have been shown to be 75/80/85 to 85/90/95. The deviations
below and above this value result in the strongatians in the emissions and heat load, also
preventing stationary process. This has been the most influential parameter G® the
emissions.

CO/CQ ratio of the first combustion series remained below 0.1 and ranged 0.0022 and 0.03,
indicating complete ambustion. Compared to that in the second series it varied significantly
in the range between 0.0012 and 0.13.

NOx Emissions.Since there are nemission limit valuesELV) published for smalscale
combustion appliances, in comparison WilfA Lufté emission limit values ELV) all the
experimental values of N@missions comply with the requiremernigso NOx emission limit
value of 05 g/n? which is only applicable during tygesting (BImSchV)is met.
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PM Emissions. For theparticulate matter (PM) emissions a considerable difference can be
observed whetheshare of corn cob pellets becomes dominant in the mixtures. All particulate
matter (PM) emissions fr §eventthoumh theialeeingwase r i e s
finetuned in order to minimize emissions. In the second serideading was lowered and

kept constant during entire burning phassuling in no considerable changes in particulate
matter (PM) emissions. The higher emission wittb12.% seem to be anutlier. Therefore,

it seems that the previous setting was better suited for pellet blerese values are reported

for 10% O content, whereas the regulation BImSchV and Serbian regulation require reporting
on a 13% O-basis. However, even in this eathe emissions would not comply with the
requirements of the given standards. Therefore, the particulate matter (PM) emissions are
identified asa crucial and critical parameter to be addressed to reduce negative environmental
impact of smalscale combugon devices.

Stronger axfeeding dilutes the flue gas. Additionally, it also causes cooling of the combustion
chamber and entrains the particulate matter (PM) from the grate so it becolma® air

Combustion efficiency Combustion trials using blends of wood and corn cob pedlets
characterized by highest efficiency vau@&he mean values of all combustion experiments
wereca.90 % meeting the strictest requirement of class 5 of the EN63839 %), or at least

class 4(> 83%). Only the combustion with pure corn cob pellets could not meet the efficiency
requirements of any class, being well below/@%class 3). This could be possibly traced back

to underoptimal combustion process (low combustion chamber tempesat@ince the
combustion of pure corn cobs were among the first experiments performed, the optimal control
of the procesmight not beergiven(by the user and the boiler control system).

Blending of wood pellets with agro pellets is feasible from thartieal standpointSuch a
procedurevould cause neither process disruptions nor reductions in efficiency.

5.4.2.1.2 Ash analysis
Results

Neither sintering nor deformation of the grate ash could be observed from the samples and from
the inspection of the combustichamber after the experiments. Therefore, no problems of this
sort should be expected or experiencedt longterm monitoring studies are required to
confirm this assumptioifphotographic representation of ash samples from this combustion
series are given ithe Supplementary Mater)al

Distribution of elements in different ash fractions Distribution ofashforming elements in
three ash fractions (bottom ash, fly ash, parituimatter) are given iRigure5.11 - Figure

5.15 ard discussed belowJajor bottom ash componentand similarly for fly ashfrom the
combustion of wood pellets are CaO;(X MgO, and Fg3, whereas bottom ash from the
combustion of corn cob pellets is dominatedkyD, and the bottom ash samples frdime
combustion of fuel blends lie somewhere in between the previousctw20 to 30 wt.% of
bottom ash is comprised oh®, followed by CaO, MgO, AD3z and FeOs. Fly ash from the
combustion of wood pellets have the same composition as bottom ashastgrash from

corn cob pellet combustion is mostly composed of K, chlorides, and sulpimaties.fly ash
samples from the fuel blends (12v& %, 25 wt. %, and 50 wt. %) creased chlorine contents,

in comparison with bottom ash from wood pellet costlmn, are identified. Particulate matter
samples from wood pellet combustion are dominated by sulphates and chlorides, whereas PM
from corn cob combustion consists mostly of K and chlorides. Major PM components in PM
samples from fuel blend combustion wét, chlorides, and sulphates.
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Crystalline phases An overview ofthe crystalline phases identified in the samples of grate
(bottom) &h and fly ash is given ifable5.16. In combustion tests with fuels where wood is
the dominant component (wood pellets andb 1&.% corn cob pellets), Chased species such
as Casilicates, Cacarbonates, and @aides are foudh. Different Mgspecies such as silicates
and salts have been identified across all samples. On thehatigkrinpure corn colash only
K-salts have been identified (KCl andRQu, K2SQy). In addition to this, KCl and CaGbave
been found in most sample

Table5.16Cr yst al |l i ne phases in the ash samples of
woodpel | et s o
Crystalline phase WP? 12.5CCP 25CCP 50CCP CCP Literature
(Dragutinovic et al. 2019)Du et al.
KAISIO4 BA BA BA  2014) (Yao et al. 2016)(Vassilev et
al. 2013a)

MgCO:s BA BA
(Olanders und Steenari 1995)
(Bostrom et al. 2012)Vamvuka egl.

Cao FA FA 2009) (Febrero et al. 2015]Du et al.
2014) (Kaknics et al. 2017)
(Olanders und Steenari 1995)

CaSiOs FA (Bostrom et al. 2012)Ma et al. 2016)

(Febrero et al. 2015§Du et al. 2014)
(Kaknics et al. 2017)

(Huelsmann et al. 2019)

MgO FA (HUlsmann 2018)Olanders und
Steenari 1995)Bostrom et al. 2012)
(Huelsmann et al. 2019)

(Wang et al. 2014 Hulsmann 2018)
(Olanders und Steenari 1995)

cacQ BA BAFA (Vamvuka et al. 2009)Du et al.
20149, (Kaknics et al. 2017)Yao et
al.2016)
(Huelsmann et al. 2019)Bostrom et
BA FA al. 2012) (Xiao et al. 2011)(Ma et al.
KCl FA FA. 1A FA " 2016) (Du et al. 2014)(Yao et al,

2016) (Vassilev et al. 2013a)
Ca(Mg,Al)(Si,Al)0s FA (Bostrom et al. 2012)
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(Olanders und Steenari 1995)
CaSiQ FA BA (Bostrom et al. 2012)Dragutinovic et
al. 2019)
Mg2P-07 BA FA
(Huelsmann et al. 2019(Olanders
und Steenari 1995§Bostrém et al.
2012) (Du et al. 2014)(Kaknics et al.
2017) (Yao et al. 2016)

K2SQy FA BA

#or the list of abbreviations sdable5.3

Discussion

Black color of sampled particulate matter (PM) indicates the presence of soot and incomplete
combustion Typically, this is in accordance witthigh CO emissions. In some caseb
incomplete combustiqgmunburned hydrocarbons can be found botim@bottom ash and ithe

fly ash (combustion chamber wall deposits).

The one whitecolored particulate matter (PM) filter in the case of 50CCP combustion
somewhat surprising, but underneath the whitelagpr, a darkcolored layer of possibly soot
and unburned material can be observed.

Distribution of elements in different ash fractions The composition of bottom ash samples
is in accordance with prewis studies, where CaO and Siave been identified as major wood
ash component@iuelsmann et al. 2019Misra et al. 1993)(Demirbas 2004)and kO and
SiO; asmajor components of bottom ash from crop residues comb§édassilev et al. 2010)
(Dragutinovic et al. 2019)The unidentified species in bottoand fly) ash could behe
productsof incomplete combustiQroriginating from hydrocarbon matrix decomposition.

Similar composition of bottonand fly ashin some experiment&.g. forwood pelletsand 50

wt. % corn cob pelletandicates that there was entrainment of the bottom ash from the grate
into the flue gas flow, subsequently deijfiog on the corbustion chamber walls (fly ash)
Compositon of fly ash from the combustion of fuel blendsn accordance with the previous
study by(Verma et al. 2012)wherestabile oxide#\l 203, SiG, FeOs, and CaO were the major
components of fly ash from crop residue combustmssibly generated througblid-particle
pathway during thermeshemical conversiarThe remaining share is assumed to be comprised
of SiO; and sootThe increase in CaO contenttirefly ash of pure corn cob pellets (CCP) are
possibly due entrained with the flue g@runner et al. 2011)(Verma et al. 2012)In
comparison with bottom ash compositidy,dshsamplediaveincreasedsaresof sulfates and
chlorides, possibly released in the form of gaseous form during thetmeosical conversion
reactions and subsequently condensed and deposited on the chamber walls and other surfaces.
This is evident in the fly ash of pure corn cobs (C@MREgre sulfates can be found in increhse
amounts and could be traced back to combustion chamber wall dépasies al. 2016)

In the mrticulate matter (PM) only the presence @Okcould be detectedith our methods

taking into consideration the elements (species) investig#itad probable that théarge
unidentified share is composed of sdmiit this was not investigatedthin this study This
assumptions supported by high emissions (CO and particulate matter (PM)) and the black
color of all three ash fractior{see Supplementary Materiallheincreased concentrations of
sulfates and chlorides in the particulate matter (PM) from the combustion of 12.5CCP blends
are due to a higher content of S and ClI in crop residues than in (Boather et al. 201])
(Dragutinovic et al. 2019fHulsmann 2018)During combustion alkali chlorides are becogn
air-borne througtthe solid-gasparticle pathway, contributing to corrosion and PM formation
(Hofer und Kaltschmitt 2017YBoman 2005) (Bostrom et al. 2012)Alkali salts are major
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particulate matter forming species, contribution to approxvtd% in particulate matter (PM)
composition(Johansson et al. 20Q3Brunner et al. 2011)

Crystalline phases The presence of KCl and Cag@ndicates lowtemperatures in the
combustion chamber (< 600 °C) being in accordance with the measured (va&reémned
above) Lower temperatures prevent the sintering and melting of crop residue ashes. However,
this is also preventing a complete combustion. THe(&mperature, turbulence, residence
time) rule (e.g. (Kaltschmitt et al. 2016)is not met in this case, since temperatures in the
combustion chamber are not sufficiently high for complete devolatilisatidroxidationOne
reasonfor low temperatureswithin the combustion chamber could liee inappropriate
(unadjusted) aifeeding.

5.4.2.1.3 Corn cob grit with additives

In this experimental series, the option Il (with additional measures) is investigajace2.4).

Thus, the bulky fuel such as whole corn cobs are processed, producing corn cob grits (grinds)
which can be used in automaticalgd combustion systems (boilers), creating a more efficient
combustion process with minimal investments into the fuel upgrading. The second primary
measure investigated in this experimental series is the application of additives. Additives are a
primary measure to prevent pollution formation and emission, whichdssproven effective

in the combustion of wood fuel&halil et al. 2012) (Huelsmann et al. 2019jWolf et al.

2005) (Carroll und Finnan 2015§Fournel et al. 2015)YWang et al. 2012bResults from this
combustion series are presentedow.

5.4.2.1.4 Emission indicators and energy efficiency
Results

Emissionsand efficiency. All values of emissions pollutantsfer to standard conditions {C,
1,013 mbar, 106 O; and dry flue gas) (EN 303). In theTable5.17 average values from two
replications are giverspecific result@re discussed in the following paragraphs.

Table5.17TAver age values from selected combustion par
cob grits with additives?o

co NO PM T Thermal  p e ioncy
capacity

mg/Nms* °C kW %

CCG  4985:4542% 125:105 0704415  142+22 3210 6520
CCG IMGO 7482+4625 11741 818515 128:205  26+0.4 83+0.4
CCG 2MGO 2806£1304  129+15 72474  121#4135 2540 8040
CCG 1KAO 3252432515 564555  488:60.5 12140 29+1.8 78423
CCG2KAO 16701085 134+15  510417.5 13140 28402 91451

"(dry gas, 0 °C, 1013 mbar, 10 %)0 "temperature of théue gas
%or the list of abbreviations séeable5.4

On overview of the average temperatures in the combustion chamber during combustion
experiments is found imable5.18.
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Table5.18Aver age temperature value in the combustion
cob grit with additiveso
Fuel Temperature
&
CC&x 410
CCG 1MGO 440
CCG 2MGO 490
CCG1KAO 525
CCG 2KAO 570

#or the listof abbreviations see Table 4

Discussion

CO Emissions.Based on the results from the first combustion secgdon monoxide (CO)
emissions from the experiments with crushed corn cobs are higher by a fatioreatharb
in comparison with the combustion of pelletized fu@hly the trials witi2 wt.% kaolin could
meet theEN 3035 class Fequiremen{< 3,000 mg/m).

The difference in the CO emissions become apparent when comparing two combustion series.
In the series 1 air feeding was manually handled in order to compensate for the high emissions
and to achieve constant thermal output, whereas in the second serasféieeling was
adjusted to the most adequate values (based on previous experiments) and kept constant.
Constant heat output was achieved by adjustingfaéezling and heating value parameter in the
boiler control system.

The reduction of CO emission the second combustiafter stabilizing the combustion air
feedingseries is quite significant. Based on these observations it can be concluded that the
control system need fireining and upgrading anbere is astrongneedthat the control system

is adejuatelyadjusted tahe respectivéuel propertiesThus a nore flexible combustion system
would significantly improve the combustion quality and redilngerespectivemissionsThe

CO emissions from all trials are in line with clagg$ 3035 (< 3,000 ng/m?), some even with

class 5rom EN 3035 (< 500mg/n?).

NOx Emissions In comparison witlthe German regulatiodT A Luftéemission limit valuesll
experimental values of NG@missions comply with tiserequirementsEmission limit value
of 0.5 g/m?® only applicable during typeesting (BImSchV) is met.

PM Emissions After using 1wt.% kaolin particulate matter (PM) emissions have dropped for
> 50wt.%, whereas using &t.% kaolin particulate matter (PM) emission reduction is around
46 %. Based on current results the combustion trials witth.% kaolin is preferable

In almost all experimestentrainment of the bottom astto the gaseous phase in observed,
originatingmast probablyfrom the corn cob gritombustion (particles formed through selid
particle pathway) byhe entrainment opowdery and inert additives (especially magnesium
oxide) into the gaseous phase with the combustion air and flue gas flow.

Based on the coprehensive analysis of CO and particulate matter (PM) emissions, even after
the improvements achieved through the stabilization of thdéeedting, the heating unit
investigated here is not weadluipped for the combustion of crushed corn cobs. The effect
kaolin as additive is evident. However, still the particulate matter (&issions are not
meeting theemission limit valuesrom EN 3035.

Combustion efficiency Thecombustion efficiencies from this series with corn cob grarés

lower than in theombustiorseries with pellets. Difficulties in maintaining stabile and constant
thermal capacities have characterized this series. In order to control the thermal power, fuel and
air-feeding have been manipulated manually, most probably disturbing coombuader
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stationaryconditions This could have led ta tooshort residence time of the solid fuel on the
grate andthus toincomplete combustionQn overview of the average temperatures in the
combustion chamber during combustion experiments is fouficble 4.18. The efficiency
values are mostly in accordance with clags 85 %), two in accordance with clas$#83 %),

and one with class & 89 %). The experiments with pure corn cob grinds again had the lowest
efficiency, not meeting the regements of the standard (< 75 % for class 3).

However, these were the first experimental trials. The operation of the boiler when using corn
cob grinds as a solid fuel was optimized in subsequent trials. It is expected that the efficiency
of combustiorunderreal conditions could meet the requirements of clds</3 %). Moreover,

since the amount of fly ash entrained from the grate is considerable, the deposition of fly ash
on the surfaces of heat exchanger tubaght causeareduction in heat transfeffieiency.

Moreover, although the combustion of grounded corn cobs is feasible and no ash melting issues
have been registered, there has been sintering of the bottom ash and it is expected that during
long-term operation serious problems could arise.

5.4.2.1.5 Ash analysis
Results

In the case of corn cob grinds without additive some agglomeration of the ash and formation of
ash clumps are observé¢photographic representation of ash samples from this combustion
series are collected in a table in tBgpplementaryMaterial). However, this did not cause
problems due to moving grate preventing long residence times and sinbeming longterm
operation this could lead to disruptions and malfunctions in the boiler. After additivation, no
sintering of the ash in th@mbustion chamber is observed.

Distribution of elements in different ash fractions Composition of bottom ash, fly ash (ash
entrained from the grate and deposited on the combustion chamber walls and surfaces), and
particulate matter (PM) for each cornbcpellet type from the second series of experiments
(replication 2) are illustrated iRigure5.16till Figure5.20 and discussedelow.
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Crystalline phases Overview of crystalline phases, identified in the samples of grate (bottom)
ash and fly ash, igiven inTable5.19. KCI was identified in almost all samples of bottom ash
and fly ash, followed by MgO. Hl-silicates such as KAIS) KAISi-Os, KAISi30g, as well

as KAIO3 were identified in bottom and fly ash samples with kaolin.

Table5.19Cr yst al |l i ne phases in the &arhcobsgatmithl es of
additive®
Crystalline CCG1 CCG CCG1 cCccGz2 .
phase CCG' MGO 2MGO KAO  KAQ terature
KCI FA BA FA FA BAFA BAFA (Huelsmann et al. 2019Bostrém et al.

2012) (Xiao et al. 2011)(Ma et al.
2016) (Du et al. 2014)(Yao et al.
2016) (Vassilev et al. 2013a)

SiO, FA BA (Du et al. 2014)(Yao et al. 2016)

2Ca0-Al2G- FA BA

SiOz

KAISIO4 BA BA FA (Dragutinovic et al. 2019)Du et al.
2014) (Yao et al. 2016)(Vassilev et al.
2013a)

KAISi,0¢ FA (Yao et al. 2016)

KAISi30g FA (Vassilev et al. 2013a)

K2MgSiOy BA FA

CaAl,SiOy BA

K3AlO3 BA BA FA

MgO BA BA FA BA FA FA

FA

MgCl; FA FA FA (Vassilev et al. 2013a)

MgCOs BA FA (Vassilev et al. 2013bjKalembkiewicz
et al. 2018)

CaAl 06 BA

CaCb BA (Vassilev et al. 2013bjVassilev et al.
2013a)

#or the list of abbreviations s@able5.4

Discussion

Black color of the ash indicates the presence of unburned matter, in accordance with the
efficiency values from the respective experiments, which show somewhat lower level of
thermal efficiency.

Distribution of elements in different ash fractions The crucial element in the formation and
emission of particulate matter is potassium. (Kjs usually expressed its oxide form (kO)
identified to be the main component of all bottom ash samples. In cases where kaolin was used
asanadditive, alumina is present in large concentrations both in the bottom and in the fly ash
(due to additivation)The same can be concluded for cases with MgO addition. It is challenging

to make conclusions about the enrichment of K in the bottom ash samples, since there is a
dilution effect due to an increase in the ash content and the mineral nature of the adtiives.
reduction of K concentration in the ash sample with 2 wt.% kaolinite could be attributed to
overdosing of the fuel with additiveendbr ananalytical error, as well as sampling errors.

The entrainment of additives, especially MgO, from the bottsimirato fly ash is supported by
high concentration of MgO in this ash fraction. This underlines the need to modify the
mechanisms of the additive / fuel contact, since homogenizing ground corn cobs with powdery
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additive does not bring the desired effetis hecessary either to introduce the additive into the
combustion chamber in a different manner or mix it with the fuel prior to procdssingefore

pelletizing. The effect of additivized pellets in combination with the optimal combustion
process pameters will be investigated in the subsequent study.

The composition of particulate matter (PM) samples is almost entirely accounted for, and is

made up mostly from K, S, and CI speci€his isin accordance with previous findin¢Niu

et al. 2016)(Vassilev et al. 2013ajBrunner et al. 2011)Exception can be observed in the
case of 2 wt.% MgO addition, wheadarge share of ® is composed of MgThis could be
due tothefine particle nature ahe MgO additive making it light and easily alvorne, as well
as due to increase d&eding. In this experiment, it gossiblethat large amounts of bottom

ash were carried away with the flue gas, since the compositions of bottom and fly ash as well

as particulate matter (PM) are similar.

Crystalline phases In the ash samples from the combustion experiment without additives the
most common potassium species, KClI, is found in the fly iashccordance with the solid
gaseougparticle pathway and previswstudiegNunes et al. 2016When kaolin was used as

an additive, KAl-silicates are formed, in accordance with previous stud@edimer et al.
2019) (Hofer und Kaltschmitt 2017)n the trials with kaolin KAl-silicates are found both in
bottom and fly ash samples, indicatthg entrainment of the ash frohetgrate into the gaseous
phaseAsh samples from trials with MgO asadditive also showhepresence of KCI both in

the bottom and in the fly ash. In this case, KCI was patrtially volatilized and condensed, since

the temgrature were not high enough for full devolatilization, or the residence time was too
short. MgO and other Mgpeciege.g.Mg-chloride could be found in the as@a and Mg are
naturally found inthebiomass in the form of chloridéShao et al. 2012)

5.4.3 Combustion Phase two

5.4.3.1 Blends ofcorn cob pellets and wood pellets
5.4.3.1.1 Emission indicators and energy efficiency
Results

Emissionsand efficiency. All values of emissions pollutantsfer to standard conditions {C,
1,013 mbar) and are related to %00, and dry flue gas (according to EN 3868 Average
values of emissions and efficiency indicators from the two replications are fointleb.20.

Table520Combusti on indicators from t he
co NO PM I:;;rgg: Efficiency
mg/Nm* kw %

Wp2 241 152 39+05 57+0.4 92.6+0.1
12.5CCP 342 157 88+1.6 6.1+0 93.3+0.1
25CCP 538 +107 165+2.6 120+05 57=+0.1 92.7+0.6
50CCP 725+342 160+55 184+03 51+1.2 92.8+0.3
CcP 2040 + 1114 170+31.5 463 +5 7+0.2 92.4+0.1

*dry gas, 0 °C, 1013 mbar, 10 % O

3For the list of abbreviations s@able5.5

ABl ends

Particle size distribution. Total mass and number concentrations from the combustion of fuel
blends argresentedn Table5.21. Ultra-fine fractions PM1, PMos, and PM make up for

almost 100% of the overallparticulate mattePM).

of
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Table5.21 Summary of particle size
distribution measurements the
combustion of fuel blends

6.4E+07

Total number Total mass %
concentration Concentratior o  -68*0°
1/cnd ug/m? §
CCP  226E+06 3,692 3 »
50CCP 8.27E+05 368 z e
25CCP 2.87E+06 2,045
12.5CCP 6.42E+05 909 1 0E+00 TN BN
WP 4.49E+06 1,616 10 100 1000
3For the list of abbreviations s@able Mid point diameter (nm) (geo. mean)
22 CCP ~+50CCP ~# 25CCP —+12.5CCP —WP
Figure5.21 Number size distribution of particles from ti
combustion of fuel blends
Discussion

CO Emissions The increase in carbon monoxide emissions with the increasing corn cob pellet
share in the blends is evident witl®® Pearson correlation coefficiedtccording to current
emission values, combustion of wood pellets and Islehtl25 wt.% of corn cob pellet&ithin

wood pelletsare in line with the strictest requirements of EN-30%00 mg/m) and BImSchV.

(400 mg/ni), whereas the emissions from othégnds are in line with class 3 or class 4 from
the standard.

A study by (Brunner et al. 2011j)eported average CO values of 15.6 mgA\nelated to
13vol.% O and dry flue gas), whereas NO emissions were on average 240 ghare is
significant room for improvement regarding the potential for CO emission redycgoto
reacha full oxidationof all fuel components). élvever, theCO emission values are lower in
our experiments than previously reportéd.study by (Verma et al. 2012)ndicate CO
emissions from the smadcale wheat straw pellet combustion to be in some casesdOT.
This isin general in line with our measurementRoy und Corscadden 201&ported CO
emission being ca. 2,000 mg/Nnfrom the combustion of hay briquetteBhis is alsoin
accordance with our resul8O emission values of >1,000 mg/Rlare characteristic of manual
heating unitsThese CO missions might result from low combustion tempematpoor mixing
of the unburnt componentwith combustion air and / dioo short residence time. In our
experiments excess air coefficient rangetiveer2.2 and2.4 (calculation) during combustion
of pure corn cob pellets. €Berelative high values could have been the reason for low
temperatures in the combustion chamiesulting inhigh CO emissionsA study by (Schmidl

et al. 2011)measured th€O emissiors from the combustion of triticalpellets in a multfuel

40 kW boiler under full load conditions anstationary phase to be 78 mg/Righ3 vol.% ).
This is lower thanthe values from our study(Carvalho et al. 2013j)eported average CO
emissions of ca. 100 mg/Milring thecombustiorof maize (in comparison to ca. 330 mg/MJ
limit value accordingto ENE 3035). The CO emissions from our study correspond to
640mg/MJ, i.e, they arehigher. (Krugly et al. 2014)reported CO emission from the
combustion of corn stalk pellets to be ca. 5.2 gtkg CO emissiors could be expressed as
9.8 g/kg on average.

NOxEmissionsAs i n previous cases, al/l NO emi ssi on
and 6Bl mSchVvdé emission | imit valwues (ELV).
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PM emissions Even the combustion of wood pellets resulted in particulate matter emissions
higher than emission limit vaés from BImSchV Compaed with the emission limit values

from EN 3035, thethree fuel blends wood pellets, blawvdth 12.5wt.% corn cob pellets and
blends with 25vt.% corn cob pellets meet the requirements of cla€s3@mg/nT). Emission
values fromthe other blends are higher théwesevalues. Based on i only the combustion

of up to 25wt.% corn cob pellets in fuel blends would be in line witle regulatory
requirementsThis allows fora stronglylimited fuel flexibility within the heatingperiodand

does not allovanindependence frormewood pellet market.

According to a study bgBrunne et al. 2011})otal particulate matterRM) emissions from the
combustion of corn cobs after the mudyiclone were ca. 92 mg/Ninthe PM1 emissions
contribue with 907 mg/Nn? to the total particulate matter RM) emissions.(Roy und
Corscadden 2012eported ca. 180 mg/Nhemission ofparticulate matterRM) from the
combustion of hay briquettegSchmidl et al. 2011yeported PM emissions frorthe
combustion of triticale pellets in a muftiel boiler during full load combustion and stationary
phase to b&83mg/Nn? (13vol.% O); these results ammparable to our valueglohansson

et al. 2003measured masconcentration of particles frotine combustion of wood pellets and
briquettesbetween34 and 240mg/Nn?. (Zeng et al. 2016)nvestigated the fuel blends of
pinewood Miscanthus,and strawHe found out that increasing the straw share in the blends
coincides with the increase in toparticdate matterPM) emissions, but not with CO emission
increase (due to the geometry of the boiler designed for agro fuels lower emissions were
achieved using agro fuels than with wood fuel). The optimal blend share was found to be 70
wt.% wood with30wt.% Miscanthus. They also found that in 888 conditions the blend of

50 wt.% wood with 50wt.% Miscanthus meet the requirements (emission limit values) of the
EN 3035 standard(Carvalho et al. 2013gported totaparticulate mattergM) emissions from

the boiler when burning maizd ca. 90 mg/MJ (in comparison with emission limit value of ca.
133mg/MJ). Emissions gfarticulate matteffM) from corn cob pellet combustion in our study

in relation to input fuel energy are 143 mg/MJ on average issomewhat highecompared

to thevalues fromthe studymentioned abovdyut within a similar order of magnitudé/erma

et al. 2012)eportedparticulate matterRM) emissions from agro pellet combustion in small
scale units to range from 13.8 for reed canary grass pellets fra§MNn for sunflower lusk

pellets. Authors attribute low Si content of sunflower husks as potential cause of high emissions
due toalack of silicates to facilitate alkali sorption in the bottom asdtal particulate matter

(PM) emissions from the combustion of corn stalk gislhas beemeported byKrugly et al.
2014)with 88 g/kg whereaghe particulate matteP(M) emissions from the combustion of corn

cob pellets on average in our experiment were 2.2 g/kg.

Particle size distribution. Total number concentratisnof particles from fuel blend
combustion range betweerl6® and 4.51° 1/cm®. The trend of increasingarticulate matter

mass concentration with increasing corn cob pellet share is observable and reasonably
correlated (Pearson coefficien?Q).

Particle numbersize distributiondrom the combustion of pellet blentiave modes ranging

from 80 nm to 120 nn{Figure5.21). Mode of particlenumber distributiorfrom wood pellet
combustioris found ata.80 nm withthe value 08-10° 1/cm?. The trend of increasingarticle
modediameterssizefollow the increasig share of corn cob pellets in the fuel blend, ending at
ca. 120nm with 41 1/cm® for the mode middle point diameter for particles from the
combustion of corn cob pellets. The number concentration values for the emissions from the
combustion other fuel blends fall in between these two valumeshe PM number size
distributions from the combustiaf 50 wt. % corn cob pellets (50CCP) and corn cob pellets
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(CCP) a second mode in tineicleation and Aitkemegion are oberved, possiblyndicating
nucleation, as ifKrugly et al. 2014)(Lamberg et al. 2011)

Thethe presence of ultrine particlesn the PM from wood pellet combustionirsline with

the results of SEM imagin(see next chaptér.4.2.1.2, whee the particulate matter sampled

on the filter was in the range <200 nm, made up of network of un$aetdparticles whereas

the particulate matter from corn cob combustion was made of two distinct particle sizes
(networks).

Previous studies reported different patterns of mass and number size distributions from the
combustion of biomass.

In a study by(Brunner et al. 2011particle size distribution measuremeatter the multi
cyclone using a lovpressure impactor (related to 13 wt. %cOntent and dry flue gasvealed

a unimodal distribution with a distinotodebetween 125 an@50nm, which is in line with our
results from corn cob pellet combustidm the same studiptal PM mass emissicemounted

to 90.7 mg/Nm. (Bafver et al. 2011eported a unimode particle number sigtribution from

the combustion of wood pellets in a modern pellet oven with mode at ca. 100 nm and
concentration at ca. 0/ cm®. Most of the particles were found in the fine particle size range
(<1 em). (Verma et al. 2012)eported the particle sizé&om wood pellet combustion ranged
between 300 nm and 1€ in diameter withthe majority of the particles between 300 and
900nm in diameter(Johansson et al. 2008)easured mass concentration of particles from
combustion of wood pellets and briquettés34 to 240mg/Nn?, which weredominated by
submicron particles with a maximum size in the range 200 nm The rumber concentrations
from domestic heating devices varibdtween1.4-10’ and 13-10° particles per N with
unimodal distributiorand modeat 80to 300nm, which is in line with our measurement of PM
number size distribution from wood pellet combustion

Bimodal distribution of particulate matter mass and / or number size from the combustion of
biomass was reported in several investigatiGkeigly et al.2014)reported bimodal number
size distribution from the combustion of corn stalk pelletemodebeingin the rangef0.017

to 0.03¢ mreflecting nucleation, and a second dretween0.26 and0 . 6 4, reffeating
accumulationMass size distribudin from the same study revealed a unimodal distribution with
a peak at 0.8m. (Lamberg et al. 201Teportedthe particulate matter number distribution as
bimodal, with Aitken modes and accumidatmodes(Sippula et al. 2009neasured aimodal

PM mass distribution witll) fine mode at 0.10 0.2em, and(2) coarse mode at cag®, but
anunimodalPM number size distributiowith geometric mean particle sizé&sm 96 to 147

nm (after the filtration units In another stud{Sippula et al. 201 heasuredbimodal particle
mass size distributions with a fine particle modg¢ €1 < mranging from 0.1 to 0.2 mand
coase particle modeslf 1i 10¢ mat 5.1e m

The size distribution patterns are reported to depend on many factors, including sample
conditioning, combustion devices and techniques, as well as combustion conditions. Some of
the influencing factors could be flue gas residence time and temperatoecomrner, the load

of the fuel, theair excess ratio, as well as type, composition, and geomethg @fel (Krugly

et al. 2014) Even tough for each of our experiment the operating parameters were kept the
same (load, air and fuéteding rates), some conditiossich as slight weather changes
(atmospheric temperature and pressure) could not be influenced.

1 dy - particle diameter, also used instead of derodynamic diameter @lis defined as the diameter of a unit
density sphere (1 g/cnhaving the same settling velocity (due to gravity) as the particle of interest of whatever
shape and densitKaltschmitt et al. 2018.
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Energy dficiency. Efficiencies of the combustions processes in this series \asyslabove
75%; i.e. allrequirements of EN 147&&e fulfilled. Efficiency values are in line with literature
findings. (Carvalho et al. 2013)eported efficiencypbetween79 and91 % when combustion
agricultural residues in a 1V pellet oven. Specifically, when using maize aakuel the
combustion efficiency was reported to be cat@39 %.

5.4.3.1.2 Ash analysis

Results

An overview of photographs of ash and particulate matter samples can be found in
Supplementary Material. Ash samples from woody pellet combustion are characterized by dark
color, whereas aft@ombustion othe fuel blend with 1%.wt. % corn copevensomne unburned

pellets and charcoal were found in the grate resioging towards blends wita higher share

of corn cob pellets, the ash amounts increase and the ash color becomes more light grey; this
trend is present both in bottom / fly ash samples gsuiticulate matter sampleEhe bottom

ash from the combustion of corn cob samples is characteristically green / turquoise in color,
mixed with light grey(as alreadknown from the previous laboratesgale experimenys

In the combustion trials with ¢o cob pellets there were no issues regarding sintering of the
ash, although this could become a major problem during-tlermyg combustion in real
conditions.

Distribution of elements in different ash fractions Average distributions of most important

ashforming species from two series (replications) are given ifritpere5.22 till Figure5.26.
For the list of abbreviations s@able5.5.
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Figure5.22 Average values of major ash Figure5.23 Average values of major ash

forming species in different ash fractions fror  forming species in different ash fractions fror
the combustion of pure wood pellets; BA the combustion of 12.%&t. % corn cob pellets;
bottom ash, PM particulate matter BA i bottom ash, PM particulate matter
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Figure5.26 Average values of major ash
forming species in different ashattions from
the combustion of pure corn cob pellets; BA

bottom ash, PM particulate matter

Scanning Electron Microscopy and EnergyDispersive X-Ray Spectroscopy$EM / EDS).

The results o6EMimagingof selected samples from tiiembustion serieséeTable5.2 for

the list of analyzed samplearepresented and discussed in the following paragréplysire

5.27 till Figureb5.44) andthe results from ED$easurements can be found(irable5.22).
Abbreviation BA in the figures refers to bottom ash, whereas PM refer to particulate matter.
Bottom ash samples where corn cob pellets are dominant share the filament structure, possibly
remains of the cell structure wall, whereas wood pellet ash has undistinctive powdery ash with
some clusters. Particulate matter samples from blends where corn cob pellets are dominant
share the same characteristic structure of two interlocking netwodgglimerations.
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Figure5.27 SEM image of WP BA

Figure5.29 SEM image of WP PM Figure5.30 SEM image of WP PM

Figure5.31 SEM image of 50 CCP BA

g T e L RO R
Figure5.35 SEM image of CCP BA Figure5.36 SEM image of CCP BA
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Figure5.37 SEM image of CCP PM Figure5.38 SEM imag of CCP PM

EDS analysis was used to scamfaces and spots irselectedbottom ash and particulate matter
samplesfrom this series (for the list of selected samples Bakle 5.2) for elementary
composition the summaryf resultsis given inTable5.22. The images indicating the sueed

regions are given ifigure5.39till Figure5.44. Major elements in the bottom ash from wood
pellets combustion are Ca, Si, Co, and O, whereas elements in the bottom ash from corn cob
pellet combustion are K, C, and O. Particulate matter composition is similar across the
experimental series, consisting of K,G§,0, and CI.

Table5.22Composition of solid residues from ABIl ends
with EDS

element

(norm, WP2BAP WP PM 50CCP BA 50 CCP PM CCP BA CCP PM

wt. %)

1* 2** 1* 2** 1* 2** 1** 2** 3* 1* 2** 1* 2** 3*

K 59 55 19.1 22.2 329 36.2 574 36.1 43.1 283 195 359 36.0 35.0
Na 0.2 0.2 0.1 0.3

Ca 21.6 21.6 43 15 1.2 1.9

Mg 31 3.2 0.7 04 1.7 4.9

Si 11.0 104 11 1.5 0.8 23 7.0 0.2 0.6
Al 09 1.0 0.2 0.2 05 10 0.1 0.1
P 18 23 1.3 0.7 20 3.1

S 4.2 13.0 6.6 3.8 3.7 3.4
C 135 12.6 53.6 535 16.1 16.3 15.7 147 195 185 185 169 199
0] 38.1 39.1 145 159 429 441 26.8 123 441 42.0 155 18.0 155
Cl 7.7 84 0.2 426 84 233 04 09 26.0 255 254
Fe 15 14

Mn 26 25

"surface” spot

3For the list of abbreviations sé&able5.5

bBA i bottom ash, PM particulate matter
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Figure5.40WP PM with scanned regions

tictron image 22

Figure5.4150 CCP BA with scanned regions Figure5.4250 CCP PM with scanned region:

Eletron Image 9

Figure5.43 CCP BA with scanned regions Figure5.44 CCP PM with scanned regions

Crystalline phases.The overview of most important crystalline phases detected in the bottom
and fly ashsamples from the two replications gm@sentedn Table5.23.
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Table5.23Maj or
pell etso

crystalline

phases

from the woammbust.i

Crystalline phase WP

12,5%CCP

25%CCP 50%CCP CCP Literature

BAP

SIO, FA

BA

CaCQ FA

BA
FA

KCI

Al>,O3

MgO

2K2CQOs5-3H0

KsP3010

CaM I"il4Si024

NaCl

CaAl 04 FA

BA
FA

FA

BA
FA

BA

BA

BA
FA

BA
FA

FA

BA

FA

FA

FA

BA
FA

BA

BA
BA

BA

BA
FA

BA
FA
BA

(Yao et al. 2016)
(Vassilev et al. 2013a)
(THY et al. 2006)
(Bostrom et al. 2012)
(Hofer und Kaltschmitt
2017),

(Huelsmann et al. 2019)
(Wang et al. 2014)
(Hulsmann 2018)
(Olanders und Steenari
1995) (Vamvuka et al.
2009) (Du et al. D14),
(Kaknics et al. 2017)Yao
etal. 2016)

(Huelsmann et al. 2019)
(Bostrom et al. 2012)
(Xiao et al. 2011)(Ma et
al. 2016) (Du et al. 2014)
(Yao et al. 2016)
(Vassilev et al. 2013a)
(Hofer und Kaltschmitt
2017) (Hulsmann 2018)
(Bostrém et al. 2012)
(Hofer und Kaltschmitt
2017)

(Sarenbo et al. 2009)
(Hulsmann 2018)
(Hulsmann 2018)

3For the list of abbreviations s@able5.5

bBA i bottom ash, PM particulate matter

Discussion

The blackcolor ofall ash samples including particulate maftem wood pellet combustion
possiblyindicates the presence tf sootand other unburned hydrocarboadthough there

were no issues with ash deformation during corn cob pellet combustion, a clear tendency toward
agglomeration is evident form the photographs and known from previous giidigsitinovic

et al. 2019) Therefore, the possible sintering of bottom ash duringternqg reallife operation

cannot be excluded.

Distribution of elements in different ash fractions As with previous experiments in the 25

kW boiler (section5.4.2, the main components bbttomashfrom wood pellet combustion

are Ca0O, KO, and MgO. The same composition is obsefeethebottom ash anthefly ash,
indicating grateash entrainmenOnly ca. 30 wt.% of grate ash can be accounted for with major
elements, indicating that the other unaccounted share is possibly carbon (soot) and unburned
hydrocarbons as well éilseother major ash component silica. Carbon presence is corroborated
by the dark color 6the sampled particulate matter in the case of woeltet combustion.
Moving away from woodowards crop residues in the fuel blends, it can be noticed that K
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speciesd and chloridesd concentr awthbottomi ncr e a
ash frompure corn cob pellet combustiofhe reverse trend is observed for CaO and sulfate
concentrations. Phosphates are detected in larger amounts only in corn cob bottom ash, and in
minor concentrations in fly ash of the same fu@hce the pellet ovenused hereas not

constructed for agro pellets and other herbaceousliaehcterized bylaigh ash contentarge

amounts of grate ash were entrained with the flue gas and deposited on the combustion chamber
walls, as well as carried awaytwithe flue gas.

In general, particulate matter composition has been well accounted for, in most cases almost
100 wt.%, except in the case of pure wood pellets andvitXb corn cob pelletsThe
composition of particulate matter from wood pellet comlomsis mostly comprised of 30 or

similar K-species, most probably-#&alts, in accordance with high sulfate and chlorides
concentrations in the particulateatter. here is also CaO iddfied in the particulate matter,
possibly from the coarser fractionBM formed through soligharticle pathwaylt is expected

that the rest (the unidentified matter) is made of soot and otheugisodf incomplete
combustion.The increased concentrations of sulfates and chlorides in the particulate matter
(PM) from the canbustion of 12.5CCP blends are due to a higher content of S and Cl in crop
residues than in woo(Brunrer et al. 2011)(Dragutinovic et al. 2019)Hulsmann 2018)
During combustion alkali chlorides are becominghkairne and go througthe solid-gas
particle pathway, contributing to corrosion apdrticulate matteformation (H6fer und
Kaltschmitt 2017) (Boman 2005) (Bostrém et al. 2012)Alkali salts are major particulate
matter forming species, contribution to approx. 95 wt.% in particulate matter (PM) composition
(Johansson et al. 2003Brunner et al. 2011)The unidentified species in bottom and fly ash
could be the products of incomplete combustion.

Scanning Electron Microscopy and EnergyDispersive X-Ray Spectroscopy$EM / EDS).

SEM image ofwood pellet bottm ash(Figure5.27) showsits heterogeneous nature, where
fine powdery particles are dispersed between the larger clusters. Under larger magnification
SEM (Figure5.28), thesmooth surface of the ashvisible. No signs of sintering or melting of

the ashcan be observed he uniform structure dhe particulate matter from the combustion

of woodpelletsare evidenfrom SEM imagdn Figure5.29, wherethe ultrafine structures in

the nm range dominate the partidelamatter Figure 5.30), also visible under larger
magnification. Most primary particles are with average diameter of <100 nm, in some cases
aggl omerating and forming cl ustweregepwtédins ever :
previous studiegBoman et al. 2004eported that ca. 90 wt. % of total particulate matter from
wood combustion in made from RNparticles.(Sippula et al. 2009)eported thatfte fine
particlesfrom wood combustiommainly consisted of agglomerates of few primary particles
characterized by eompact.

In comparson with SEM images of bottom ash from wood pellet combustion, SEM images of
bottom ash samples from 50CCP (50% corn cob pellets) fuel blend comb&stjore .31

and Figure 5.32) show differentstructure and appearance. The filament structure from the
biomass cells is evident under both magnifications and some crystalline strwaorés
observedds reported ifAnukam et al. 2017)The ash is comprised of two distinct ash types:

fine powdery ash from wood peltetand filament ash from crop residues. In the particulate
matter SEM imageqFigure 5.33 and Figure 5.34) distinct structure can be observed: larger
polyhedral structures and spherical particlesonaveragsnl i n si ze, on -whi ch
prismshaped particles, on average 200 in size are adsorbed and agglomerated.

The SEM inages ofcorn cobbottom ash are presented inFigure 5.35 and under larger
magnification inFigure5.36. The remnants of biomass cell structure are visible imtlages.
Based on SEM imagg, no sintered or molten phases in the corn cobcashbe observedut
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as seen in photo archivieom the experimental trials (see Supplementary Matertag
characteristic greenish ash color and some weak agglomeratibesashtwere indeguesent

(Yao und Xu 2016Y)eported a beginning of the melting of corn cob ash at°608ndan
inhomogeneous nature of the ash at this temperdtutiee SEM imagesf particulate matter

from corn cob pellet combustiorFigure 5.37 and Figure 5.38) distinct structure among
particulate matter sampleare observed. hrger particles form primary agglomerations
(networks) on which secondary agglomerations of smaller sgpnasershaped particles are
adsorbedKigure5.38). Ash grains with filament structure from the combustion of corn cobs
have been previously reported in literature, as well as smaller particles suspended on top of
larger ones due to condensatinngleation etc(Wang et al. 2012a}Jin et al. 2017)

According to EDS resultsdftom ash from the combustioh woody biomass is dominated by

the elements Ca, O and Si, probably forming CaO ansili€ates Figure5.39). Furthermore,
thereis ca. 13 wt.% of carboim the scanned bottom ash regiarhich indicateghe presence

of carbonates and / or incomplete combustion. This is in accordance with results from wet
chemical analysis and XRD, where $i@aCQ and CaAl>0e have been identified.

As indicated byEDS surface and spot scangarticulate matter from wood pellet combustion
containing mostly K, S, C, Gand CI, has uniform structure and compositiorgrobably
consisting of KCl and KSQ4, and KCOs, and soobf unburned hydrocarbonBigure5.40), in

line with previous finding¢Sippula et al. 2009Besides alkali saltsatbonwas identifiedn

the particulag¢ matter. This is in accordance with wet chemical analysis, where almost 30 wt.%
of particulate matter was unaccounted farssiblydue to presence of soot and carbonaceous
products of incomplete combustiocalthough this was not analytically determinétkthods
applied in wet chemical analysis were used to determine to composition of selected elements,
but not carbonThe presence of carbonaceous matter ini®hh accordance with previous
studies regarding wood pellet combustigHuelsmann et al. 2019§Schmidl et al. 2011)
(Boman et al. 2004) Soot was reported to be one of the main components of particulate matter
from residential wood combustion (due to incomplete combustion with low temperatures in
small scale unitg)Sippula et al. 2009JRoy und Corscadden 2012)

According to EDS, bttom ash sample from the combustion ol of 50 wt. % wood and
50wt. % corn cob pellet¢$50CCP BA)is a mixture of alkali and earth alkgloxideg and
contairs ca. 15 wt. % carborf hereis no Sdeteted in the scanned region of thgh and Cis
present ilsmallquantities (@ wt. %). Spot scan of fibrous ash section identified elements K,
O, and C. Carborspossiblypresent in the form of alkaland earth alkalcarbonates, whereas
the resttonsists of mostiiK>O and CaOFKigure5.41). This is in accordance with results from
wet chemical analysis and XRD, where 5i0aCQ, C, and MgO and some phosphateseav
detected.

The EDSscan of particulate matteamplefrom the combustion oflend of 50 wt. % wood and

50 wt. % corn cob pellet®0CCP BA)reveals major elemenieingK, S, C, O and Clrgégion

3" in theTable5.22). According to calculaticwhere KCl is preferably formed, followed by
K2SQy, and eventually BCOs, surface scan composition corresponds to ca. 49 wt.% KCI,
34wt.% KoSQu, and ca. 14vt.% of soot,in summaryaccounting for 97 wt.% of particulate
matter. Spot scans reveal that bigger agglomerations creating a primary network are made of
KCI (regionl in the Table5.22), whereas the secondary network particles are mades6f >
wt.% KoSQu, followed by ca. 18 wt.% KCI, ca.Wwt.% soot, and ca. 4 wt.%.KOs (region2

in theTable5.22) (Figure5.42). The presence of KCl in this scanned section is attributed to the
penetration of XRays into the deeper layer of the sample, thus scanrsogla unddying

KCI network.This is in contrast with findingsom wheat straw combustidry (Nielsen 2000)
where KSQy formed spongdike structures, on top aihich angubr particles of KCI were
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adsorbedHowever,it seems that the association of S in biomass influences the condensation
structures formation. IfJin et al. 2017¥eposits from corn stover combustion were different
than in the case oflweat straw combustion; this was linked to major association of S in organic
form in corn stover, whereas higher fraction of S might occur &ateslin wheat straw, even
though these two crop residues contain same amount of total S in the biomass.

EDS scas ofbottom ashfrom pure corn cob pellet combustioaveal compositiomade of

mostly K, C, O, and some Si, indicating thatkand Ksilicates are major adlorming species,
besides fixed and unburned carbéiig(re 5.43). This is in line with XRD findings, where
CaCQ, K2COgs, phosphates, and KCI have been identified.

Particulate matter scan reveals the similar composition as in previously mentioned particulate
matte: K, Cl, S, C, and O making up the entirety of particulate matter compositigaré

5.44). Calculation analogue to the onethe previous paragrapleveals that ceb4 wt.% of
scanned region is made of KCI, followed by ca. 17 wt2®, and soot (ca. 18 wt.%). These
species amount to 90wt.% of ash. The rest could be® and AbSiOs, accounting for 1o

2 wt.% of the scanned region. This is in line with redutis1 wet chemical analysis, where ca.

25 wt.% of particulate matter is made of @hd ca. 50 wt.% of ¥O. Although there isa
difference in K content from the two methotlsere is a tendency of increasitigg K and Cl
contents in particulate matter withe increasing sharef corn cob pellet in the blends, but not
proportionally tothe corn cob pellet share in the bleridherefore, it could be the case that the
true content of K in the particulate matter is closer to 50 wt. % (as in chemical wet gnalysis
and that with EDS there has been deviation in K content in the particulate matter, due to
sampling, randomness, combustion conditions, etc. S camé¢ertmined byEDS (ca. 30 4

wt.%) is smaller than the one detected with IC (ca. 7 w{Sé@Figure 5.26), but the major
elements and trends are the same and in similar contents in both methogdg.shlsold be

noted that the elementary composition with wet chenaigalysis AAS and IC were expressed

in oxide terms, not on the elementary basis. Filament structure of corn cob ash was reported in
literature by(Wang et al. 2012ajvhere kcontaining phosphates where linked to this structure.
Secondary agglomerations were linked &&&y, in line with our findings.

In summaryCaO is possiblya major speciesn blends where wood pellets are dominant,
whereas KO is major oxide species in corn cob pellet. Particulate matter from all experiments
has comparable composition and is made of KE§@®& and KCQs.

Crystalline phases.Silica and calcite have been faliin almost all bottom ash and fly ash
samples, which is expected in samples from the combustion of blends where wood pellets are
dominant, since wood ash is rich in C&®lisra et al. 1993)(Demirbas 2004)(Demirbas

2005). Alumina and magnesia are expected crystalline phases in ash samples from the
combustion of wood pelletsthis is also in accordance Wi previous literature results
((Huelsmann et al. 2019)Ho6fer und Kaltschmitt 2017 he presence of C is fitting with the

dark color of ash samples and associated with the products of incomplete combustion such as
soot etc.

KCl is the main crystaltie phase detected in fly ash samples, which is also in accordance with
previous findings and the results of elementary composition, sinsalt& are the main
particulate forming matter, making up to 95 wt.% of particulate m@ktdransson et al. 2003)
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5.4.3.2 Corn cob pellets with additives
5.4.3.2.1 Emission indicators and energy efficiency
Results

Emissionsand efficiency. All values of emissions pollutants refer to standard conditiof€ (0
1,013 mbar) and are related to %00, and dry flue gas (according to EN 3BB Average
values d emissions and efficiency indicators from the two replicationslaog/nin Table5.24.

Table5.24Combustion indicators from ACorn cob
co NO PM Thermal 2o ioncy
capacity
mg/Nm* kW %
CCP 2040+ 1114 170+ 315 462+3.5 7+0.2 92.4+0.1

CCP 1%MGO 3391 +583 187 +125 997276 6.7+0.2 91.5+0.9
CCP 2%MGO 4622 +2916 192+36.3 1160%+6.9 6.4%+05 89.8+0.8
CCP 1%KAO 873+150 176+13.8 358+2.9 71+0.1 93.2+0.3
CCP 2% KAO 920+412 171+10.4 538+31 71+0.1 91.6+1.6
“dry gas, 0 °C, 1013 mbar, 10 % O

aFor the list of abbreviations s@able5.6

Particle size distribution. Total PM emissions with MgO as additive were too high for the
particle size distribution measuring equipment available to us. theeilghthe measurement
train is equipped with fine particle sampler (FPS) module for flue gas dilution which enables
dilution ratios up to 20070 reliable and plausible measuremerthefPM emissions with MgO
were feasible, PM emissiomngere still too high for the subsequent particle size measurement
devices. Since kaolin proved to be better additive for the reduction of Ré8iens based on
previous results, only particle size distributions of PM emissions from the combustion trials
with kaolin were measureahd presented her€otal mass and number concentrations from the
combustion ofcorn cob pellets with kaoliare preseted in Table5.25 and the number size
distributions inFigure5.45.

Table5.25 Summary of particle size

. . . 6.4E+07
distribution measurements the
combustion of corn cob pellets with
additives =
Total number Total mass :"' 1.BE+05
concentration concentration =
number/crd  ug/n? Q
CCP 2.26E+06 3,692 5  A0E2
1KAO 1.92E+06 368 %
2KAO 2.68E+06 2,045 10E+00 | . |
aFor the list of abbreviations sé&able 10 100 1000
5.6
Mid point diameter (hm) (geo. mean)
CCP 1KAO 2KAO
Figure5.45 Number size distribution of particle emissio
from the combustion of corn cobs with additives
Discussion

CO Emissions A reduction inemission values of ca. 34 58 wt.% has been observed with
the addition of kaolin. Emission values from the experiments with kaolin are in line with class
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4 (1,000 mg/rf), whereas emission values from the combustion of pure corn cob pedléts a

line with class 3 of EN 303 (3,000 mg/rf). Although the CO emissions are reduced with
kaolin as additive, &y still donotmeetthe requirements of BImSchV. Kaolin has been proven

to be effective in reducing CO emission during combustion of wael$ (Huelsmann et al.

2019, (Hulsmann 2018)Gollmer et al. 2019 Mack et al. 2020)Also (Kallio und Oravainen
2011)reported a decrease in CO emissions from the combustion of mixed pellets (straw and
peat) in a 60 kW moving grate burner after the adduifokaolin.

NOxEmissionsAs i n previous cases, all NO emission
and 6Bl mSchVvVé emission | imit values (ELV).

PM Emissions A reduction of particulate matter emissions of caw22b6 are recorded when
using kaolin asan additive. Neverthelessthe emissions of particulate matsme still higher
compared to theegal requirements.

MgO asanadditive has noshownany improvement, on the contrary. The possible reason for
increased particulate matter emissions with Mg@he inert mineral nature of the additive:
since MgO is inert mineral material that increased the ash content of the biomass, it has
prevented the contact of other active ash components (such as e.g. KCI and silicates) and
prevented subsequent reactiamshe ash, practically forcing the volatile species such as KClI
into the gaseous phase and preventing the formattingsdidates in the ash (which have been
detected in pure corn cob ash and which could cause sintering). The presence of KCI in the
pariculate matter is expected and confirmed, whereas no presence of MgO has been detected
in the particulate matter, eliminating the possibility that the entrainment of grate ash from the
combustion chamber into the particulate matter could have causedauorgarticulate matter
emissions.

As with CO emission reduction, previous studies support the reductipartoéulate matter
emission through the use of kaolinasadditive (Huelsmann et al. 2019)Hulsmann 2018)
(Gollmer et al. 2019 Mack et al. 2020Q)For example(Carroll und Finnan 2015hvestigated

the addition of kaolin to herbaceous biomass pellets and discoveredvithét 4aolin does
indeed significantly reduce PMmissions (p<0.01) iMiscanthus and talescue pelletéwith
Miscanthus over 58 and with tall fescue pellets over #from 300 mg/mito 200 mg/m).
(Tissari et al. 2008eported the reduction &M: emissiors duringoat combustiomvith kaolin
additionn from 0.49 g/kg to 0.29 g/kan line with our findingsOur total PM emissions using
isokinetic sampling and a filter unit amounted to ca. 2.2 g/kg from corn cob pellet combustion
and with 1 wt. % kaolin it was reducéeal 1.6 g/kg.

Energy dficiency. Average thermal efficiencies of all experimentsaveve75 % and in line
with standard requirements t80 14785 From this point of viewadditivation of the fuel
should not be problematic.

Particle size distribution. The majority of the particles afeundin theaccumulation region

(< 0.5em) with the mode around 10@m. The distribution of PM in the ultrine region has
remained similar after the application of 1 wt. % kaolin; a smaller mode in the nucleation and
Aitken region can be observéeigure5.45). Kaolin seems to have influenced the formation of
ultra-small particle<100 nm) These finding$or PM sanples with and without additives are

in line with the results of Scanning Electidicroscopg SEM) imaging (see chaptér4.3.2.3,
whereparticle size in the ultrafine (<100 nm) and fine (< £m) regions were identified.
Energy Dispersive Ray SpectroscopyEDS) scans reveal similar composition of alPM
samples (with and witholtaolin). There is arexceptionin the composition oPM after using
kaolinto this due to theresence of KAl-silicates.
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According to the study byTissari et al. 2008) particle number distribution from the
combustion of oats at nominal load wasADi* particles perkg of fuel (1/kg) (which
corresponds ta8A0° 1 /cm®), whereas this number was increased &3 particles pekg of

fuel when kaolin was used as additive with unimodal distributions; geometric mean diameter
being 52 nm and 41 nm respectively. In our case, total number decreasednaftér Haolin

and ncreased after @&t. % kaolin addition. In the same study Phissari et al. 2008jnean

mass diameteifsom oat combustion before and after addition of kaame determined to be

177 and385nm (due to shift of the mean diameter to higher sizes), which is in line with our
results. Based on the results of the studyThysari et al. 2008)oothtotal number ad mass
distributions of fine particles increased when using kaolin as additive in the combustion of oats.
Moreover, a clear coarse particle mode was identified in the particle size measurements from
the combustion of wood with kaolin, indicating that cer@mounts of kaolin were entrained
from the bottom ash into tHkie gas during combustion. This is in line with the results of our
SEM / EDS analysis, where K, Al, and Si were detected in PM from the combustion of fuel
with kaolin (see chaptér.4.3.2.2.

(Huelsmann et al. 2019¢ported the reduction of PMultrafine) mass emissions after the
addition of kaolin during combustion of wood pellet with kaolin. However, this study also
reported the increase in numluze particles after kaolin addition to the fuel.

5.4.3.2.2 Ash analysis

Results

The ash melting behavior was improved after the uaddifives since all samples are powdery

in nature and no traces of sintering have been obseérieddditivizedbottomash sarplesall

show awhite color Even though bottom and fly ash samples from the combustion of samples
with kaolin were white, the particulate matter samjes the combustion of corn cob pellet
with kaolin are black(selected photographs of the ash samples from the combustion of corn
cob pellets with additives apresentedn the Supplementary Mater)al

Distribution of elements in different ash fractions Average concentrations of major ash
forming elements from the two combustion series (replications) are giveigure 5.46 till
Figureb.49.
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Major ash components g/ kg .q,

Major ash components g/ kg s

0
1%KAO BA 1%KAO FA 1%KAO PM 2%KAO0 BA 2%KAO FA 2%KAO PM

- ®WK20 @Na20 @SO4 EBCI  EPO4 ECa0
EMgO WAI203 EFe203 B MnO2 EBCuO BZnO

BK20 BNa20 ©BS04 mCl BPO4
EMgO BA|203 BFe203 ® MnO2 ®CuO ®BZn0O

Figure5.46 Average values of major ash g, re5 47 Average values of major agbrming
forming species in different ash fract_lons fro species in different ash fractions from the
the combustion of corn cob pellets withvi. % combustion of corn cob pellets witha. %

kaolin; BAT bOtt(r)nn;t?jrh’ PM particulate | 54jin: BAT bottom ®h, PMi particulate matter
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Figure5.48 Average values of major ash  Figure5.49 Average values of major agbrming
forming species in different ash fractions fro species in different ash fractions from the
the combustion of corn cob pellets with 1 %@.  combustion of corn cob pellets with 2 .
MgO; BAT bottom ash, PM particulate MgO; BA'i bottom ash, PM particulate matter
matter

Scanning ElectronMicroscopy and Energy-Dispersive X-Ray Spectroscopy$EM / EDS).

Since the morphology dfottom ash and particulate matter freme combustion of corn cob
pellets are discussed in the previous chapter, in the following text only the residues from the
additvized-fuels will be further elaborate@Figure5.50till Figure5.57), in comparson with

Figure 5.35 till Figure 5.38. Abbreviation BA represents bottom ash and PM represents
particulate mattetn the bottom ash samples additivized with kaolin some cliy&tatructures

can be observedll the particulatamatter samples, independent from pres¢absence)and
amount of additive but dependent from the fuel, share the same patrticle size and structure.

Figure5.51 SEM image of 1IKAO BA

Seme.” L

0 A

Figure5.52 SEM image of 2KAO BA Figure5.53 SEM image of 2KAO PM
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Figure5.56 SEM image of GO BA Figure5.57 SEM image of 2MGO PM

The overview of surface elemental compositodrsamples from the combustion of corn cob
pellets withkaolin determined by ED$ found inTable5.26.
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Table526Composi ti on of solid residues from ACorn cob pellets
element 1IMGO
norm, wt. 1IKAO2BAP 1KAO PM 2KAO BA 2KAO PM 1IMGO PM 2MGO BA 2MGO PM
BA
%)

™ " 3 1" 2 3 4 5 1T 2" F 4 5 1 2 3 4 5 1 2 R S S N S S L

16. 21. 21. 38. 39. 54. 35. 59. 23. 15. 23. 19. 20. 26. 24. 45. 46. 40. 26. 29. 58. 45. 43. 20. 18. 17. 54. 52. 39.

K 5 0 5 2 4 5 9 5 6 1 2 1 2 7 3 0 3 9 9 1 9 5 8 5 3 9 7 1 1
Na 0.5 0.2 0.2 0.5 0.4 0.2
Ca 58 2.2 3.0 1.8
12. 11. 20. 19. 23.
Mg 23 1.3 16 14 13 13 06 14 6 5 5 6 1
. 11. 11. 12. 12. 11. 20. 11. 13.
Si 9 3 6 0.3 5 1 1 3 5 6.7 0.3 0.3 0.5 05 1.3 1.2 1.0
Al 40 6.8 7.3 8.3 9.5 4.7 9.2 ;0' 34 0.6
P 29 12 1.3 09 08 10 10 15 1.0 0.8 0.9 0.8 0.7 0.5 05
S 1.8 14 1.7 14 26 45 33' 3.9 ;2' 8.6
c 13. 12. 12. 20. 18. 14. 16. 15. 16. 21. 39. 44. 16. 11. 15. 17. 15. 14. 14. 19. 17. 13.
9 5 6 8 2 2 0o o0 383 1 7 o0 T 2 5 3 9 0O 4 5 9 9
39. 41. 42. 36. 38. 36. 37. 39. 42. 11. 10. 15. 40. 40. 33. 23. 39. 37. 39. 27. 22.
© 3 3 0 9.0 85 8 3 8 7 0 2 4 7 59 75 2 0 2 7 3 7 8 1 3 1
30. 32. 45. 40. 19. 18. 32. 32. 23. 41. 15. 45. 16.
Cl 5 5 6 6.8 5 0.4 0.7 0.7 3 3 4 4 9 04 04 1 6.9 0 0.3 0.3 0.2 3 8.4 3
Fe 1.0 0.6 1.7 05 0.7 0.6 0.4
Mn 29 20
"surface,” spot

aFor the list of abbreviations sdeable5.6

bBA i bottom ash; PM particulate matter
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The images indicating the scanned regions are givErgure5.58till Figure5.63. The results
of additivized fuel ashes are compared with results from the combustion of corn cob pellets
without additives, given ifrigure5.43till Figure5.44.

Electron Image 10

Figure5.58 1KAO BA with scanned ~ Figure5.59 1IKAG PM with scanned

fecion mage 73 N Dechontige 1

regions-2 scanned regions

Frecon baoe 17 fcion e 18

Flgur6562 2KAO PM with scanned Flgur8563 1KAO PM with scanned

regionsi 1 regions-2
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Figure5.64 1IMGO BA with scanned Figure5.651MGO PM with scannec
regions regions

Figure5.66 2MGO BA with scanned Figure5.672MGO PM with scannec
regions regions

Crystalline phases.An overview of major crystalline phases found in the bottom and fly ash
samples from the combustion of additivized corn cob pellets can be foliat|eb.27.

Table5.27Maj or crystalline phases in bottom and fly
pell ets with additiveso
gﬁ{fsf"'”e 1KAO® 2KAO 1MGO 2MGO CCP Literature
. BA (Dragutinovic et al. 2019)Du et al. 2014)
KAISIO4 BA FA (Yao et al. 2016)Vassilev et al. 2013a)
BA BA BA (Huelsmann et al. 2019)

MgO FA FA (Hulsmann 2018)Olanders und Steenari
1995) (Bostrém et al. 2012)

FA FA BA (Huelsmann et al. 2019)Bostrém et al.

KCl FA EA 2012) (Xiao et al. 2011)(Ma et al. 2016)
(Du et al. 2014)(Yao et al. 2016)(Vassilev
et al. 2013a)

2K,COx3H,0 Eﬁ g[());oe)t al. 2014)(MlonkasMfid r al a ¢

KzMgz(SO4)3 BA

(Du et al. 2014)(MlonkaeMni d r al a €
2020) (Huelsmann et al. 2019)

(Wang et al. 2014)Hulsmann 2018)
(Olanders und Steenari 1998Yamvuka et
al. 20M®); (Kaknics et al. 2017)Yao et al.
2016)

CaCQ FA

3For the list of abbreviations s@able5.6

Discussion

The effectiveness of additives in the increase of ash melting behavior is evident from the
powdery nature of all bottom ash samples. Even though there was no sintering or ash
defamation during combustion of corn cob pellets without additives in the-sskle
experiments, the application of additives should be considered for théelongitilization of

corn cob pellets, to ensure prevention of ash sintefimg black color of Bl samples from the
combustion of corn cobs with kaolare probably caused by soot, which will be discussed in
the next section.

Distribution of elements in different ash fractions The distribution of elements in the
particulate matter samples does ne¢ra to change after additivation. Due to dilution of ash
after additivation no conclusions can be made about the sorption of alkalis in the bottom ash
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and results of elementary compositronst be evaluated comprehensively with the results from
XRD analyss, SEM / EDS etc.

Scanning Electron Microscopy and EnergyDispersive XRay Spectroscopy $EM / EDS).
Crystalline structurepossibly representinthe beginning or crystalline growth in the bottom

ash sample with 1 wt.% kaolin can be observeigure5.50. When using higher amount of

kaolin as additive, no differences in the bottom ash structure can be né&iget.52), and

among the particulate matter sample additional crystalline phases are observed among the
network of agglomeration$-igure5.53).

In the particulate matter samglehe characteristic structure of primary and secondary
agglomerationgsame as in the previous combustion series, see cHapt2r) is observed
(Figure5.51). Therefore, also the chemical composition of particulate matter samples with and
without kaolin is expected to be similar.

According to EDS, bttom ash of fuels additivized with kaoliRigure5.58till Figure5.61) are
comprised of C, O, Al, Si, and K. Silicon makes up ca2@2wt. % of the bottom ash
(increasing with increasing additive content). Species suchh@®¥and oxides (KO) are
mixed with K-Al-silicates. XRD results support these findings: in bottom ashes of fuels
additivized with kaolin KAISiQ, Caphosphates, Nal-phosplates, have been founBDS
identified Cl only in minor amounts. Results from wet chemical analysis are in line with EDS
findings: K content according to EDS ranges2éowt. % whereas with AAS 20 content was
found to be 229 wt. %, Al with 410 wt. % wheeas AbOz with AAS was found to be ca. 9

wt. %. The same follows for other major elements.

EDS surface scan of particulate matter with 1 wt. % and 2 wt. % kaolin show the main elements
C, O, S, ClI, and KHRigure5.59 andFigure5.60), whereas focused spot scakRgy(re5.60 and
Figure5.63) help identify larger spherical and hexagonal network structures as KCI, on top of
which two distinct groups of aggl omerations
Different spot scans reveal: 1) one group formed of KCI ad-Kilicates 4** under 1KAO

PM in the tableTable5.26), 2) smaller groups formed from>BQy as with other particulate
matter samples. Calculation of possible K distribution in the particulate matter in one of the
groups in the secondary layer (as TnuhderlLKAO PMin the tableTable5.26), where priority

has been given to KCI formation followed by the formation of KAlgi@s shown that ca. 14

wt. % is taken up by KCI, whereas KAISi@akes up >48 wt. % of the agglomerations scanned

in thissection (agglomeration of second layer of particles adsorbed on top of bigger network).
The entrainment of ¥Al-silicates from the grate ash in the flue gas and subsequent particulate
matter seems possible. The presence of silicated {#llicates) in tle particulate matter with

1 wt. % kaolin Figure5.60) could originate from the entrainmerfttbe bottom ash into the

flue gas and the chimney.

K content in particulate matter ranges from-25 wt. % with 2 wt. % kaolin to ca. 480 wt. %

with 1 wt. % kaolin. This is in line with ca. 50 wt. %® (1 wt. % kaolin) and 45 wt. %X

(2 wt. % kaolin) from wet chemical analysis using AAS. S content with ED&ner than with

AAS (1.57 4.5 wt. % vs 3.35.9 wt. %), as observed in other samples. Total chlorine ranges of
19-32 wt. % with 2 wt. % kaolin and-85 wt. % with 1 wt. % kaolin identified with EDS cover

the chloride concentrations determined using AASwt. % with 2 wt. % kaolin and 29 wt. %
with 1 wt. % kaolin). It should be noted that with EDS total chlorine is determined and some
spot scans were focused specifically on KCI.

To summarize, results support the thesis that major species in the bstiame KO, followed
by are KAl-silicates in fuel with kaolin. Phosphorus is found in all bottom ash samples,
therefore alkaliand earth alkalphosphates are possibly present in the ash, whereas no S or Cl
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are found in the bottom ash samples. Carboprésent in both bottom ash and particulate
matter, probably in the form of carbonates. Ca, Mg, and Fe are expected to be found in the form
of oxides and silicates. Particulate matter from all experiments has comparable composition
and is made of KCI, SO and KCO:s.

Crystalline phases K-Al-silicatesidentified in the ash using XRBre the products of kaolin
decomposition into metkaolinite and subsequent reactions witkspecies in the ash, in
accordance with previous studi¢Gollmer et al. 2019)(Ho6fer und Kaltschmitt 2017)
Similarly, as in previous results, KCI| has been identified as majgpd€ies in corn cob ash
samples, both bottom and fly ash (ash entrained from the grate and deposited on the combustion
chamber walls).Cacarbonates with melting point 826 (European Chemicals Agency
14.12.2020)have also been detected in the fly ash sample of corn tmdether with K
carbonates. Other crystalline phases include aliati earth alkalphosphates and sulphates.

5.4.3.3 Corn cob pellets with additives and binder
5.4.3.3.1 Emission indicators and energy efficiency
Results

Emissionsand efficiency. All values ofemissions pollutants refer to standard conditiorf<(0

1,013 mbar) and are related to%00, and dry flue gas (according to EN 368 Emissions

and efficiency indicators from the combustion series of corn cob pellets with kaolin and starch
are found inTable5.28.

Table52BEmi ssi on and efficiency indicators from th
kaolinandb nder o
co NO PM Thermal  Eeiciency
capacity
mg/Nm3 kw %
ccpPB 2,434 163 609+27.4 8.5 91.1
CCPBO0.5KAO 2,236 149 559+32.2 7.5 90.8
CCPB1.5KA0O 357 161 317+16.2 7.8 93.2

“dry gas, 0 °C, 1013 mbar, 10 % O
aFor the list of abbreviations s@able5.7

Particle size distribution. Total mass and number concentrations from the combustion of fuel
blends are found iable5.29 and the particle number size distribution are illustratdeéignre
5.68.
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Table5.29 Summary of particle size 3.0E+04
distribution measurements the combusti
of corn cob pellets with additives and

_ g
binder E 2.0E+04
Total number Total mass %
concentratior concentratior a
#lcn? ug/n? 2 Lomron
CCPB 2.10E+04 80 z
CCPB0.5KAO 1.07E+04 37
3For the list of abbreviations s@able5.7 0.0E+00 SE— —

!
10 100 1000

Mid point diameter (nm) (geo. mean)

CCPB CCPB 0.5KAO

Figure5.68 Number size distribution of particle
emission from the combustion of corn cobs with
additives and binder

Discussion

CO Emissions After addition of 1.5nt. % of kaolin a ca. 8%t. % reduction in CO emissions

is recorded, being the largest CO reduction value from all experiments with kaolin. Since no
reduction was detected with Oii. % kaolin, and a reduction in CO emissions wittvtl %

kaolin was recorded in previous combustienies, it can be assumed that the optimal kaolin
share is in between Wt. % and 2wt. %, possibly being 1.%vt. %. Furthermore, since a
reduction in CO emissions has been recorded even when starch was used as binder (to improve
mechanical properties of ipets), it can be assumed that starch is not hindering the combustion
process or promoting the formation of pollutants.

NOxEmissionsAs i n previous cases, all NO emission
and 0Bl mSchVdéd emission |Iimit values (ELV).

PM Emissions Both experiments with kaolin have resulted in the reduction in PM emissions,

in compaison with noradditivized fuel. With 0.5wt. % kaolin ca. 1@vt. % reduction in PM
emissions are recorded, whereas withvit5% a ca. 48vt. % PM reductn is achieved. As

with CO emissions, the presence of binder in the pellets does not seem to hinder combustion,
nor does it promote the formation of particulate matter. The share of kaolinvef. @bseems

to bring modest improvements, whereas the sbare.5 wt. % brought about the biggest
improvements out of all experiments with kaolin. Therefore, based on current results and when
focusing on PM emission reduction as main goal, the optimal share of kaolin would be between
1 wt. % and 2wt. %, possiblybeing 1.5wt. % kaolin. The detailed investigation for the
verification of the attained results is needed.

Energy dficiency. Efficiency values are in line with the EN 14785 standard requirements
(O75 %), whereas the thermal capacities range57kW. Based on current results, the addition

of kaolin and starch as binder (in these amounts) should not negatively influence the combustion
efficiency and heat generation.

Particle size distribution. The significant differencem the particle size distributions after
using binder and kaolin are the reduction in totalss and number concentratiorgmodal
distribution including a first mode in the nucleation and Aitken region, and a secondrmode
the agglomeration range (800 nm)is analogue with previous experimerits comparison

with particle size distribution before binder addition the position of number concentration peaks
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from the combustion of corn cobs with binder has remained in thersages although moved
slightly to the larger size (ca. 200 nm). The position of the peak with the additionvet. @%b
kaolin has also moved to the bigger size at ca. 180 nm

5.4.3.3.2 Ash analysis

Results

Photographs ofsin samples from the combustion trialéngscorn cob pellets with binder and

kaolin are found ira table in Supplementary Materi8ottom ash sample from the combustion

of corn cob pellets with binder and without kaolin is characteristic in color, formed of small
nonsintered agglomerations. Asith previous samples, no issues regarding ash melting
behavior have been observed after binder has been used as pelletizing aid. In some bottom ash
samples from additivized fuel whole unburned pellets have been observed.

A difference between theolor d particulate mattesampled on thélters with time can be
observed in allhree cases, where first PM samg@es light incolorand probably contain more
mineral matter, towards darkeM samples whicltould contain more carbonaceous matter.

Distribution of elements in different ash fractions. Concentrations of major agbrming
elements in three ash fractions from the combustion of corn cobs with binder and kaolin are
found inFigure5.69till Figure5.71.
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_Figure5.69 Major ashforming species in Figure5.70 Major ashforming species in
different ash fractions from the combustion ¢  different ash fractins from the combustion of
corn cob pellets with binder; FAfly ash, PM  ¢orn cob pellets with binder and . % kaolin;

i particulate matter BA i bottom ash, PM particulate matter
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Figure5.71 Major ashforming species in

different ash fractions from the combustimin

corn cob pellets with binder and W5. %
kaolin; BAT bottom ash, PM particulate

matter

Crystalline phases.An overview of major crystalline phases identified using XRD in the
bottom and fly ash samples from the combustion of corn cob pellets with binder and kaolin are
found in Table 5.30. For comparison purposes the crystalline phases identified in the ash
samples of corn cob pellets without binder are also listed in the same table.

Table5.30Maj or crystalline phases in the ash sampl e
binder o
gﬁgg‘"'”e CCPB 05%KAOB 15%KAOB CCP Literature
Mg2P-0 BA
K>C0::1.5H,O0 BA
KAISIO, BA (Du et al. 2014)(Yao et al. 16), (Vassilev
FA et al. 20133) (Dragutinovic et al. 2019)
(Huelsmann et al. 2019)
(Wang et al. 2014 Hulsmann 2018)
CaCQ BA  (Olanders und Steenari 1998Yamvuka et
al. 2009) (Du et al. 2014)(Kaknics et al.
2017) (Yao et al. 2016)
CasAl 206 BA (Hulsmann 2018)
FA BA FA (Huelsmann et al. 2019)Bostrom et al.
KCl FA Fp  2012) (Xiao et al. 2011)(Ma et al. 2016)

(Du et al. 2014)(Yao et al. 2016)(Vassilev
et al. 2013a)

aFor the list of abbreviations s@able5.7

Discussion

Distribution of elements in different ash fractions The higher concentrations of alumina in

the ash samples from additivized fuel can be traced back to kaolin. Lower sulphate
concentrations in the particulate matter with 1.5 wt. % kaolin indicated poSssiolgotion in

the ash using kaolin, mentioned irepious studiegDragutinovic et al. 2019No proof of K
sorption in the bottom ash can be found based on elementary composition due to dilution of ash

samples with mineral matter.

Crystalline phases K-Al-silicates were identified in theasiples of ash from the combustion
of corn cob pellets with 1.5 wt. % kaolin, but not in the samples with 0.5 wt. % kaolin, which
could indicate that the amount of 0.5 wt. % kaolin is not enough to bind the potassium in silicate
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form and prevent its releag®o the gaseous phase. This is supported by the fact that KCl is
detected in both bottom and fly ash samples from the combustion of corn cob pellets with
0.5wt. % kaolin. KCl is also found in ash samples from corn cob pellet combustion trials, both
with and without binder. Kcarbonates and Mghosphate have furthermore been identified.

5.5 Conclusions

In the following paragraphs general observations, conclusions and recommendations based on
the experimental investigation are discussed.

5.5.1 Advantages

Phase ongboiler). There were neither issues with grate ash slagging nor with blockages of
air-feeding due to large contents of ash. Corn cobs have been reported to have somewhat better
ash meltingoehaviorthan other crop residues (e.g. wheat straw) along witeri@sh content
(Dragutinovic et al. 2019After application of additives in combination with moving stgpte

and active ash removal system, possibility of issues due to problematlwelatiorare
completely eliminated. Therefore, in shregard the investigated combustion unit does not
require any additional modification and is completely adjusted to the energetic utilization of
crop residues. The same can be said for combustion of fuels with large ash contents. By having
a moving gratand an active ash removal system problems associated with high contents of ash
are avoided. This should be the case for other herbaceous fuels, not only corn residues.

During the combustion experiments significant amounentfained gratash were obseed

to be deposited on the combustion chamber wallsrfacesand heat exchanger surfaces. If
used regularly, according to the manufacturers instruction, the problems of ash deposition and
corrosion should be minimized.

After keeping the aifeeding congtnt CO emissions have been reducedi@@swhenusing
corn cob grits as fueRarticular matter (PM@missions have also been reduced after stabilizing
the airfeeding. However, the control system should be more adjusted to the new fuel.

Phase two (pelleoven).No issues with sintering or slagging of ash were observed due-to self
cleaning grate. Some minor agglomerations of grate ash were found in the ash box. Even the
increased ash content in crop residues which was funtrerasedvith additivesdid not block

the combustion air feeding system because the combustion uraiLieasaticallycleanedoy

every 50 minutes, as programmed by the manufact@etfcleaning included flipping of the

grate and rinsing of the combustion chamber with fresh air.

5.5.2 Challenges and limitations

The difference in particulate matter emissions from the two tested combustion units can be
explained in part by construction differences, of special importance is the moving grate, which
prevents sintering of the ash but prdesothe entrainment of the ash into the gaseous phase.
This phenomenon of increasing PM emission with moving grates was previously reported by
(Sippula et al. 2017)

Phase one (boiler)As a general impression, the construction of the combustion unit is not
adequatdor ground corn cobs as fudlir-feeding proved to be critical parameter influencing
emissions. The challenge in this parametgingewastaa d j ust t hem t o t he fAne
after reaching the stabile burning phatte emission measurements were initiated with a gas
analyzer and during this phase the air feeding rate (fan power) watsirfieed in order to

minimize the enssions of CO, which turned out not to be the solution to the challenge of
keeping the output steady. Another possibility to influence the air feeding is the handle under

the grate, where the operator (consumer) can roughly regulate the distributiomanfypaind

secondary air (more primary / less secondary, half primary / half secondary, less primary / more
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secondary)Correct operation and behavior of the consumer is critical to both CQeatcular

matter (PM)emission, as studigareviously(Mack et al. 2019)It was concluded that during

the ignition phase primary air inlet should be dominant, whereas immediately after reaching
burning the primary air should be minimized in order to enable pyrolysis conditions in the
primary combustion chamber (on the grate), minimize the temperatupereumht ash melting

and sintering. In this phase (stabile stationary combustion) the secondary air should be the main
source of oxygen for volatiles in the secondary combustion chamber, e.g. before heat
exchanger, to promote full oxidation.

Ash depositiorwas detected on the heat exchanger surfaces and was promoted with increased
air flow, additive content in the fuel, and properties of the fuel (ash). The deposition of fly ash
is associated with corrosion and decrease in efficiency of heat trgi&deralho et al. 2013)
reported the decrease of 10% in boiler effiy after 110 h of operation due to fly ash
deposition on the heat exchanger. Another study with corn(Bsbaner et al. 201Ieported
considerable deposition on heat exchanger surfaces during corn cob combudtienash
fractions,volatile K-salts have been found, confirming the corrosive nature of the fiyragh.

issue needs to be furtheddaessed.

Since bulk densities of corn cob pellets and corn cob grit are considerably differefughlso
feedinghad to be adjusted. Another challenge was the constancy of heat output, which was
monitored by the heat meter. During each experimentsatiie in control system of the boiler
was set to 25 kW which was overreached in almost all cases. For the modification of this issue
the fuelfeeding rate had to be reduced, as well as heating value parameter in the control system.

During someexperimentghe condensation on the surfaces of the heating unit was observed
due to slow heating up of the boiler or due to thermal bridges in the corners of the combustion
chamber.

In some cases, especially in the experimental series with corn cob grits the overshooting of the
thermal capacity was the rule. The fuel and air feeding as well as lower heating value (LHV)
were entered into the control algorithm in the same method akhen experimental series.
However, possibly due to small particle size of the fuel, powdery inert mineral nature of the
additive, and the neadapted fuefeeding system stabile and stationary combustion was
challenging. The strong variations were obserfrecth the heat meter output, where it was
noticed that although process was continuous, the constant thermal capacity was not achievable
in most cases.

Based on current results the effectiveness of applying additives on the CO emissions is not
observablepn the contrary. In the case pdrticulate matter (PMthey seem to show more
promise. The effect of additives can be observed using 1 whd®of kaolin. The possibilities

for emission reduction and increase in efficiency when using corareany if grounded cobs

(corn cob grit)should be further processépklletized) Otherwise the use of grounded corn
cobs in smalkcale units could not be advised dudigh emissions.

The reduction oparticulate matter (PM@¢missions have been proven mdsaltenging and
possibly require the combination of both combustion chamber desidarnisationas well as
low-cost measures such fugbgrading, in order to meet the strict emission limit requirements.

Issues with fuefeeding, aiffeeding and stabildvermal power need to be addressed as priority.
The utilization of alternative agro pellets needs to be recognised by the control system and
making the control system more flexible to the requirements of thefago In the current
engineering solutionser / consumer has the possibility to adjstower heating value of the

fuel, 2) fuel feeding speedand 3)fan speed / poweihe adjustments of the unit parameters

are found based on experience of the installation technician and the user. Thénefore,
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education (briefing) of the user is essential in order to operate the unit in the most efficient and
conscious way.

Phase two (pellet oven)Entrainment of the grate ash with combustion air and flue gases was
evident, deposition of entrained ash wastedted on the chaotte surfaces inside the
combustion chamber as well as outside in the base of the flue gaJlugithe particulate
matter emissions are increased.

As auser there is no possibility to manipulate fuel airfeeding, possibly adjtisg the control
system to the properties of the new fuel (corn cob pellets or pellets with additives). As an
adjustable parameter user can choose between three pellet qualities.

5.5.3 Recommendations

Regarding the combustion unit modification, suggestiofigrtber investigate the possibilities
to improve combustion chamber are following:

1 Boiler:

o creation of CO curves vs.,@ontent (excess air ratio) curves, based on which
the control system can be optimized for each new fuel,

o installation of the excess asensor (lambda sensor): in order to monitor the
combustion process quality, information regarding air supply and concentration
of O2 (COy) are crucial,

o lining of the combustion chamber with chamotte (fireproof) material in order to
enable high temperaturgsthe combustion chamber,

o installation of the physical barrieir differentiation between primary and
secondary combustion chamber. Flue gasses are crossing into the secondary
chamber before reaching the heat exchangieis way the residence time of the
flue gases is prolonged, and turbulence is secured.

o Introduction of a secondary air in the newly designed secondary combustion
chamber,

o Adjustment of the control system algorithm to include alternative fuels and their
average properties. In this caserusieould be able to add new fuels and their
properties critical for combustion, such as LHV, bulk density, particle size, ash

From the aspect of fueklated measureg can be concludethat fuel processing isssential
in order toenergetically utilizeorn cobs in smafcale units. The focus is to reduce the amount
of fines present in the fualvhichis directly associated with emissions of particulate matter

1 Boiler:

o Blending of wood pellets and corn cobs pellets is an effective measure to
decrease both CO and PM emissions. Howewxare of the fuel blends can meet
the emission limit values without additional measures

o Corn cob grits are not adequate fuel for the combustion in scadd! gnits, even
with additives.

1 Pellet oven:

o Blending of wood pellets and corn cobs pellets is an effective measure to
decrease both CO and PM emissions. However, in order to keep the emissions
under the limit values, corn cobs can be added to the lerad In minor shares
(up to 25wt. %).

O Additivation of the corn cob pellets with kaolin does reduce both CO and PM
emissions. However, additional secondary measures such as cyclones are
required to meet the emission limit values.
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O The combination of fuellbnding (withwood pellets) and additivation of corn
cob pellets with kaolin should be investigated as measure to increase the share
of corn cobs in fuel blends and thus alleviate economic burden and promote the
utilization of locally sourced biomass.
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6 Assessment of environmental aspect
Djordje Djatkov, Milan Martinov

6.1 Methodology

6.1.1 Material

Corn cobs were sampled in a pellet production plant Fer Komerc DOO from Slankamen. The
moisture content of cobs was 8.45 %, the ash content was 1.13 %, and the lower calorific value
was17.21MJ/kg (d.b). The bulk densities of cobs, crushed cobs andtpeNere about 200

kg/m3, 300 kgm®and700kg/me® w.b. (wet basis) respectively. Corn cob samples were used to
conductanalysesf moisture and ash content and calorific value, and these results were used
for the purposes of balancing energy and GHG enmissio

Three options of using corn cobs as a fuel for combustion in small heat generators were
analysedEach of theseptionsimplies a different form o€orncob usage, and thus different
requirements for processing, transport and storage, as well asritigres of heat generators.
Theseoptionsaredescribed in chapte.2

6.1.2 Data for calculation of energy and GHG balances

Table7.1 provides transport data for all threptions which were further used to calculabe
respectiveenergy and GHG balances.

Table6.1 Transport data for all three scenarios

Parameter Unit Value References

Emissions for diesél gCQeqMJ? 93.9 (Giuntoli et al. 2015)
Truck consumption MJ t1 kmt 0.811 (Giuntoli et al. 2015)
Mass to be transportéd t 14 (Anonymous 2019a)
Mass to be transported t 20 (Anonymous 2019a)

1Emissions from the transport and refining of oil, and the transport and combustion of dieg€ldtieh | considers
the transport of whole cob from farmers, which has a lower bulk density than cob frooestzrd which is
considered imptionll and III.

The transport distances considereddption| range from 0 to 100 km, with an intermediate
step of20km. Inoptionll and Ill, the transport distance during the delivery of the whole cob
to the production plant is 80 km.

Data on the energy required for processing corn cobs (crushing / grinding and pelleting) are
given in Table 6.2. Moreover the table shows the emission factor for the electricity mix in
Serbia, as well as the efficiency of energy transformation.

Table6.2 Corn cob processing data

Parameter Unit Value References

Electricity for preparatich kWh tw? 20 (Miranda et al. 2018)
Electricity for pelletizing kWh tw? 80 (Miranda et al. 2018)
Emission factor for electrity gCOeqMJI?  275.3 (Anonymous 2015)
Efficiency of energy transformatio 1 0.535 (Vlada Repuplike Srbije’

1Electricity for crushing and grinding corn cobs. W&t mass

Foroption |l and I, thepossibilitiesto pack the crushed cobs and pelktsconsidered. For
the crushed cob, thgossibilityof packing in jumbo bags that can hold ab@@®kg of crushed
cob is considered, while for pellets, packind kg bagds assumedThe jumbo bag is made
of polypropylene fabric (PP), and the bags are made of LDPE (low density polyethVidrie).
6.3 provides data on GHG emissions and energyiredtor the production of these materials.
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Table6.3 Energy and emissions for RPLDPE

Parameter Unit Value References

Energy for PP MJ kgt 83 (Thiriez und Gutowski 2006
Emission factor for PP kgCQpeqkg? 1.95  (Anonymous 2011)

Mass of jumbo bag kg 15 |

Energy for LDPE MJ kgt 73.1  (Thiriez und Gutowski 2006
Emission factor for LDPE kgCQpeqkg® 2.06  (Anonymous 2011)

Mass @ bag g 38.15 i

IMeasured value

Sinceoptionll and 11l considerautomated combustion devicélseseovensrequire electricity

for the fuel and air dosingystems The electricity required toombustone ton of dry mass
based pellets in a 48 kW thermal power generator is 24.6(Rnbnymous 2019b)Option|
considers the use of a simple heat generator without control of the combustion; precess

this caseno electrical energis neededTheassume@nnual efficiency of the heat generator in
option| is 65 %, due to he fact that it is a device without control of the combustion process,
and foroptionll and Il 80 %, because it is an automated device with control of the combustion
procesgMartinov et al. 2011)

Emissions of GHG that occur during the combustion of corn cobs, except Ve
0.24gCQOzeqMJI* according tqGiuntoli et al. 2015)

6.1.3 Energy balance

Methods in accordance with the VBdiideline4600 (1997) were used to implement the energy
balance. According to VDI 4600 cumulative energy dematuh(ulierter Energieaufwand
KEA) is defined as the total primary energy required for production (irfjexse (index\)

and disposal (indek) of material and nonmaterial goods. The equation fautatiing KEA

can be summarized according to equation (1).

KEAKEA+KEA+KEA (1)

The purpose of this parameter is to provide as much information as possible for the optimal
design and production economic goods in accordance with environmental compatibility. The
concept of this method is not to prescribe every detail, so the possibilities of the methodology
are openi.e., this method does not set system boundaries, so it is up to the usernraeie
Cumulative energy demand can be expressed as total primary energy, but is more often
specified by mass, volume, area, final energy. In this p#fed is specified by dry matter

(DM) of the cob M1J/tpm).

According to the above, the general tdontotal energy inputKEAy) for the preparation and
use of corn cobs for combustioan be defined according to equation (2).
KEA= Er+ Eg+ Ep (2
with
[T energy for transport of whole, crushed oligis of corn cob iMJ/pwm,
(e electricity for crushing, grinding, pelleting and combustioMidftom
Epr energy for packaging iMJ/tom.

In addition to calculating the total energy inputkiEAu, analysesof energy balance were
performed using the terms for energy rati@R( in MJ/MJ), net energy gain
(NEG, in MJtom™) and energy efficiency indexi).
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The energy rationHR) (equation (3)) $ defined as the ratio of the engrgalue of the output
(product) and the total energy used in the production of that praducthis indicator shows

what share of input energy is transformed into useful output energy. This index earables
undersanding of the influence of inputs expressed in energy units in the production of products
(biomass)Ortizi Cafiavate und Hernanz 1999)

The net energy gailNEG) (equation (4))shows the net profit, more precisely the difference
between the energy of the product and the energy invested in its production.

LHV is the lower calorific value based on dry massJ/tom.

LHV
ER KEZ A ©)
4
NEG = -KHBX
CLHVKEA
ST LAV ()

6.1.3.1 Greenhouse gases emissiobalance

GHG emission balances, for all threptions were determined in accordance with the RED
method. The general expression for calculating GHG emissions from the production and use of
biomass fuels before generating thermal energy according to this neegthdok calculated
according to equation (6).

E=ecta+te+e de-6calcsor (6)
With
e=c1 emissions from the extraction or cultivation of raw materials,
e I annualised emissions from carbon stock changes caused byskamtiange,
e I emissions from processing,
ed I emissions from transport and distribution,
eu emissions from the fuel in use,
&scal emission savings from soil carbon accumulation via improved agricultural management,
eccsi emission savings from GQapture and geological storage,
eccr | €mission savings from GQ@apture and replacement,
Ei total emissions from the fuel production before energy conversion in.gRd>.

Emissions from the production of machinery and equipment are not taken iatmtaecand
esc are not considered because corn cob is-prbguct of corn grain production to which the
resulting emissions are attributed. Also, emission savmgsd:.cs €cr) are not relevarttere

Emissions from the production and use of bionfiasks in the generation of thermal energy are
calculated usingquation (7).

EG=— (7)
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With

EC, total greenhouse gas emissions from heat generation ingld®*
ah annual efficiency of heaenerator in %.

6.1.3.2 Assessment of GHG emissions savings

GHG emission savings are calculated according to equ&jiomhe fossil fuel comparator for
biomass used for heating purposes is 80 gCKJ ! according to the RED Directive. The
emission saving paraeter describes whether the use of a certain type of fuel is sustainable.
Specifically, for biomass, the sustainability criterion is 70 % from 2021, or 80 % from 2026 if
it is used to generate heat.

s EGnFG
EG(n) (8
with
S GHG emission saving in %,

ECrn emissions of fossil fuel comparator in g&eMJ?,
6.2 Results
6.2.1 Energy balance

Table 6.4 shows results of the energy balance for the three scenarios, as well as the share of
each phase in the total value of energy used in the chain of preparation and use of corn cobs as
fuel. Theenergy needs are shown only for the longest transport distances. In cases when
variations are considered, for the whole cob 100 km, and for crushed and cob pellets the distance
from the production plant to the consumer is 300 km.

Table6.4 Energy balance for whole, crushed and corn cobs pellets

Whole CC Crushed CC CC pellets

MJ tom?t % MJ tomt % MJ tom? %
Energy input
Energy for transport 81.1 100.0 308.5 29.8 308.5 22.1
whole! 81.1 100.0 65.5 6.3 65.5 4.7
crushed/peller nr nr 243.0 235 243.0 17.4
Energy for crushing nr nr 147.0 14.2 147.0 10.5
Energy for pelletizing nr nr nr nr 588.0 42.2
Energy for packaging nr nr 415.0 40.1 185.9 13.3
Energy for combustion nr nr 165.8 15.9 165.8 11.9
Total (KEAY) 81.1 100.0 1,036.3 100.0 1,395.2 100.0

1 Energy for transporting corn cobs from source to production plant or consumer
2Energy for transporting crushed or corn cobs pellets from the production plant to the consumer. nr: not

The value of total energy used is the lowest for the whole cob, and the highest for the cob
pellets, about 81 and 1,395 M tespectively. Energy used in transport represents a significant
share of the energy balance for all three forms of fuel. For theewbb, it represents the total
energy used, while for crushed and pellets, it has a share of about 30 % and 22 %, respectively.
In the case of crushed cobs, a large share in the energy balance has the energy used for
packaging, about 40 %, while in theseaof pellets, the share of energy for packaging is smaller

and amounts to approximately 13 %.

Figure6.1 shows the used energy for three scenariedpr whole, crghed and pellets of corn
cob. Itis noticed that for pellets, the largest share in the energy balance has the pelleting process,
followed by the energy for transport to the end user.
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Figure6.1 Energy input for all three scenarios per parameter

The impact of transport distance on total energy input for the three scenarios is giigmren

6.2till Figure6.4. For the whole cobs, by increasing the transport distance by 20 km, as a result,
about 16 MJt more of energy is used, while the scenario with crushed cobs aat peith
increased transport distance by 50 km, used energy increases by about!4TidJixception

in the scenario with crushed cobs and pellet is in the case when the transport distance is equal
to zero, then the total energy input is reduced byéhee of energy required for packaging.

The reason for not taking energy into account for packaging is that if the fuel is used at the
place where it is processed, it is not necessary to pack it.
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Figure6.3 Impact of transport distance on total energy input for crushed corn cobs
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Figure6.4 Impact of transport distance on total energy input for corn cobs pellets

Figure6.2-Figure6.4 shows the values of energy indicators for all three scenarios. ER is high
for the whole cobs scenario, and low for the crushed cobs and pellets. Reason for that is that
the value of the used energy for the crushed cob is 13, atidef@ellet of the cob 17 times
higher than the used energy for the whole cob. NEG is highest for the whole cob, and the lowest
for the pellet, because this indicator represents the difference between the fuel energy and the
energy used. The value of theeegy efficiency index for all three scenarios is high and exceeds
90%. It shows that the share of net |Eein the total energy of fueTable6.5).
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Table6.5 Comparative presentation of energy indicators

Parameter Unit Whole CC Crushed CC CC pellets
Energy ratio MI/MJ  212.2 16.6 12.3

Net Energy Gain MJtom? 17,1269 16,171.7 15,812.8
Energy Efficiency Index % 99.5 93.9 91.9

6.2.2 GHG emissions

A comparison of the results of the greenhouse gas emission balance only for the longest
transport distances is givenTiable7.5. The valuesre based on the lower calorific value for

dry massj.e. GHG emissions are specified per MJ of dry mass of whole, crushed and pellets
of cob.

Like the energy balance, the emissions have the lowest value for the whole cob, and the highest
for the pelletsTransport has a significant share in the emissions balance for all three scenarios.
In Scenario Il (cob pellets), the pelletizing process has the largest share in GHG emissions,
around 50 % of total emissions.

Emissions that occur during the operatiortted boiler,i.e. electricity for the boiler, have a
significant share in total emissions of about 26 % and 14 %, for crushed cob and pellets
respectively.

Table6.6 Greenhouse gas emission balance

Whole CC Crushed CC CC pellets

gCQueqMI? % gCQuegMI*? % gCQuegMI*? %
Transport 0.5 71.4 1.9 35.2 1.9 18.8
wholét 0.5 71.4 0.4 7.4 0.4 3.9
crushed/peller nr nr 1.5 27.8 1.5 14.9
Crushing nr nr 1.3 241 1.3 12.9
Pelletizing nr nr nr nr 5.0 49.5
Packing nr nr 0.6 111 0.3 2.9
Appliance work nr nr 14 25.9 1.4 13.9
Combustion 0.2 28.6 0.2 3.7 0.2 2.0
Total (E) 0.7 100.0 5.4 100.0 10.1 100.0
EG? 1.1 6.8 12.6

1Emissions for the transport of corn cobs from the source to the production plant or coABom=ions for the transpol
of crushed or corn cobs pellets from the production plant to the consiTol. greenhouse gas emissions from ther:
energy genetn. nr: not relevant.

Figure6.5 shows the share of GHG emissions for individual phases for all three scenarios. It
can be seen that in the scenario with the whalbe the emissions from transport have the largest
share, while in the scenario with the crushed cob, a significant share of emissions come from
the crushing, transport and operation of the boiler. In scenario lll, the pelleting phase is
dominant in relatio to the other phases in the emission balance.
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Figure6.5 Contribution of GHG emissions from different phases in total balana@nfdyzed
scenarios

Total emissions for the whole cob, 0.7 gefJ?, aresignificantly lower than in Giuntoli et

al. (2015) for harvest residues in bulk density greater than 02 which also includes corn
cobs, and amount 4.0 gg@MJ. The reason for this is that Giuntoli et al. (2015) considered
a transport distance 600 km, and a transport distance of 100 km was used in this calculation.
The same source determined the emissions for straw pellets, which were 8 ancbdWIICO

1 for the typical and default value, respectively, while in this example the emissiaresrior
cob pellets are 10.1 gGQMJ?, which is almost identical to tlefaultvalues for straw pellets.

The impact of transport distance on total GHG emissions, as well as emissions generated by
heat generation (E{for the three scenarios is givenkigure6.6 till Figure6.8. E and EG

for the whole cob increase linearly and with the increase of the transport distance by 20 km they
are higher by about 0.1 and 0.2 gle§MJ?, respectively. For scenarios with crushed cobs and
pellets, the increase in E and f@ith an increase in theamsport distance by 50 km, is about

0.3 gCQeqMJI?, for distances from 50 to 300 km, while this is not the case when the transport
distance is 0 km. The reason for that is the same as in the subchapter "Energy hadance”,
emissions from packaging aretrtaken into account.
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Figure6.6 Influence of transport distance to GHG emissions for whole corn cobs
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Figure6.8 Influence of transport distance to GHG emissions for corn cobs pellets
6.2.3 GHG emission savings

Greenhouse gas emission savings for the longest transport distarsiesvarm Table6.7 for
three scenariog.he fossil fuel comparator has the same value for all three scenarios because it
is a fossil biomass comparator used for heating.

Table6.7 GHG emission saving

Parameter Unit Whole CC Crushed CC CC pellets
EG! gCOegMJIt 1.1 6.8 12.6
ECewf gCQegMJI?  80.0 80.0 80.0
S % 98.6 91.5 84.3

1Total greenhouse gas emissions from heat gener&fionissions of fossil fuel
comparator’GHG emission saving.

Figure6.9 shows the achieved emission savings and sustainability criteria, which are defined
in the RED Directive, and amount to 70 % for the period from 2021 and 80 % from 2026.
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Figure6.9 Achieved savings and limit values according to the RED Directive

All three scenarios meet the sustainability criteria. With about 84 % the pellet has the lowest
emission saving value, while the whole cob with abou¥®Bas the highest. High values of
savings are also for crushed cobs, more than 10 % of the values defined as sustainability criteria
for the period from 2026.

The largest transport distances to which the whole, crushed and pellets of corn cobs would
remainsustainablej.e. meet the sustainability criteria according to the RED Directive, are
given inTable6.8. For the whole cob, the transport distance from the sourtte tconsumer

was considered, while for the crushed cob and pellet, the transport distance from the production
plant to the consumer was additionally considered.

Table6.8 Transport distances to which the sagmsmwould remain sustainable according to RED
Limits Whole CC Crushed CE CC pellet$
70% 3,180km  3,170km 2,150km
80% 2,100km  1,850km 850km

Transport distance from the production plant to the consumer.

The difference in the obtained values floe maximum transport distances, for the whole and
crushed cob is only 10 km, in the case of 70 % of the saved GHG emissions. The reason for
this, although the crushed cob causes higher emission values due to crushing, packaging and
boiler operation, ishat in scenario | (the whole cob) the mass transported by the truck is 14 t,
and for scenarios Il and 1l it is 20 t. Also, the difference in the distance between the crushed
cobs and pellet, for both sustainability criteria, is about 1,000 km.

6.2.4 Conclusions

All three scenarios achieved high values of energy indicators, which shows that the values of
total energy input are low and that it is possible to increase transport distances or apply an
additional phase of fuel preparation.

From an environmental poiof view, all three scenarios analysed are sustainable. The highest
values of savings were achieved for the whole cob by about 98%, then crushed by &put 91
and the lowest by pellets with about 84 %. For all three scenarios, the increase in transport
distance does not affect the assessment of the sustainability of the considered environmental
aspect.
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7 Assessment of sociteconomic aspects
Djordje Djatkov, Milan Martinov
7.1 Methodology

Profitability assessment of investment in heating facilities that use corn cobs as a fuel was
conducted by application of the calculator and decisiaking tool namediomasaPro
(Martinov et al. 2011) The assessment approdsthind this tool isn line with parameters,
criteria and rules of th#linistry of Energy and Mining of Republic of Serbia intended for
planning and castruction of energy facilities

Table7.1 Parameters and criteria for economic assessment
Parameter Criteria for positive assessme

Net Present Value >0
Internal Rate of Return (Project IRI Higher than discount rate
Payback Period Shorterthan project duration

Forthe assessment the collected data about capital costs, operational costs, investment options,
fuel characteristics, heat generator characterigttcsyere usedTable7.1 showsthe selected
parameters and defined criteria for the economic assessment.

Two options and therewith twBiomasaProversions were used in the assessment.

1 The first subsumesonstructionof new heating systesrand two pathways were directly
compared, a heat generator using natural gas with one that uses biomass. In this case,
positive assessment of the heat generator that uses biomass is considered if the Net Present
Value (NPV) of all generated costs is low#ran those for heat generator that uses natural
gas.

1 The second option subsunresonstructiorof old heating system that uses natural gas by
new on that uses biomass. In this case, the three parameters in the table below were used
for the economic assament and if all parameters satisfied defined criteria, the investment
in heating facility was considered as viable.

In both options, the three corn cob forms were considered, whole, crushed and pellets, with
appropriate heat generator for the selectewhfor

7.2 Results

In the following two subchapters the results of scenaimsstructionandReconstructiorare
presented and discussed.

7.2.1 Construction

In theTable7.2 Table7.4 profitability assessment results of the three considered corn cob
forms are presented, namealhole corn cobs, crushed and corn cob pellets, respectively. The
results show that all considered cases are viable, whereby influencing parameters on
profitability were varied. This means, when considering investment in the new heating system
(constructon), all three scenarios are economically viable, even with the minimized lifespan of
the equipment and the maximized maintenance and material costs, in any financing option.

Table7.2 Profitability assessment of whole corn cobs use as a fuel, option construction

Lifespan, a Mai ntenanceMaterial ¢ aNVPz-NVP; Viable
Without bank loan
10 0 0 -3,9224 YES

10 100 50 -2,7930 YES
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10 150 100 -2,03910 YES
15 0 0 -5,6300 YES
15 100 50 -4,0790 YES
15 150 100 -3,04510 YES
Bank loan 5 years for 50% of capital costs

10 0 0 -2,99710 YES
10 100 50 -2,1350 YES
10 150 100 -1,5610 YES
15 0 0 -3,96310 YES
15 100 50 -2,8760 YES
15 150 100 -2,1510 YES
Bank loan 7 years fat00% of capital costs

10 0 0 -2,3140 YES
10 100 50 -1,6390 YES
10 150 100 -1,18910 YES
15 0 0 -2,888l YES
15 100 50 -2,088l YES
15 150 100 -1,5561 YES

NVP2 - NVP1: difference of Net Present Values between scenario for whole corn cobs)@&h\Bcenario for
natural gas (NVR

Table7.3 Profitability assessment of crushed corn cobs use as a fuel, option construction

Lifespan, a Mai nt enanceMateri al c¢c¢NVP2-NVP1 Viable
Without bank loan

10 0 0 -3,4040 YES
10 100 50 -2,2750 YES
10 150 100 -1,52210 YES
15 0 0 -4,83210 YES
15 100 50 -3,28110 YES
15 150 100 -2,2470 YES
Bank loan 5 years for 50% of capital costs

10 0 0 -2,6440 YES
10 100 50 -1,7830 YES
10 150 100 -1,2080 YES
15 0 0 -3,52710 YES
15 100 50 -2,4400 YES
15 150 100 -1,7150 YES
Bank loan 7 years for 100% of capital costs

10 0 0 -1,9560 YES
10 100 50 -1,28110 YES
10 150 100 -8310 YES
15 0 0 -2,5360 YES
15 100 50 -1,7370 YES
15 150 100 -1,2040 YES

NVP2 - NVP1: difference of Net Present Values between scenario for crushed corn cohg @ddRcenaric
for natural gas (NVD

Table7.4 Profitability assessment of corn cob pellets use as a fuel, option construction

Lifespan, a Mai nt enanceMat eri al ¢ o NVP;-NVP, Viable
Without bank loan

10 0 0 -2,9240 YES
10 100 50 -1,7940 YES
10 150 100 -1,0410 YES
15 0 0 -4,1510 YES
15 100 50 -2,6000 YES
15 150 100 -1,5660 YES
Bank loan 5 years for 50% of capital costs

10 0 0 -2,2910 YES

10 100 50 -1,4300 YES
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10 150 100 -855U YES
15 0 0 -3,08810 YES
15 100 50 -2,0010 YES
15 150 100 -1,2770 YES
Bank loan 7 years fdt00% of capital costs

10 0 0 -1,6540 YES
10 100 50 -9794 YES
10 150 100 -5294 YES
15 0 0 -2,2040 YES
15 100 50 -1,4040 YES
15 150 100 -8721 YES

NVP:2 - NVP1: difference of Net Present Values between scenario for corn cob pellets) @hd3cenario for natural ga
(NVP21)

Table 7.5 presents the results of the sensitivity analysis with aim to determine highest
acceptable prices of all three corn cob forms that allow for economic profitability of the
investment in newequipment ¢onstruction). The results show that these prices could be
approximately up to 6, 3 and 2.5 times higher than actual prices on the market. Therefore, the
corn cob pellets are the most sensible to price change on the market, and oppositebgnvhole
cobs at least.

Table7.5 The highest acceptable prices of the three corn cob forms that allow for economic
profitability, option construction
Whole Crushed Pellet

Lifespan, a

att
Without bank loan
10 247 303 326
15 247 301 323
Bank loan 5 years for 50% of capital cosl
10 249 309 332
15 251 313 338
Bank loan 7 years for 100% of capital co:
10 243 294 314
15 248 307 331

7.2.2 Reconstruction

In Table 7.6 the profitability assessment results of the three considered corn cob forms are
presented, when considering investment in the new heating systamstruction. The results

show that scenarifor whole corn cobs is almost always viable, with an exception for financing
option with bank loan, short equipment lifespan, and high maintenance and material costs.
Other two scenarios are not economically viable, only with an exception for scentirio wi
crushed corn cobs with no ban loan, long equipment lifespan, and low maintenance and material
costs.

Table7.6 Profitability assessment of the three forms of corn cob fuel, option reconstruction
Whole Crushed Pellet
Viable

Lifespan,a Mai nt en Mat er i al
Without bank loan

10 0 0 YES
10 100 50 YES
10 150 100 YES
15 0 0 YES
15 100 50 YES
15 150 100 YES

Bank loan 5 years for 50% of capital costs

10 0 0 YES
10 100 50 YES
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10 150 100

15 0 0 YES
15 100 50 YES
15 150 100 YES
Bank loan 7 years for 100% of capital costs

10 0 0 YES
10 100 50 YES
10 150 100

15 0 0 YES
15 100 50 YES
15 150 100

In theTable7.7 varied fuel prices of corn cob forms and natural gas are presented, which enable
zero profitability (NPV = 0) when considering replacement of old heating system with natural
gas by biomass. Iees higher than those actual on the market are marked green and lower with
red.

Table7.7 Fuel prices that allow for zero profitability, option reconstruction
Lifespan, a Whole NG Crushed NG Pellet NG
att c ®&md|att c ®&md|att ¢ &
Without bank loan

10 117 40 53
15 150 36

Bank loan 5 years for 50% of capital costs
61
42

10 104 47
15 139 31
nr 73
61

Bank loan 7 years for 100% of capital costs

10 86 nr 57
15 104 48

NG: Natural gas; nr: not relevant.

7.2.3 Assessment of social aspects

From the aspect of social availability/acceptability corn cob pellets are at least available form
for the average user. The practice of pelletizing of crop residues is not common and is usually
performed per request, for consumers with bigger capacities.

On the other hand, crushed and pelletized corn cobs are more acceptable by users that require
comfort and could be potentially used even in the suburban area.

Finally, whole, unprocessed corn cobs are more acceptable by users in typical rural areas such
as farms and in villages due to their wide availability since the corn is the most commonly
cultivated crop. The lowprice is tle of waste crop residues is the deciding factor influencing
potential users.



Final consideration and outlook 101

8 Final considerationand outlook
Natasa Dragutinovic, Isabel Hofer, Djordje Djatkov, Milan Martinov, Martin Kaltschmitt
8.1 General conclusions

With the overarching aim of minimizing negative environmental impacts from the energetic
use of corn cobs as a solid fuel in small scale combustion deeeesal possible pathways are
analysedn this project

Under first specific goduel processing wainvestigategdand the results showed tldtained

particle size distribution of crushed maize cobs fully corresponds to size classes of wood chips
P45 and G50, in accordance with DIN CEN/TS 14961 and ONORM M 7133, respectively.
Produced corn cob pelletsth additives andtarch as a bindarre in line with the requirements

of ISO 172256 for nonrwoodpellets with regards to fuel properties.

During testing and improvement of heat generattieee experimental setups were used for
combustion trials, te in Serbia (in Mladenovac and in Kdland one in Hamburg, at the
premises of TUHH. In Serbia two manually fed units were tested and one automatically fired
unit, whether in Hamburg one automaticéiyg multi-fuel boiler was tested.

Results from the combustion trials in SerbyaFaculty of Technical Sciences (FTS) and Project
partner Termoplirtan be summarized as follows:

1 Miladenovac gutomatidboiler Termoplin TK):
0 When using corn cob pellets as fuel aftdre&ghe modification of theombustion chamber,
CO emissions weréen line with the requirements of the class 4 of EN 33
(< 500mg/n?). Average value oparticulate matterRM) emissions of 143 mg/hs in
line with the requirements of the EN 383%lass < 150 mg/ni). Efficiency value of
> 75% is also mefclass 3 from EN 303).
o When crushed corn cobs are used as fuel after the installation of the fireclay mantel, CO
and organic gaseous carbon (OGC) emissanasn line with class 8CO < 3,000mg/n?
and OGC< 100 mg/n7). However,particulate matter (PM@missions and efficiency are
just outside the standard requirements.
1 Terming Ozone agro 25
o After installing the proposed measures by introducing secondary combustion air and a
fireclay cylinder in the combustion chambemissions from the combustiofcorn cob
pellets at nominal load decreased. CO emissions met the class 4 requirements
(< 1,000mg/n?), but particulate matter (PMgmissions were just above the class 3
emission limit valuesELVs) from EN 3035 (< 150 mg/m). Efficiency values were in
line with class > 89 %). As expected emissions are partial loadsyband 30%) are
higher than at nominal load. In both cases CO emissions meet the elasss®n limit
values (EL\8) (< 3,000 mg/m). Particulate matter (PM@missions are not in line with
the requirements of the standard.
1 Terming TIG P
o After the modifications, average CO emissions are reduced more fioéoh Beingin
line with the requirementsf class 3 for manuakfed units (<5,00 mg/n?). Efficiency
is also improved, increasing from 4@ to > 50 %, on average. Most problematic
parameterparticulate matter (PM@mission, is reduced almosfdd and is quite close
the emission limit values (ELY) for class 3 in EN 303 (< 150 mgm?®), on average.

The expected improvement concerning emissions of pollutants has been partly achieved. The,
problemleft to resolveis reduction ofparticulate matter (PM)Iit seems that this cannot be
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obtained without after treatment, like utilizationnodilti cyclone. However, these interventions
can cause significant increase of boiler costs.

From the experiments at the Hamburg University of Technology (TUHH) following
conclusions can be made:

1 Terming Ozone agro:

o Air-feeding is the critical parametefedting emissions. After stabilizing the -4&eding
the emissions of CO and PM were reduced in both investigated experimental series.

o Blending of fuel can reduce emissions but not enough to meet the emission limit values.
In blends of corn cob pellets \witvood pellets the emissions of CO are in accordance
with EN 3035 class 5 emission limit value (< 508g/n), whereas particulate matter
(PM) emissions are still higher than emission limit values.

o Corn cob grits are not adequate fuel form for sreedllecombustion. The emissions are
outside of the acceptable range, even with the application of additives.

1 Austroflamm Polly 2.0:

o Blending of corn cob pellets with wood pellets can reduce emissions, but emission limit
values are met only when minor sharesahaob pellets are present in the blend (up to
25wt. % corn cobs). By blending locally sourced corn cob pellets withgugtity wood
pellets certain savings can be achieved, as well as reduction of pollutant emissions.

o Additivation of corn cob pelletwith kaolin prior to pelletization can reduce both CO and
PM emissions, but not enough to meet the standard requirements.

o The combination of fuel blending (withoodpellets) and additivation of corn cob pellets
with kaolin should be investigated as meastoincrease the share of corn cobs in fuel
blends and thus alleviate economic burden and promote the utilization of locally sourced
biomass.

Assessment of environmental impaes shown thatll three scenarios achieved high values

of energy indicators, which shows that the values of total energy input are low and that it is
possible to increase transport distances or apply an additional phase of fuel preparation. From
an environmentaaspect all three scenarioanalysedare sustainable. The highest values of
savings were achieved for the whole cob by abo@9&en crushed by about 94, and the

lowest by pellets with about 8. For all thre@ptions the increase in transport distancesdoe

not affect the assessment of the sustainability of the considered environmental aspect.

Profitability assessment of using corn cobs as energy staseshown thati the case of
construction, all threeptionsare economically viable, even with the nmnzed lifespan of the
equipment and the maximized maintenance and material costs. In the case of reconstruction,
the results show thaiption | usingwhole corn cobs is almost always viable, with an exception

for financing with bank loan, short equipmeifespan, and high maintenance and material
costs. Other twgathwaysare not economically viableyith the exceptionof option Il with

crushed corn cobs with no ban loan, long equipment lifespan, and low maintenancéesiadl ma
Ccosts.

Taking into considetion theoverall and specifiproject goals and the achieved resuttsan

be concludel that low-cost measureare effectivan the case of corn cob combustiap to a
certain point. The CO emissions have beeducedin mostinvestigatedcases and are in
accordance witkemission limit valuesHowever, in order to meet the strict requirements of the
international standard for smaitale combustion units regardipgrticulate matter RM)
emissions, it is necessary to further modernise dgugpenent and upgrade the ful.case of
whole and crushedorn cob combustion, it is possible that the achievement of such ambitious
goals is attainable only in large combustion units with flue gas treatment systems.
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Due to the fact that the sole usecofn cob pellets in automaticalfgd smaliscale units results

in increased particulate matter (PM) emissidhs,energetic utilization of corn cob pellets in
smallscale automaticallyed units in an environmentally acceptable way (in line with stahdar
requirements and emission limit values) is possible only in fuel bléruss, it could be
recommended to blend these agro pellets with higher quadibgl pellets, partially alleviating

the economic burden, using local available fuel source and mitigdie particulate matter
(PM) emissions. Another promising possibility is to further investigate the application of
mineral additives, specifically kaolin, in combination with fuel blending.

8.2 Outlook

Against this backgroundnd n order to promote morenvironmentally conscious energetic
utilization of locallysourced biomass in Serbia different actions could be recommended and
further investigated.

Uncontrolled utilization of waste biomass in srdhle units in household in rural, suburban,

as well asn urban households should be replaced with controitemtiernizecand monitored
smallscale heating units. Crop residues as such should only be used as fuel in their processed
form in automatic heating units in combination with higher quality fuels.

A questionnaire for residents of rural, suburban, and urban settlements regarding their habits
and activities in the field of heat provision and use of solid fuels should be conducted, so that a
better insight into the consumer (user) behaviour is achieveslnfapping of the consumer
behaviour is a basis and a helpful tool when designing framework and scenarios, as well as
measures for reducing negative environmental impact and planning the energy provision and
air quality monitoring programs.

As a complemetary tool, a mapping of pollution emissions in rural, suburban, and urban
settlements should be conducted over a-year period, covering two heating seasons. The
mapping or air pollution is essential to get an overview ofstheces opollution emissios

and the contribution of smadicaleheating units in the total air pollution emissions, as well as
dynamic of emissions during the day, on an hourly basis.

After evaluatingthe impact and contribution admallscale pollutersn the total aifpollution
emissions by comparison with statistical daad after consideringhe hourly dynamic of
emissions, appropriate plans andasiweshould bgroposed.
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