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Abstract

There are several published studies evaluating the possibilities of thermal and non-thermal utilization of pistachio hard shells
in many technical sectors; however, there are no relevant data about the possibilities of usage of this homogenous biomass-
based by-product as a fuel for automatic household heating appliances for partial or full substitution of standard ENplus
A1 pellets, which is the aim of the presented study. The composition and basic properties of both fuels were compared as
well as the flue gas composition formed during the 6 different fuel mixture combustion in two real-scale pellet burners. The
mass concentration of observed pollutants (CO, total suspended particles, and C;Hyg) in the flue gas was strongly affected
by increasing of pistachio shell mass fraction in the fuel mixture (from 10 to 100%). In comparison to the combustion of
ENplus Al pellets, CO was increased up to 25.9 times, total suspended particles up to 15.3 times, and C;Hg up to 13.7 times.
Based on the results of real combustion tests, the equations were listed, describing the increase of the mass concentration of
pollutants for the whole spectrum of pellets/pistachio shell ratios applied on the chosen designs of the pellet burners. The
Pt-based oxidation honeycomb catalyst, additionally installed at the combustion unit outlets for flue gas purification, showed
conversion rates up to 82.2% in the case of CO and up to 33.1% in the case of C;Hg. This enables the reaching of the same
or lower mass concentrations of mentioned pollutants in the flue gas, formed during the co-combustion of appropriately
selected fuel ratios in comparison to ENplus A1 pellet combustion without the catalyst.
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1 Introduction

The worldwide energy situation especially in Europe is a
very accented topic nowadays [1]. One of the most important
parts of this issue is local household heating. The increasing
trend of all kinds of energy pricing, as well as the uncertain
future of natural gas boilers, motivates house residents to
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the installation of different kinds of heat sources such as
heat pumps or solid fuel combustion appliances. From the
second mentioned ones, automatic pellet boilers and auto-
matic pellet stoves are gaining in popularity especially due
to their high comfort of usage, and their sales are constantly
increasing [2] as well as the production and consumption of
pellets in the EU, which strongly correlates with the utili-
zation of mentioned combustion equipment [3]. This trend
can be associated, in many countries, with voluntary grant
programs or with legislatively mandated decommission-
ing of old, non-compliant combustion units [4—6]. Newly
sold devices for pellet combustion have to comply with the
actual, very strict, conditions from the thermal efficiency
and the flue gas composition points of view, thus achieving
a very environmentally friendly operation [7].

Another discussed topic nowadays is waste management.
The combustion of unused solid waste in large waste incin-
eration plants has a huge potential to substitute old conven-
tional fossil fuel (especially coal) plants, widely used in
many European countries [8]. However, several European
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countries still have not yet developed sufficient infrastructure
for the thermal utilization of solid waste for the fulfilment of
mandatory European aims [9, 10]. Therefore, a significant
part of the waste is still landfilled or, in the case of biomass
waste, partly composted [11, 12].

Concerning the mentioned ideas, the combustion of thor-
oughly selected waste biomass in a modern residential com-
bustion unit (especially automatic pellet boilers and stoves)
seems to be beneficial for the potential of partial replace-
ment of conventional fuels, such as pellets or coal. While
maintaining low values of mass concentrations of pollut-
ants in the flue gas produced during the waste biomass or
pellets and waste biomass mixture, the overall amount of
the produced waste could be slightly decreased, and part
of the energy and the resources will not have to be spent
on the production and transportation of substituted pellets.
This way of thermal utilization could be very beneficial,
especially during the treatment with woody materials which
are difficult to compost.

Several studies about alternative biomass-based fuels for
combustion in residential solid fuel appliances were pub-
lished: argan nut shells [13], pellets produced from coco-
nut and cashew nut shells [14], rice husk [15], beech leaves
briquettes [16], spent coffee ground pellets [17], straw pel-
lets [18], palm kernel shells [19], date stones [20], brewers’
spent grain [21], olive pits [22], and almond shells [23].
Another possible representative of appropriate waste bio-
mass for home utilization seems to be pistachio hard shells
(only hard shells will be considered for this research).
Worldwide pistachio production reached more than 1.3
million tons in the year 2021, while Iran and the USA are
the biggest producers followed by Turkey, China, and Syria
[24]. Shell weight ranges between 35 and 45% of whole nut
[25], which represents between 455 and 585 thousand tons
of relatively homogenous biomass waste material produced
every year. Part of the produced pistachios is sold with the
shell to the final customers, and part is sold (usually for the
following treatment) peeled off, while the pistachio producer
has to deal with the shells as with waste. Compared to the
other biomass-based alternative fuels, no additional treat-
ment such as crushing, pelletizing, or drying is necessary
before the utilization in the home combustion units. Due to
its low moisture content (a huge advantage in comparison
to most other types of waste biomass) and relatively high
higher heating value (HHV) [25], both similar as in the case
of wooden pellet quality A1l [26], it can represent a favour-
able energy source for different ways of thermal utilization.

Several studies describing different ways of thermal utili-
zation of the pistachio shells were published previously, such
as vacuum pyrolysis [27], rapid and slow pyrolysis [28], and
gasification [29] mostly in order to characterize solids and
liquid residues from the process. The solid residues (ash)
from the combustion process were also described as the
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feedstock for the cement industry in the previous study [30]
while the description of the combustion process was put
aside. A theoretical study of kinetic parameters during the
combustion process including TGA was described before
[25]. In the consideration of different volume/surface ratios
of pistachio shells and the results of the mentioned TGA, a
different course of the combustion process can be expected
in comparison to standard wooden pellets [25].

The main advantage of the pistachio hard shell combus-
tion in existing combustion units originally designed for
pellets is the presumption of the possibility of the usage
of actually existing feeding system without any modifica-
tion due to similar granulometry of both fuels. Moreover,
no electricity needs to be consumed for pelletizing. How-
ever, changing the fuel can also have a negative impact. By
changing the fuels for the residential combustion units, dif-
ferent times of burnout of each piece of fuel, different ash
properties, and, for example, different volume flow of fuel
to the burner can occur. Simultaneously, the composition of
the flue gas, especially from the pollutants formed during
the incomplete combustion process (such as carbon mon-
oxide (CO) and organic gaseous compounds (OGC)) point
of view, can be affected negatively by combustion and co-
combustion of pistachio shells in standard residential units
(without any optimizing of the burner design), as was proved
in the previous study with different biomass-based, alterna-
tive fuel combustion [31]. The suitability of using a catalyst
in a wide range of biomass-burning devices for household
heating is undermined by studies proving that local heat-
ing can be a significant source of CO [32, 33]. A possible
precaution against the increasing mass concentration of
pollutants from the incomplete combustion process in the
residential combustion units could be oxidation honeycomb
catalysts, as was proved in many previous studies based on
artificial flue gas testing [34] and also based on real flue gas
testing such as the following: Ferrandon et al. [35] described
the ability of the precious and non-precious metal-based
catalyst on the ignition phase of the wood-fired boiler. The
suitability of using a catalyst in the wooden sauna stove was
presented by Hukkanen et al. [36]. The impact of platinum-
and palladium-based catalysts integrated in firewood stoves
on mass concentration of pollutants in the flue gas under
real-life operating conditions was described by Reichert
et al. [37]. The influence of flue gas parameters on palla-
dium- and palladium-platinum-based catalyst was described
by RySavy et al. [38]. The platinum- and palladium-based
catalytic converter was tested in two different combustion
units (wood log stove and automatic pellet stove) in order to
determine the emission reduction potential of the device in
comparison to the electrostatic precipitator in the study of
Vicente et al. [39].

The functional catalytic materials on the rare metal basis
found their application in a broad range of technical subjects
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including purification of flue gas formed during the solid
fuel combustion as was described above, purification of the
flue gas formed during the liquid fuel combustion [40], or for
example catalyst synthesis of gases to the liquid fuels [41].

Concerning the increasing production of pistachio hard
shells worldwide, their higher utilization in thermo-chemical
processes is offered, so this study is aimed at determining
possibilities of combustion and co-combustion of pistachio
shells with standard wooden pellets in the two real automatic
residential combustion units, used for direct household heat-
ing (originally designed for standard pellet combustion).

The novelty and originality of the paper lie in the inno-
vative approach to the use of pistachio shells as a fuel for
real combustion devices for household heating originally
designed for certified pellets, which were additionally
equipped with an additive oxidation catalyst. This approach
was never described before.

Obtained data will be beneficial for pistachio producers
(by the possible opening of the new way for utilization of
continuously produced residual material), for manufacturers
of the residential combustion units intended for the combus-
tion of pellets (in the case of the intention of extending the
spectrum of the allowed fuel to the pistachio shells) as well
as for the end users of the pellet stoves and boilers.

2 Materials and methods

All described experiments were carried out in the accred-
ited testing laboratory of boilers in Energy Research Cen-
tre, Centre for Energy and Environmental Technologies,
VSB-Technical University of Ostrava.

2.1 Fuel

For the combustion tests, pistachio shells in combina-
tion with standard pellets labelled as ENplus Al qual-
ity were chosen in different mixture ratios. Pellets were
made by one of the front EU manufacturers. According to

information from the producer, the used material for pellet
production was pure spruce wood shavings without any
bark or additional binders.

Pistachio shells were collected as the waste product of
Californian pistachio nut consummation by final custom-
ers. Due to the manual cracking of the nuts, small frag-
ments occurred only rarely, and most of the pieces were
half shells. Before the combustion tests, shells were stored
in the laboratory for several months.

Proximate and ultimate analyses were performed
for both fuels. The results of the analyses are shown
in Table 1. The composition of the chosen pellets is in
accordance with the ENplus Al quality standard. Pista-
chio shells’ composition slightly differs from the pellets,
especially from the carbon and ash mass fraction point of
view. Lower carbon mass fraction is consequently related
to lower heating value as well as the higher mass fractions
of ash. The sulphur and nitrogen contents of the pistachio
shells are very low, on the same level as in the case of
ENplus Al pellets, which is different from some other
observed alternative biomass-based fuels such as beech
leaves (S" = 0.09%) [16], rice husk (8" = 0.05%), corn cob
(8" = 0.82%) [42], palm kernel shell (S" = 0.06%), wheat
straw (8" = 0.22%) [43], or Napier grass (§" = 0.35%)
[44]. The low sulphur and nitrogen contents are impor-
tant for the low formation of (fuel) nitrogen and sulphur
oxides. Presented pistachio shell analysis results are simi-
lar to analyses performed as part of previous studies [25,
45]. Small differences in mass fraction of water between
obtained results and previous research results may be
caused by different conditions during the storage before
the combustion tests.

For combustion tests, 6 different fuels were prepared
by mixing pellets and pistachio shells. The lower heating
values were calculated as a weighted average from the
pure material results. Bulk density was measured indi-
vidually for all fuel mixtures. A basic description of used
mixtures is listed in Table 2. Mixtures are visualized in
Fig. 1

Table 1 Proximate and ultimate

Abbreviation  Unit Pellets  Pistachio shells  Standard

analyses of wooden pellets and

pistachio shells; LHY means Lower heating value LHV Mikg™' 17.02  16.00 EN 18125

igf‘jv g;;z:ltll—r;fe‘éa;:laeti: . Energy density ED MJ-dm® 1128  4.59 -
Volatile matter in combustibles V9 %ot 84.06  83.96 EN ISO 22167
Carbon C’ %ot 46.17  43.85 EN ISO 16948
Hydrogen H' %ot 5.37 5.38 EN ISO 16948
Nitrogen N* %ot <020 <0.20 EN ISO 16948
Oxygen or %ot 38.87  40.94 EN ISO 16993
Sulphur S %ot <0.02 0.02 EN ISO 16994
Water wr Dot 8.58 8.64 EN ISO 181234-2
Ash AT %t 0.79 0.97 EN ISO 18122
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Table 2 Basic characterization of fuel mixtures

Mixture Pellets (%,,) Pistachio  Bulk LHV MJ-kg™ D)
number shells density

© (o) (g-dm™)

1 100 0 662.5 17.02

2 90 10 610.7 16.92

3 75 25 525.4 16.77

4 50 50 419.7 16.51

5 25 75 352.7 16.26

6 0 100 286.9 16.00

2.2 Used combustion units

For the combustion tests, two combustion units were
used. The first one was a prototype of an automatic pel-
let stove which still did not pass the certification process

Fig.1 Visualization of used
mixtures (numbers in the pic-
tures represent a number of the
mixture)
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(hereinafter referred to as unit 1). Since unit 1 is still a
prototype unit, the value of nominal heat input (approxi-
mately 6 kW) was determined from previous combustion
tests, performed with pellets during the optimizing process
of unit 1. The advantage of this unit 1 usage, in compari-
son to commercially sold pellet stoves, which are usually
able to change heat output only by pre-set programs, is the
possibility of detailed changing settings of the combustion
process (time of fuel batch, time of pause between the fuel
batch, flue gas fan performance, etc.). Thanks to this, fuel
feeder settings could be changed for each fuel mixture to
reach similar heat output between the tests (more suitable
for mutual comparison). The disadvantage of the chosen
unit 1 is that there are not any labelled values of operat-
ing parameters obtained during the certification process,
so, the obtained values from the combustion tests serve
primarily for fuel comparison and not for classification of
unit 1 according to actual legislation.
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Unit 1 consists of a fuel tray (for approximately 8 kg of
certified ENplus A1 pellets), from where the fuel is lifted by
a screw conveyor (21 cm long, 8 cm in diameter) to a drop-
ping point. From the dropping point, the fuel falls to a bowl
burner with a rod grate. Combustion air is supplied under
the grate and thereupon flows through the grate to the fuel.
Flue gas flows from the combustion chamber through the
flue gas/air heat exchanger, then through the second draught
(inside part of the flue gas duct). At the flue gas outlet, a flue
gas fan is placed.

The second used combustion unit was a prototype of a
gutter burner installed into the conical combustion chamber
with a diameter of 250 mm (hereafter referred to as unit 2)
without any heat exchanger. The pellet burner inside unit 2
was designed for nominal heat input of approximately 20
kW. Input parameters of the combustion process such as
time of fuel batch, time of pause between the fuel batch, and
flue gas fan performance were controlled by the same control
unit as in the case of unit 1 (including the above-mentioned
advantages and disadvantages).

The whole unit 2 consists of a fuel tray (for approximately
30 kg of certified ENplus A1 pellets), from where the fuel is
lifted by a screw conveyor (160 cm long, 8 cm in diameter)
to a dropping point. From the dropping point, fuel falls to the
bottom part of the burner, from where the fuel was moved by
a second screw conveyor to the gutter-shaped grate, where
the combustion process took place. Combustion air is sup-
plied under the grate and thereupon flows through the grate
to the fuel. Flue gas consequently flows through the com-
bustion chamber right to the flue gas outlet, to the flue gas
duct. This disposition enabled the reaching of high flue gas
temperature, which is very important for catalyst operation.
These combustion units are experimental and were opti-
mized for catalyst testing (high flue gas temperature) for

simulation of catalyst installation before the heat exchanger
in the boiler or stove.

Chosen units were not originally designed for the com-
bustion of any kind of biomass-based alternative fuel. The
prototype units were chosen intentionally to avoid viola-
tions of rules listed in user manuals of the commonly sold
units by manufacturers (these rules usually do not allow
the combustion of different fuel which was not used during
the certification process under threat of loss warranty). The
reasons for the choice of mentioned two types of units with
different types of burners (bowl and gutter) were their high
representation in the combustion units in the EU, different
combustion process courses (given by different designs and
different methods of fuel transportation to the grate), and
different nominal heat input and output. Unit 2 was designed
intentionally for catalyst testing at high flue gas temperature,
which could be reached inside the combustion chamber or
inside the heat exchanger in the pellet boiler, or for example
in the wood log stove without a water heat exchanger.

2.3 Catalyst

For the following experiment, a Pt-based honeycomb cata-
lyst was chosen to reduce the concentration of pollutants in
the flue gas, especially CO and OGC. The reason for choos-
ing a Pt-based catalyst was the high conversion rates of CO
and OGC proved during the previous studies of Ferrandon
et al. [35] and RySavy et al. [46] and the lower required
amount of the active element in the washcoat in comparison
to palladium while maintaining a comparable conversion
rate. According to the catalyst composition and dimensions,
it was designed for installation into the flue gas duct right at
the flue gas outlet. A detailed description of the used catalyst
is shown in Table 3. The tested catalyst is shown in Fig. 2.

Table 3 Detailed description of

N Parameter Abbreviation Unit
the used catalyst; nd not defined
Abbreviation - - Cat A
Type of catalyst - - Monolithic honeycomb
Body material - - Cordierite substrate
Coating - - nd
Type of coating - - Sol-gel coating
Active element(s) - - Platinum
Active element loading D4 gm™3 317
Inlet surface area A, m? 0.016
Height H m 0.05
Effective volume Vg m? 0.00083
Coated area of the carrier Ay m? 0.56373
Cell density CD cells-cm™2 4.14
Cell shape - - Quadratic
Pressure loss Ap Pa 2
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Fig.2 Tested catalyst installed into the flue gas duct

— The producer did not provide information about the ideal
temperature range for reaching the highest conversion
rates. Previous tests of the catalyst Cat A showed the pos-
sibility of reaching conversion rates of CO around 90%
and OGC around 50% with the flue gas (formed during
the beech wood log combustion in the stove) temperature
at the catalyst inlet ranging between 350 and 380 °C.

— Catalyst Cat A did not undergo any physical or chemical
analysis to characterize its detailed properties, such as,
for example, active element layer thickness.

— The conversion efficiency diagram for Cat A was not pro-
vided by the producer.

— Before the described tests, the catalyst Cat A was used in
a real flue gas environment (formed during the wood log
combustion process) for approximately 10 h without any
extreme flue gas temperatures and without any additives
in the fuel, which could cause poisoning of the catalyst.
Before the combustion tests with each unit, the catalyst
was sintered for 4 h at a temperature 550 °C. According
to the mentioned facts, the catalyst was assumed to be in
the best possible condition.

— General properties of the chosen catalyst body mate-
rial, especially in comparison to the metal body, were
described in the previous study [47].

2.4 Testing procedure
Each test started by emptying of fuel tray and screw con-

veyor. A sufficient amount of fuel mixture was prepared
by thorough mixing, and the empty fuel tray was filled by
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it, as well as the screw conveyor (by 30-min lasting con-
tinuous operation of the feeder). At first, the test of the
added amount of fuel mixture into the burner by screw
conveyor was performed. During the screw conveyor test,
all fuel mixture fallen into the burner (at a given control
unit setting) in a specified time was weighted. The value
of heat input was calculated from this result in consid-
eration of the LHV of each fuel mixture. The cold test
lasted at least 2 X 10 min, and the average results were
considered. The time of the fuel batch and the time of the
pause between each batch were set for each fuel mixture
individually to reach approximately the same heat input
as during the pure wood pellet combustion.

Before each test, the catalyst was cleaned from settled
total suspended particles (further only as TSP) by com-
pressed air to reach the same conditions between the tests.

The ignition process of unit 1 began by filling the bowl
burner with 100 g of the fuel mixture along with 10 g of
the solid igniter. When unit 1 was turned on, the flue gas
fan and the screw conveyor started to work. Simultane-
ously, the initial fuel dose in the burner was ignited by
a propane-butane burner for approximately 40 s. In the
case of unit 2, the ignition took place automatically by the
ceramic heating element. The flue gas sampling started
exactly 15 min after the ignition. Every combustion test
lasted 120 min of steady-state operation. Ignition and
burnout phases were not considered for their low flue
gas temperature, which is connected with lower catalyst
activity.

During each test, the flue gas sampling for TSP mass
concentration determination took place twice (after 50 and
100 min). Every flue gas sampling lasted 15 min, or less in
the case of high mass concentrations of TSP in the flue gas,
which led to the rapid increase of pressure loss of the filter
for TSP capture. This was a reason for the earlier termination
of the sampling.

The heat input to unit 1 was approximately around the
nominal heat input level (P = 6 kW), while the heat input
of unit 2 was approximately around its minimal heat output
level (P = 6 kW).

The scheme of the used unit 1 with a marking of the most
important parts is shown in Fig. 3.

2.5 Measuring system and flue gas analyzing

The flue gas was sampled from two places: approximately
50 and 100 cm behind the flue gas outlet. Between these
two places, the catalyst Cat A was placed. For the flue
gas analysis, the two identical analyzers MRU VARIO
luxx were used. The flue gas flowed to the analyzers
through the ceramic wool filter, placed within a sampling
probe and through a heated hose (heated to 120 °C). Both
analyzers were justified before the combustion tests.
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Fig.3 Scheme of the used combustion units. a Unit 1 on the left
side and b unit 2 on the right side with marking of the most impor-
tant parts: 1, bowl burner; 2, combustion chamber; 3, flue gas-air heat
exchanger; 4, inside stove flue gas duct (second draught); 5, flue gas
fan (located inside the stove); 6, flue gas outlet from unit; 7, sampling

The mentioned analyzers can determine the volumetric
fraction of CO, CO,, O,, NO,, and C;Hg, continually.
The OGC was not evaluated during the test, except for
propane (C;Hg). Analyzers were unable to determine all
of the OGC group representatives. According to the last
research (not published yet), propane is one of the major
components of OGC in the flue gas produced during the
household combustion unit operation with a volume frac-
tion of approximately 15%. Propane is representative of
the light alkaline hydrocarbon group. In the presence of
sunlight, propane reacts with nitrogen oxides to form
ground-level ozone. This kind of ozone affects vegetation
and the ecosystem and can also cause health problems to

point at the catalyst inlet; 8, location of the catalyst; 9, sampling point
at the catalyst outlet; 10, flue gas outlet (to the venturi tube, flue gas
ambient air mixer, flue gas fan, and chimney); 11, gutter burner; 12,
combustion air fan

humans (for example chest pain, coughing, congestion, or
throat irritation) [48, 49].

The pressure loss of the catalyst was monitored during
the tests by differential pressure transmitters (Cressto SPD
211 R5UB D type).

The flue gas temperatures were monitored by ther-
mocouples, placed next to the flue gas probes of MRU
VARIO luxx. Five thermocouples were used for each
place, while their arrangement in the flue gas duct was
in accordance with the norm EN 303-5 [50]. A detailed
description of the measuring equipment with the measure-
ment principle and accuracy for continuous measurements
is in Table 4.

Table 4 Detailed description

. . Device and measured component Range Principle Accuracy
of the measuring equipment
with the measurement principle MRU VARIO luxx
ﬁ:ﬁﬁi‘ﬁ;ﬁ‘igﬁ:‘;ﬁ“&‘;ﬁn co,, 0-10,000 ppm  Electrochemical +10 ppm /3
[38]. *15-min period of flue gas COhigh 0-30,000 ppm NDIR + 10 ppm /3%
sampling CO, 0-40%,,;. NDIR + 0.1 vol.% /3%
0, 0-25%,4;. Paramagnetic + 0.1 vol.%
NO 0-10,000 ppm Electrochemical +5ppm/5%
C;Hg 0-10,000 ppm NDIR + 10 ppm /3%
Flue gas temperature 0-800 °C Thermoelectric effect =+ 2 °C/ 1%
Cressto SPD 211 R5UB D
Pressure drop —100 to +100 Pa  Piezoelectric effect + 1.5% of the ultimate
value of the measurement
range
‘Wahler SM 500
TSP 0—45 mg* Online gravimetric +5%

weighing procedure
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2.6 Data evaluation

All measured values (flue gas composition, flue gas tem-
perature, and pressure drop) were monitored continuously
and recorded as 1-min averages, except for the mass con-
centration of TSP. All volumetric fraction values of gas
pollutants obtained by flue gas analyzer MRU VARIO
luxx were recalculated to mass concentrations in dry flue
gas at STP conditions (P = 101,325 Pa; T = 273.15 K).
Consequently, the mass concentration values were
recalculated to the reference volume fraction of oxygen
@ref:j02) = 13% according to Eq. (1). The reference vol-
ume fraction of 13% was chosen for both units, because
it is standard for stoves (unit 1), whereas the burner from
unit 2 can be also easily installed into the pellet stove.
The second reason was enabling easy comparison of the
results. The same procedure was applied for the calcula-
tion of the mass concentration of TSP from Wohler SM
500 results. The only values taken into consideration
from the Wohler SM 500 results were the total weight
of TSP (measured gravimetrically) on the exposed filter
and sucked volume of the flue gas. The average volume
fraction of the oxygen in the flue gas during the period
of flue gas sampling was obtained by MRU VARIO luxx
(due to the higher accuracy of the paramagnetic method of
the measurement). From the three mentioned values, the
mass concentration of TSP in the flue gas was calculated
for each sampling. The results listed below are always the
average value from both samplings.

p =) . 21 — Qoprer )
B_O2ref B_O2m 21 — Poom

PB_02ret — the mass concentration of a pollutant recal-
culated for reference volume fraction of oxygen (mg-m~>)

Pp_oam — the mass concentration of a pollutant at meas-
ured volume fraction of oxygen (mg-m~>)

Porm — measured volume fraction of oxygen (%)

Poores — reference volume fraction of oxygen (%)

Conversion rates of the catalyst were calculated from
the comparison of the mass concentrations of pollutants
contained in monitored flue gas at the catalyst inlet and at
the catalyst outlet, according to Eq. (2). Conversion rates
were determined only for CO and C;Hg, which should be
affected remarkably by the catalyst.

CR = PBO" P8 )

Pgo
CR — the conversion rate of a pollutant (%)
ppo — the mass concentration of a pollutant at the cata-
lyst inlet (mg-m~>)
pp — the mass concentration of a pollutant at the cata-
lyst outlet (mg-m™>)

@ Springer

Gas hourly space velocity (GHSV) was calculated accord-
ing to Eq. (3) as the ratio of wet flue gas volume flow at STP
conditions (V¥ gas) and the effective volume of the catalyst

flue_
(Veff) .

7wet
flue_gas

GHSV = ———[n7!] (©)
eff

The thermal efficiency of units was determined for each
combustion test by the indirect method (from the heat losses)
according to Eq. (4) which is in accordance with the related
standard EN 14785. [51]

n=100- (g4 —q5—q,) 4)

n — thermal efficiency (%)

g, — thermal loss in the flue gas

qp — chemical losses in the flue gas

q, — heat losses due to combustible constituents in the
residue passing through the grate

The partial calculations of the individual heat losses are
described in detail in the above-mentioned standard EN
14785. [51]

3 Results and discussion

All important results obtained from the combustion tests,
according to the methodology mentioned above, are shown
in Tables 5 and 6. Six separate combustion tests were per-
formed with each combustion unit, while stable 2-h lasting
periods of operation were taken into consideration.

3.1 Evaluation of pistachio shell combustion

The first test only with wooden pellets was established as a
reference, and other results of fuel mixtures were compared
with it for both units. Considering the reached heat inputs
(added chemical energy in the fuel to units), there were only
slight differences (up to 0.3 kW in the case of both units)
between reference combustion test results and the rest of
the results of the tests for both combustion units, which was
intentional, and the fuel feeder setting was purposely opti-
mized accordingly before each test.

Despite the lower bulk density of the pellets/pistachio
shell mixtures, reaching approximately 43% for pistachio
shells in comparison to wood pellets (associated with a
longer time of fuel batch and the shorter time between each
batch), there were not any problems observed with cumula-
tion of the unburned fuel in the burners (primary optimized
and constructed for pellet combustion) which could cause
incomplete burnout of the fuel pieces. With increasing mass
fraction of pistachio shells in the fuel mixture, the level of
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Table 5 Overall results of combustion tests with unit 1; nd not defined

Fuel mixture (pellets/pistachio shells)

100/0 90/10 7525 50/50 25/75 0/100
Duration of the test h 2.0 2.0 2.0 2.0 2.0 2.0
Heat input kW 5.7 5.6 5.7 5.7 54 54
Heat output kW 3.8 3.7 39 3.6 35 35
Mass flow of the fuel to the burner kgh™! 1.21 1.19 1.23 1.23 1.21 1.22
Thermal efficiency (indirect method) % 65.9 66.7 67.4 64.2 64.5 63.8
The loss through sensible heat of the products of combustion % 333 324 31.1 33.0 31.8 30.0
The loss through incomplete combustion % 0.3 0.5 1.0 22 32 5.7
The loss through unburned fuel in ash % 0.5 0.5 0.5 0.5 0.5 0.5
The volume flow of flue gas (STP conditions) m>h! 26.6 26.8 27.1 29.5 27.7 26.3
GHSV (STP conditions) h! 32,026 32,267 32,684 35505 33,340 31,698
Flue gas temperature °C 257 253 260 255 241 225
The volume fraction of O, in dry flue gas at the catalyst inlet % 15.7 15.6 15.2 15.8 16.0 16.1
Air excess ratio - 3.96 3.88 3.62 4.04 4.20 4.29
The mass concentration of pollutants in dry flue gas at the CO mgm~y 513 691 1475 3421 4905 8871
reference volume fraction of oxygen (at the catalyst inlet)

NOy mgm3y 95 87 125 130 143 134

CHy mgm3y 7 16 25 49 71 95

TSP mgm~>y nd nd nd nd nd nd

CO, gmT3y 149 148 149 149 148 145
The mass concentration of pollutants in dry flue gas at the CO mgm73y 193 364 839 2683 4368 8652

reference volume fraction of oxygen (at the catalyst outlet)

NOy mgm3y 88 81 117 125 139 137

CHy mgm3y 6 12 21 39 63 86

TSP mgm~y 89 303 313 611 952 1364

CO, gm™y 150 148 152 148 149 146
CO conversion rate % 62.3 47.3 43.1 21.6 10.9 2.5
C;Hg conversion rate % 12.7 25.9 16.8 21.5 10.7 9.6

The final mass concentration of NO, was recalculated to NO,. The reference volume fraction of oxygen in the flue gas was always 13%. “nd”

means ‘“not defined”

the fuel in the bowl burner was increasing, but even during
the burning of clean pistachio shells, falling of the unburned
fuel off to the ashtray was not observed. In the case of the
gutter burner, it was obvious from the ash residues after
every combustion test that the combustion process took
place only in the first third of the grate during all tests, which
is in accordance with the nominal heat input to the burner,
for which the burner was designed.

Different fuel shapes of pistachio shells did not cause any
operational problems to the fuel feeder. The previous study
of thermal utilization of the pistachio shells utilized milled
and sieved fuel for maintenance of uniform dimensions
between 1 and 2 mm to ensure high bulk density [45]. Piitiin
et al. [28] also milled and sieved pistachio shells before the
thermal process in their study but does not describe the final
used granulometry.

The thermal efficiency of units during the pure wood
pellet combustion reached 65.9% and 72.5% respectively

(determined by an indirect method). Thermal efficiency of
unit 1 during other mixture combustion reached similar val-
ues + 2%, while in the case of unit 2, thermal efficiencies
reached lower values by 4-8%, what was given by slightly
higher flue gas temperature and higher volume fraction
of oxygen in the flue gas during the combustion of fuel
mixtures and pure pistachio shells. The lowest efficiency
64.7% was reached during the 75/25 mixture combustion,
where simultaneously the highest air excess ratio and the
second highest flue gas temperature were reached consid-
ering the unit 2 results. In the case of recalculation of the
results according to the European Commission regulation
2015/1185, related to ecodesign requirements for solid fuel
local space heaters, the results would be lower by 6.6%, and
the limit value for the seasonal thermal efficiency would not
be met during any of the tests [52].

The highest heat loss always was the loss through sen-
sible heat of the products of combustion through the tests,
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Table 6 Overall results of combustion tests with unit 2; bdl below detection limit

Fuel mixture (pellets/ pistachio shells)

100/0 90/10 75125 50/50 25/75 0/100
Duration of the test h 2.0 2.0 2.0 2.0 2.0 2.0
Heat input kW 6.0 6.3 6.2 59 6.1 6.0
Heat output kW 44 43 4.0 4.1 42 40
Mass flow of the fuel to the burner kg-h™! 1.28 1.35 1.34 1.29 1.36 1.34
Thermal efficiency (indirect method) % 72.5 68.3 64.7 68.9 68.1 67.8
The loss through sensible heat of the products of combustion % 26.9 30.0 323 29.7 29.9 28.9
The loss through incomplete combustion % 0.1 0.1 0.5 0.9 1.5 2.9
The loss through unburned fuel in ash % 0.5 1.5 2.5 0.5 0.5 0.5
The volume flow of flue gas (STP conditions) m>h! 13.8 16.4 17.2 14.7 15.2 15.2
GHSV (STP conditions) h~! 16,672 19,731 20,712 17,674 18,292 18,287
The flue gas temperature °C 354 376 372 363 370 352
The volume fraction of O, in dry flue gas at the catalyst inlet % 11.7 12.2 13.0 12.3 12.3 12.6
Air excess ratio - 2.26 2.39 2.63 241 2.41 2.50
The mass concentration of pollutants in dry flue gas at the CO mgm7>y 175 226 784 1437 2397 4528
reference volume fraction of oxygen (at the catalyst inlet) NOy mgm™, 111 105 105 123 104 131
CHy mgm™y bdl bdl bdl 6 13 29
TSP mgm~y nd nd nd nd nd nd
CO, gm7y 155 154 154 152 155 153
The mass concentration of pollutants in dry flue gas at the CO mgmy 34 40 149 284 499 965
reference volume fraction of oxygen (at the catalyst outlet) NOy mgm™, 118 108 120 136 150 169
CHy mgm™y bdl bdl bdl bdl 9 22
TSP mgmy 104 131 423 613 896 1233
COo, gm3y 156 156 155 154 158 159
CO conversion rate % 80.5 82.2 81.0 80.2 79.2 78.7
C;H; conversion rate % nd nd nd nd 33.1 24.8

The final mass concentration of NO, was recalculated to NO,. The reference volume fraction of oxygen in the flue gas was always 13%. “nd”

means “not defined.” “bdl” means “below detection limit”

also known as chimney loss. The high value of this loss
was caused by a high flue gas temperature (caused by the
relatively primitive construction of unit 1 (still a prototype
unit) and very primitive construction of unit 2 (only inten-
tionally chosen for reaching high flue gas temperature) and a
relatively high-volume fraction of oxygen in the flue gas. In
real applications, the burner could be installed in a boiler or
stove, with a catalyst installed in front of the part of the heat
exchanger, which would significantly increase overall effi-
ciency by a consequence utilization of flue gas heat energy
(cooling the flue gas in the heat exchanger). It is also worth
mentioning the loss through the incomplete combustion pro-
cess which was dramatically increasing, especially with the
increasing value of the mass concentration of CO in the flue
gas (associated with increasing mass fraction of pistachio
shells in the fuel mixture) [53].

Flue gas volume flow and GHSYV are values strongly con-
nected with basic operating parameters of the combustion
unit, such as the volume fraction of oxygen in the flue gas
and heat input in the fuel to the combustion unit. Reached
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values of GHSV (between 31,698 and 35,505 in the case of
unit 1 and between 16,672 and 20,712 in the case of unit
2) were similar within the tests for each presented combus-
tion unit. The obtained results are in the same GHSV range
as the results presented in the study of RySavy et al. [38],
where the wood log stove was used as the flue gas source.
The determined GHSV corresponds with the heat input and
air excess ratio.

The volume fraction of oxygen in the flue gas reached val-
ues ranging from 15.2 to 16.1% in the case of unit 1, which
is completely in accordance with the previous research by
Schmidt et al. [54] (ranging from 15.7 to 17.5%) and of Sip-
pula et al. [55] (ranging from 14.8 to 18.0%) with similarly
designed combustion units. In the case of unit 2, the volume
fraction of oxygen in the flue gas reached values ranging
from 11.7 to 13.0% which is adequate for this kind of burner
design during its operation at minimal heat output [53].

During the pure wooden pellet combustion in unit 1,
the measured mass concentration of CO was 513 mg/m?>,
which is above the ecodesign limit for the described kind of
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combustion units (300 mg/m?). By gradual addition of the
pistachio shells into the fuel, there was an obvious growth
of this value while the highest value (8871 mg/m®) was
reached during the clean/pure pistachio shells’ combustion
which presents more than 17 times increase of the monitored
value. During the clean/pure wooden pellet combustion in
unit 2, the measured mass concentration of CO was 175 mg/
m?, which is below the mentioned ecodesign limit for the
automatic pellet stove. By gradual addition of the pistachio
shells into the fuel, there was an obvious growth of this value
while the highest value (4528 mg/m?) was reached during
the clean/pure pistachio shells’ combustion, which presents
more than 25 times increase of the monitored value. Previ-
ous studies of different kinds of alternative biomass-based
fuels in the pellet boilers proved an increase approximately
by 11 times in the case of spent coffee ground pellets [17],
17 times in the case of straw pellets [18], 13 times in the
case of date stones [20], and 20 times in the case of almond
shells [23] in comparison to standard pellets and alternative
fuel results from the CO point of view.

C,H, mass concentrations in the flue gas reached 7 mg/m’
in the case of unit 1 usage for pure pellet combustion while
by gradual addition of the pistachio shells into the fuel, there
was an obvious growth to the highest reached value (95 mg/
m?) obtained during the pure pistachio shell combustion. In
the case of unit 2, mass concentrations of C;Hg were below
the detection limit for the following pellets/pistachio shell
mixtures: 100/0, 90/10, and 75/25. Increasement between
mixtures 50/50 (6 mg/m3) and 0/100 (29 mg/m3) was almost
fivefold. Obtained results of mass concentrations of C;Hg are
incomparable to mass concentrations of OGC mostly pre-
sented in previous studies or to limit listed mentioned in the
European Commission regulation 2015/1185 (60 mg/m>).

The obtained values of the mass concentration of TSP
during the combustion of the pure pellets, 89 mg/m? for unit
1 and 104 mg/m3 for unit 2, were more than twice above
the mentioned European Commission regulation 2015/1185
limit (40 mg/m3) for both combustion units (measured only
at the catalyst outlet). Mass concentration of TSP during
unit 1 usage (measured only at the catalyst outlet) was
strongly correlated with the mass fraction of the pistachio
shells in the fuel mixture, ranging from 3.4 times increase
in the case of 90/10 pellets/pistachio shell mixture to 15
times increase (1364 mg/m®) during the combustion of pure

pistachio shells. A similar correlation was obvious in the
case of unit 2 usage, ranging from 1.3 times increase in the
case of 90/10 pellets/pistachio shells mixture to almost 12
times increase (1233 mg/m?) during the combustion of pure
pistachio shells. Previous studies of different kinds of alter-
native biomass-based fuels in the pellet boilers proved an
increase approximately by 10 times in the case of spent cof-
fee ground pellets [17], 5 times in the case of straw pellets
[18], 7 times in the case of date stones [20], and 10 times in
the case of almond shells [23] in comparison to standard pel-
lets and alternative fuel results from the TSP point of view.

Unit 2 was disadvantaged from the mass concentration
of the TSP point of view by the absence of any kind of heat
exchanger or flue gas flow retarder which usually works as
a mechanical separator of the TSP. According to previous
studies, the influence of the catalyst on the mass concentra-
tion of TSP is lower than 20%, caused especially by the
settling of the particles on the catalyst’s surface [37]. Sig-
nificantly, better results could be reached by using a more
sophisticated combustion unit, especially with a particle
precipitator [56, 57].

An absolute increment of the mass concentration of CO,
C;Hg, and TSP in the flue gas at the catalyst inlet as the
dependency on the mass fraction of pistachio shells in the
fuel mixture was defined by polynomial curves, as is shown
in Table 7, Fig. 4 (Appendix) for unit 1, and Fig. 5 (Appen-
dix) for unit 2. The dependency of multiple enlargements
(relative increment related to the results obtained during the
combustion of the pure pellets considered as reference) of
CO, C;Hg, and TSP on the mass fraction of pistachio shells
in the fuel mixture was also defined by polynomial curves,
as is shown in the Table 8, Fig. 6 (Appendix) for unit 1, and
Fig. 7 (Appendix) for unit 2. Described curves are very valu-
able outputs which can be widely used by combustion unit
manufacturers for rough prediction of change of mass con-
centration of CO, C;Hg, and TSP in the case of substitution
of part of pellets in the fuel by pistachio shells. The burner
construction and actual mass fraction of the pollutants in the
flue gas and maximally available admixture of the pistachio
shell to the fuel mixture can be determined.

From the NO, mass concentration point of view, there
was a gradual increase in the case of combustion of fuel
mixture with 25% of pistachio shells and more. The fuel
mixture with 10% of pistachio shells seems to be unaffected

Table 7 Dependency of
CO, C;Hg, and TSP mass

Pollutant Equation for unit 1

R? Equation for unit 2 R?

concentration on the fuel co
mixture for unit 1
C;Hy

y = 0.6275x* — 143.97x + 8662.4 0.99
y = 0.0012x* — 1.0053x + 95.383 1.00
TSP y =0.0535x% — 17.54x + 1359.8 0.99

y =0.3778x* — 79.576x + 4409.8 0.99
y = 0.0081x* + 0.8658x + 29.339 1.00
y=0011x* — 12.417x + 1221.1 0.99

P

T3

Note: “x” means mass fraction of pellets in pellets/pistachio shell mixture; “y” means mass concentration
of pollutant in the flue gas; for C;Hg unit 2, the equation is valid only for range x = 0 + 50%
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Table 8 Dependency of
multiple increases of CO, C;Hg,

Pollutant Equation for unit 1

R? Equation for unit 2 R?

and TSP mass concentration in co
flue gas on the fuel mixture
£ C;Hg

y=0.0012x* — 0.2809x + 16.899  0.99
y = 0.0002x% — 0.1447x + 13.729
TSP y = 0.0006x* — 0.1973x + 15294  0.99

y = 0.0022x* — 0.4536x + 25.134 0.99
1.00 - -
y=0.001x* — 0.1197x + 11.771 0.99

FTaKL]

Note: “x” means mass fraction of pellets in pellets/pistachio shell mixture; “y” means multiple increase of
mass concentration of pollutant related to pure pellet combustion; equation for characterization of C;Hg
multiple increases could not be constructed due to lack of reference data caused by very low values below
the detection limit during the combustion of the pure pellets

from that point of view. Despite the similar mass fraction of
nitrogen in both fuels (N < 0.02%), the NO, increase in the
flue gas could be connected with small differences in the
fuels below the detection limit.

The second way of the increasement of NO, mass concer-
tation in the flue gas during the tests was the prompt forma-
tion due to the locally occurred fuel-rich conditions, where
atmospheric nitrogen reacts with the combustion radicals
and becomes NOx. This process occurs more significantly
during the earliest stage combustion process. [58]

A similar effect of NO, mass concentration increase, dur-
ing the co-combustion of widely used standard fuel with
alternative biomass-based fuel such as switchgrass [53] or
beech leaves briquettes [16], was described in previous stud-
ies. An increase in NO, formation during the pure alternative
biomass-based fuel combustion was also observed during
the powders of coconut and cashew nut shell pellets [14].
Reached mass concentration values of NO, during these
tests are comparable with the values obtained during the
argan nut shell combustion tests [13]. In consideration of
the European Commission regulation 2015/1185 limit (200
mg-m~>), all combustion tests were in accordance with the
limit.

3.2 Effect of catalyst on produced flue gas

Catalysts, as the secondary measure principle for flue gas
purification, should positively affect mass concentrations
of pollutants, formed during the incomplete combustion
process (CO and C;Hg), which were significantly increased
by combustion and co-combustion of alternative fuel. As
is obvious from the results obtained from previous studies,
the catalytic conversion rates of pollutants are connected
with many processing parameters of the real flue gas. The
most important one is the flue gas temperature at the catalyst
inlet (within the active phase of the catalyst, with increasing
temperature, the conversion rate is increasing), the second
most important parameter is GHSV (with increasing GHSV,
the conversion rate of the catalyst is decreasing), and the
third most important parameter is the mass concentration of
a pollutant at the catalyst inlet (with increasing mass con-
centration of a pollutant at the catalyst inlet, its conversion
rate is decreasing) [59].
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According to the combination of mentioned influences,
the catalyst conversion rate ranged between 61.3 and 2.5%
in terms of CO and between 25.9 and 9.6% in terms of C;Hg
in the case of unit 1. These relatively low conversion rates
were caused by the combination of flue gas conditions, while
the low flue gas temperature had the most significant impact
(ranging between 260 and 225 °C). For the combustion tests
with lower flue gas temperature and very high mass concen-
tration of the pollutant at the catalyst (mixtures of 75/25 and
0/100 pellets/pistachio shells), only negligible conversion
rates were reached. A negative effect of higher GHSV during
the 50/50 fuel mixture combustion in comparison to other
combustion tests occurred.

Significantly higher conversion rates were reached dur-
ing the tests with unit 2, ranging between 82.2 and 78.7% in
terms of CO and between 33.1 and 24.8% in terms of C;Hg.
Higher conversion rates were reached especially due to sig-
nificantly higher flue gas temperatures (ranging between 352
and 376 °C) than in the case of unit 1 (ranging between 225
and 260 °C). As is obvious, mentioned temperatures were
above the transition part of the catalyst characterization,
where the mass concentration of the pollutants at the cata-
lyst inlet has less impact on the overall conversion rate [60].

The obtained results of the conversion rates are slightly
moved in the direction of higher temperatures with the con-
version curve presented in the previous study of Carno et al.
[60] where the Pt-based honeycomb catalysts were tested in
the artificial flue gas. In the study of RysSavy et al. [46], the
conversion rate of Pt-based honeycomb catalysts reached
65% for CO at the flue gas temperature of 307 °C, which is
also in accordance with the obtained results.

Due to the regular cleaning of the catalyst between each
combustion test and their relatively short period, the pres-
sure loss did not rise during the tests due to clogging by
TSP (which was one of the main goals for the credible com-
parison of the fuel mixtures). The catalyst was without any
visible layer of TSP after each of the combustion tests.

By installing the catalyst CAT A at unit 1 outlet, which
does not meet the European Commission regulation
2015/1185 limit from the mass concentration of CO point
of view, compliance with the limits can be easily achieved,
even when pistachio shells are mixed into the fuel at pel-
lets/pistachio shell ratio of 92/8 (calculation based on really
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achieved conversion rate). In the case of catalyst installation
right into unit 1 (different catalyst shapes would be neces-
sary), where flue gas temperature is above 350 °C (conver-
sion rate could reach approximately 80%), pellets/pistachio
shell ratio could be up to 73/27.

Combustion device 2 already met the European Com-
mission regulation 2015/1185 limit during the combustion
of the pure pellets. Due to the high achieved conversion rate
within all fuel mixtures, the pellets/pistachio shell ratio can
be up to 47/53 while meeting the mentioned limit.

The presented results showed the significant possibility
of replacement of pellets in residential automatic combus-
tion units, which can decrease the overall fuel price for the
end user and in combination with the Pt-based catalyst; the
same or better parameters of flue gas composition from the
mass fraction of pollutants formed during the incomplete
combustion process point of view can be reached. Locally,
the utilization of pistachio shells for the mentioned purpose
could improve the energy safety of the region, by decreasing
the imported commodities from suppliers from politically
unstable regions.

4 Conclusions

The effects of the pistachio shell and pellet ratio as the
fuel for household combustion units on mass concertation
of gaseous pollutants and TSP were studied in automatic
stoves with gutter burner and bowl burner. In total, 6 fuel
mixtures were tested. The chemical and physical proper-
ties of the certified EN plus Al pellets were compared
with pistachio shells. The most significant differences
were observed in energy density, mass fraction of carbon,
and mass fraction of ash. The main conclusion which can
be drawn from this study is that the pistachio shells can
partially substitute wood pellets in residential combustion

units from the operational parameter point of view. Con-
cerning the heat output of the combustion unit, there is
no problem with partially or fully substituting wood pel-
lets with pistachio shells, but as the research had shown,
significant enlargement of observed pollutants in the flue
gas can be expected in that case. Mass concentrations of
CO, C;Hg, and TSP were increased with an increase of the
mass fraction of pistachio shells in the fuel mixture and
were described by the polynomial curves. According to
the type of burner construction and actual mass fraction
of the pollutants in the flue gas, the maximally available
mass fraction of the pistachio shell in the fuel mixture can
be roughly determined for different combustion units.

From the mass concentrations of CO and C;Hg point of
view, the gutter burner seemed to be more suitable for the
pistachio shells’ co-combustion than the bowl burner. In
respect of the increment of mass concentrations of TSP, both
burners and combustion units reached very similar values
which do not comply with legislation limits.

Installed oxidation honeycomb Pt-based catalyst caused
the decrease of the mass concentration of CO and C;Hg in
the flue gas. In the case of catalyst installation in the higher
temperature areas, for example right inside the combustion
unit, closer to the combustion chamber (the combustion unit
would have to be designed for that purpose) would mean
enabling the burning of a higher mass fraction of pistachios
in the fuel mixture. The improvement of residential combus-
tion units for wood pellet combustion by the right catalyst
installation might prevent high variability of mass concen-
trations of pollutants and can enable expanding the spectrum
of suitable fuels.

Different construction types of burners in the automatic
stoves and boilers for household heating, such as the retort
or rotation, could lead to different results and should be
investigated separately in the following research as well as
the influence of pistachio shell co-combustion on organic
compounds in the flue gas.
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Fig. 7 Dependency of multiple
increases of CO and C;Hg mass
concentration in flue gas on

the fuel mixture. Note: Curve
for characterization of C;Hg
multiple increases could not be
constructed due to lack of refer-
ence data caused by very low
values below the detection limit
during the combustion of the
pure pellets
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