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INFLUENCE OF PYROLYSIS OIL FROM PLASTICS ON PRODUCT STRUCTURE IN FLUID CATALYTIC CRACKING
PSeni¢ka M.}, Vrablik A.%, Vondraskova K.?

YORLEN UniCRE, Revoluéni 1521/84, 400 01 Usti nad Labem, Czech Republic
Martin.Psenicka@orlenunicre.cz, Ales.Vrablik@orlenunicre.cz

Abstract

The chemical recycling is currently a very hot topic. In this respect, the possibility of using oils from the pyrolysis
of waste plastics for petrochemical production is often discussed and studied. The most problematic from this
point of view is the processing of the distillation fraction above 280 °C. One option is to use this fraction as a
component for co-processing on fluid catalytic cracking (FCC) technology. However, some specific properties of
this alternative component could be very problematic. In particular the content of nitrogen, oxygen and
polyaromatics compounds. This can have a negative effect on the yields as well as life cycle of the FCC catalyst.
Therefore, the aim of this work was to determine the effect of adding pyrolysis oil to the standard feedstock in
the level of 10 and 20 wt%. The comparison of the obtained yield structures was performed in the laboratory
scale using the ACE® R+MM unit. The possibility of eliminating the negative properties of pyrolysis oil was also
tested. The addition of hydrocracked vacuum distillate (HCVD) was studied for this purpose. The negative effect
of the addition of pyrolysis fraction on the yields of the required product was confirmed. On the other hand, a
very positive role of HCVD addition was found. This fact can help process of problematic materials, especially
from the economic point of view.

Introduction

The European Union is working to reduce greenhouse gas emissions in the fight against climate change. All EU
countries are set to be climate neutral by 2050%. They consider the production of greenhouse gases, especially
CO., to be the main reason. A comparison of CO2 emissions between thermolytic treatment and incineration of
mixed waste plastics shows that CO2 production from waste incineration is approximately doubled. Thermolytic
treatment of waste, especially plastics, leads not only to savings in greenhouse gas production, but also to a
lower burden on the natural environment by landfilling. Last but not least, natural resources are being saved.
The quality of sorted waste plastic pyrolysis oils often achieves very good properties, from which monomers can
again be produced in the required quality. In addition, with the nickname "recycled". Pyrolysis oil from unsorted
waste may contain substances from contaminated packaging. Mainly from plant and animal products.

Pyrolysis is therefore the best process for processing plastics waste (and biodegradable plastics). Gaseous, liquid
and solid products can be obtained by pyrolysis?3. The most valuable of the pyrolysis products is its liquid phase.
The pyrolysis oil produced can be used for fuel production or other co-processing in units in the petrochemical
and refining industries. Due to the different quality of the input material, the quality of the products also changes
and therefore its price cannot simply be calculated. There are several ways to increase a quality of product for
the best final price. By using the FCC catalyst already in the pyrolysis of plastics, the proportion of gasoline in the
pyrolysis oil itself is higher and thus the price for this desired material increases.*> In terms of processing on FCC
technology, this may prove appropriate. The treatment of recycled low-density polyethylene plastic waste on an
FCC riser simulator revealed higher material conversion and higher gasoline production. In this case, however, it
is a pure raw material, which is more suitable for using in the petrochemical processes. In the case of a raw
material with the required properties, the addition of HCVD can be used to the raw material®. HCVD is standardly
used in refineries as a raw material to dilute process raw materials. It reduces the negative impact of non-
standard oils so that they can be processed without a significant impact on technology. It is a particularly high
quality raw material and there is no purpose to add it in too much excess. Using the ACE unit, the minimum
amount required to eliminate the side effects of the "bad" raw material can be determined. However, the biggest
advantage of co-processing pyrolysis oil in FCC units is the effort to minimize investment costs for the
refurbishment or construction of new refinery units. The next phase of testing pyrolysis oils must therefore take
place on pilot units to determine the effect of the particular plastic pyrolysis oil available on the required product
yield structure and whether the processing of such material is cost-effective. The ACE unit is used for this
purpose.
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Experimental

Materials and methods

For the purposes of this testing, real feedstock materials used for processing on FCC technology at the Kralupy
nad VlItavou refinery (KPY) were used. This is the FCC reference feedstock (reference, R), distillation residue from
the atmospheric distillation of West Texas Medium crude oil. Hydrocracked distillation residue from crude oil 1B
REB and CPC 70:30 (HCVD), is used to improve FCC feedstock performance when processing substandard oil. In
our case, the addition of pyrolysis oil from the pyrolysis of unsorted plastics with a distillation cut above 280 °C
(WPPO 280) will be tested. The catalyst used for the tests is an equilibrium FCC catalyst taken from the operating
unitin KPY. Analyzes of used raw materials and products were performed - Density (EN ISO 12185), Total nitrogen
(ASTM D 4629), Total sulphur (ASTM D 5453), Simdist (ASTM D 2887), MCRT (ASTM D 4530), GC — RGA (ASTM D
7833), Metals content (EN ISO 11885), Content C, H, S (ISO 29541, EN 15104), water content (ISO 12937), Chlorine
content (ASTM D7536), SARA (IP 469). Simdis, GC-RGA and SERVOPRO 1440D for coke production are used to
evaluate the products. Tests of the effect of WPPO 280 addition were performed on an ACE® R + MM laboratory
unit, which is used to simulate the FCC process, including the fluidized bed. The results of distillation analyzes
are shown in Figure 1a, aromates in figure 1b and other analyzes of feedstocks are shown in Table I. In Figure 1a
can be seen, that distillation curves of WPPO 280 and HCVD are lighter than reference feedstock. It should be
precursor for making lighter fraction like gasoline.

Distillation curves Aromates
o 700 28.00 Reference
B > — — WPPO 280
) g 2300 HCVD
2 500 g 18.00
g § 13.00
qE) 300 # Reference ¢ 8.00
= ’ WPPO 280 3.00
100 HCVD 200
0 50 100 0.14 0.19 0.24
Distilled amount, wt% Ret.time, min
Figure 1a. Distillation curves, 1b. Aromates
Table 1
Properties of used input raw materials and their mixtures
R+10 R+ 20
R+ 10 R+20 wt% wt%
R WPPO HCVD wt% wt% WPPO WPPO
>280 °C WPPO WPPO 280 280
280 280 +10wWt%  +20 wt%
HCVD HCVD
3(2’";2;'@ 1>c 9182  876.7 847.7 914.1 909.9 907.0 895.8
Aromates (wt%) 39.9 17.2 8.9 37.6 35.4 345 29.2
Asphaltenes (wt%) 3.3 0.5 0.4 3.0 2.7 2.7 2.2
Saturated (wt%) 47.5 54.6 89.9 48.2 489 52.5 57.4
Resins (wt%) 10.0 27.7 0.9 11.8 13.5 10.9 11.7
Chlorine (mg-kg™?) <0.1 4.0 <0.1 0.4 0.8 0.4 0.8
Sodium (mg-kg™) 0.4 <0.1 <0.1 0.4 0.3 0.3 0.2
Calcium (mg-kg™) 0.7 0.1 0.1 0.6 0.6 0.6 0.5
Iron (mg-kg™) 4.6 0.8 1.0 4.2 3.8 3.9 3.1
Vanadium (mg-kg™) 1.5 <0.1 <0.1 1.4 1.2 1.2 0.9
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R+10 R+20

R+ 10 R+20 wt% wt%
R WPPO HCVD wt% wt% WPPO WPPO
>280 °C WPPO WPPO 280 280
280 280 +10wWt%  +20 wt%
HCVD HCVD
Nickel (mg-kg™) 5.5 <0.1 <0.1 5.0 4.5 4.4 3.3
Sulphur (mg-kg™) 4900 177 12 4428 3955 3939 2978
Nitrogen (mg-kg™) 993 10200 1.0 1914 2834 1815 2663
Carbon (wt%) 86.8 83.9 86.8 86.5 86.2 86.5 86.2
Hydrogen (wt%) 12.6 12.6 13.2 12.6 12.6 12.7 12.7
Oxygen (wt%) <0.1 2.5 <0.1 0.3 0.5 0.2 0.5
C/H 6.9 6.7 6.6 6.9 6.8 6.8 6.8
Water (mg-kg™) <1 200 79 20 40 28 56
MCRT (wt%) 3.5 0.3 <0.1 3.2 2.9 2.8 2.2

Table | lists the properties of the materials used and their laboratory-prepared mixtures. From the point of view
of the density of substances, the density decreases in the direction R > WPPO 280 > HCVD. The amount of
aromates in the raw material decreases in the same direction as the density and is also one of the indicators of
possible increased coke formation. The content of saturated substances, on the other hand, increases in the
direction R > WPPO 280 > HCVD. The metal content of WPPO 280 and HCVD is similar and lower than the

reference raw material. After the feedstocks were prepared, the test conditions were set according to the FCC
operating unit.

Test conditions are: reaction temperature 536 °C, preheating of the feedstock material 90 °C, C/O ratio: 9.0; 7.5;
6.0; 4.5; 3.0. Catalyst loading is for each C/0 9.0 grams, so feedstock injection is 1.0; 1.2; 1.5; 2.0; 3.0 grams.

The testing was performed on an advanced laboratory unit ACE® R+MM, which provides data on testing

equilibrium FCC catalysts to determine the conversion, or to test possible alternative raw materials possible for
processing on FCC technology. The layout of the ACE unit is shown in Figure 2.

Catalyst Hoppers

Feed Sweep N,

Catalyst Charge-Discharge Line Heater Eﬂu.ﬂor
)

Syringe Bottle c::‘.;c
BIUECISICIS,
" ¥ Tcooling Bath
Spent Catalyst Receiver r
Product Receivers Gas Collec-  [JEENg
tion Vessel Water

Fixed Fluid Bed Reactor
Fluidized Catalyst Bed
Three Zone Oven

Reservoir

<— CO Converter

() < €O, IR Measuring Cell

Fluidization

Figure 2. ACE unit diagram
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Results and discussion

Figure 3 shows a graphical representation of the feedstock material conversion as a function of the C/O ratio. It
can be seen that with the increasing addition of only WPPO 280, the conversion and thus the yields of the desired
products decrease. With the increasing addition of WPPO 280 along with HCVD, the conversion increases. To
achieve the required conversion, it is necessary to add HCVD during WPPO 280 processing.

85
83 4
81 -
79 4
s 77 -
5
s 751
g
g 73
5
© 71 v ® Reference _
x A 10WPPO280  eeeeeeen
69 - ’ o 10 WPPO 280+HCVD — — —
X 20WPPO280 ===--
67 O 20 WPPO 280+HCVD — —
0 2 4 6 8 10 12

Cat to Oil, wt/wt
Figure 3. Feedstock conversion

Figure 4 shows coke production as a function of material conversion. Coke production affects the FCC's heat
balance and is therefore a very important value in terms of operating economy. Coke production can be
monitored by the amount of MCRT, which shows the ability of substances to pass into coke, or to a number of
aromatic compounds, especially polyaromatic ones, According to Table 2, the MCRT value for both WPPO 280
and HCVD is significantly lower than for the reference raw material. However, the difference in the mixtures is
not so obvious and most of them tend to show nitrogen contamination. Probably the amount of polyaromatic
substances in WPPO 280 lead to the formation of coke. Their reduced content in a mixture with HCVD leads to
lower coke production and higher yields of the desired products. Thus, it can be observed that with the addition
of WPPO 280, coke production increases and with the addition of WPPO 280 together with HCVD, coke
production decreases. From the point of view of the FCC unit, it is again better to process WPPO 280 together
with HCVD.
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Figure 4. Coke production

Figure 5 shows the production of gasoline fraction as a function of feedstock conversion. Gasoline production is
the main activity of FCC units, as is the production of monomers for petrochemical use. With the increasing
addition of WPPO 280, there is no difference in gasoline production at lower conversions. The difference
increases with increasing conversion, so that gasoline production decreases with the addition of WPPQO 280. With
the addition of WPPO 280 and with HCVD, there is an increase in gasoline production. This is due to the amount
of "lighter" substances during the distillation of all the feedstock materials, which were used. So from the third
point of view, treatment with HCVD is recommended.
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Figure 5. Gasoline production

From a comparison of the effect of WPPO 280 without and with HCVD at C/O ratios, ratios of 6.0 and 7.5 were
chosen because they were located in the center of the obtained dependence. | In terms of conversion, it is
possible to calculate how much HCVD must be added to the FCC reference feed mixture with WPPO 280 to
neutralize the negative effect of WPPO 280 on material conversion. From the calculation in Figure 6, it can be
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seen that a half addition of HCVD to the addition of WPPO 280 is sufficient to keep the feedstock material
conversion at the value for the reference material. In the future, better quality of fluids from pyrolysis processes
is expected and thus to increased profits by processing them on FCC without the addition of HCVD.

0 C/06.0 B C/0 6.0+HCVD AC/075 # C/0 7.5+HCVD
84 84
y = 0.099x + 79.30 y = 0.092x + 81.05
.......... _ 1.84 wt%
£ g2 O 050
s | T S - 101wt
'8 80 1 T +0.88 Wt% 284 T A
g Ee -0.46 Wt% o
A L gm |
I © 78 -
y =-0.067x + 79.41 y =-0.051x + 81.13
R?=0.9691 R%=0.9806
76 T 76 T
0 10 20 30 0 10 20 30
WPPO 280, wt% WPPO 280, wt%
Figure 6. Dependence of conversion on the addition of WPPO 280 and HCVD at C/0 6.0 and 7.5.
Conclusion

When processing non-traditional raw materials at the FCC, it is necessary to monitor metal concentrations.
Metals such as iron, vanadium and nickel acts as a catalytic poison when deposited on a catalyst. The nitrogen
content is another catalytic poison and their amount in WPPO 280 is ten times higher compared to the reference
feedstock. Unlike metals, the nitrogen content of the catalyst can be removed in the catalyst regenerator.
Another possible problem is the presence of chlorine in WPPO 280. In our case, it is a small amount that does
not exceed 2 mg-kg? in the mixtures. This is the limit value for the concentration in the processed raw material
within the refinery operation. During long-term processing, chlorine destroys materials. In addition, WPPO 280
contains oxygenates and CO:z is formed in the processes. The MCRT shows the value of the Conradson residue,
and this value indicates the amount of carbon that is converted to coke. The higher the value, the more coke the
raw material forms, and from a operational point of view, this behavior is limited and rigorously monitored. In
this case, however, the MCRT value for WPPO 280 and HCVD is significantly lower than for the reference
feedstock.

In the case of co-processing of only WPPO 280, undesirable lower feedstock conversions, lower gasoline fraction
production and higher coke production were found. These reasons lead to lower profits from the operation of
the FCC unit. The chance to influence this negative trend is the possibility of adding HCVD to the mixture.
According to tests at the ACE unit, the addition of HCVD to the reference feedstock at a ratio of 1: 1 to the
addition of WPPO 280 proved to be a very good way to reduce the negative effect of the addition of WPPO 280
itself. Based on the calculation, only half the amount of HCVD can be added to the WPPO 280 addition do
reference feedstock o neutralize the negative impact of WPPO 280.
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Abstract

In order to process pyrolysis products into new polymers, it is necessary to remove halogens, especially Cl and
Br, that may cause corrosion of technology, inactivation of catalysts, and deterioration of products. This study
used different pyrolysis settings and sorbents to decrease the Cl content below the set limit of 10 ppm. It was
observed that it is not feasible to use sorbents directly in the reactor (in-situ) as the captured Cl is released over
higher temperatures yielding even more Cl in the products. Introducing the step at 350 °C (stepwise pyrolysis)
proved to be a crucial part of the process. Required Cl content was reached via a combination of stepwise
pyrolysis, reflux extension, and sorbents (Ca(OH)2, Fe304-Si) in a separated bed (ex-situ) at 300 °C. Results have
direct implications for designing an efficient pilot plant or modifying current technologies without
a dehalogenation procedure.

Introduction

Plastic waste is something that humanity has not yet been able to cope with properly. To gain perspective, the
production of plastic materials reached 368 Mt in 2019, and it is constantly growing.® According to Plastics
Europe, most post-consumer plastics (40%) in 2019 were used for packaging, which usually has a short lifespan
and quickly enters waste streams. In 2010 the main proportion of these plastics was as follows: LDPE (27.9%), PP
(17.5%), HDPE (14%), PET (11.9%), PVC (8%) and PS (7.6%).2 Also, when comparing European production of
plastics in 2018, which was 61.8 Mt, with plastics collected in post-consumer waste, it accounts only for 47%, of
which another 25% was sent to landfills.?

“Chemical recycling offers the option of producing new virgin polymers, thereby dealing with the disadvantages
of currently most used and misused® mechanical recycling. Among chemical recycling technologies, pyrolysis is
often considered the most suitable option.> The main advantage of the process is the possibility of gaining high
yields of liquid product that differ in aromatics, alkanes, and alkenes.® It is possible to treat these liquids in the
framework of standard refinery or petrochemical processes.” However, the problem arises when feedstock
contains halogen atoms such as Cl and Br that may cause severe corrosion of steel structures during pyrolysis
and in the following treatments.® Therefore, dehalogenation procedures are necessary when pyrolyzing
materials such as PVC that contains a considerable amount of Cl (~*57%) in the structure of the polymer.

It is well-known that the thermal degradation of PVC can be broadly divided into two partially overlapping steps.
1. step up to ~360 °C is dehydrochlorination, where most of the chlorine (¥99%) leaves in the form of HCI. In the
2. step above 360 °C remaining polyene structure undergoes intramolecular cyclization and cross-linking that
lead to the formation of mainly aromatic compounds. It is an important feature of PVC that can be utilized in the
dehalogenation process called stepwise pyrolysis. This method has been studied extensively, and authors usually
report the high dehalogenation efficiency.*'® However, not all halogen atoms are naturally released during
pyrolysis as HCI, which raises the significance of removing halogens from organohalogen compounds. Therefore,
itis crucial to look for both catalysts that would mediate these reactions and methods that can prevent secondary
reactions of HCl that lead to the creation of new chlorinated hydrocarbons.®

The majority of studies used sorbents or catalysts in a pyrolysis reactor (in-situ) which includes mixing the catalyst
with the feed material or placing it on a separated bed in contact with the vapors. The placement of sorbents
outside the reactor (ex-situ) is less mentioned in the literature.!* Also, there are contradictory results when
comparing conventional, catalytic, and stepwise/catalytic pyrolysis and dehalogenation efficiency varies with
used catalysts/sorbents and parameters of pyrolysis.’> However, it is not always clear what causes the differences
in dehalogenation efficiency. Authors also report catalyst deactivation and increased Cl content in the liquid,
suggesting that catalytic and dehalogenation steps should be separated.!?

This report presents a summary of recently published research,* the goal of which was to address the
dehalogenation of a liquid product during pyrolysis of a model plastic mixture, including 10% PVC. In addition,
the aim was to identify appropriate reliable procedures necessary to decrease the halogen content below the
estimated limit of 10 ppm?*> among the wide spectrum of possible approaches that often give contradictory
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results. For this purpose, we conducted conventional pyrolysis with different residence times mediated by reflux
extension of pyrolysis reactor, stepwise pyrolysis, pyrolysis with sorbents both in-situ and ex-situ, and
a combination of these approaches.

Materials and methods

Sorbent preparation

Preparation of Ca(OH):-extrudate

About 67 wt% of Ca(OH)2 was mixed and mechanically kneaded with 33 wt% tetraethyl orthosilicate. The
extrusion was done on a Caleva extruder with 2.5 mm diameter slits. The resulting extrudate was kept
in a desiccator. The tetraethyl orthosilicate was removed during the drying sequence before pyrolysis. Ca(OH)2
powder was obtained from Lhoist - Vapenka Certovy schody, a.s under the tradename Sorbacal H90. Properties
of sorbents are listed in Tab Il.

Preparation of Fes04-Si

The preparation involved precipitation of silica gel from potassium water glass with 21.7% HNOs solution. 400 g
of water glass with a composition of 26.5% SiO2; 24% K20; 0.4% Na20, and 0.02% Al was mixed with 2 | of distilled
water, and the HNOs solution was added while stirring until the pH reached 5. The resulting silica gel was filtered
off and washed with distilled water up to neutral pH. Silica gel was then mixed with Fes0s powder so that the
Fes04 constituted 50% of the dry weight of silica gel. The mixture was left at 60 °C for two days and then extruded
with the addition of tetramethylammonium hydroxide (25% aqueous solution), the weight of which
corresponded to 17% of dry silica gel. The extrusion was done as above, and the extrudate was then dried
overnight at 90 °C following 2 hours at 135 °C. FesO4 powder was obtained from PRECHEZA a.s (trademark Fepren
B630).

Experimental procedure

Based on data from Villanueva and Eder, the model mixture (5P) resembling real waste composition was
prepared, containing LDPE (35%), PP (25%), HDPE (20%), PS (10%), and PVC (10%).2

Pyrolysis was carried out in a batch pyrolysis unit described elsewhere.’ In all experiments, 300 g of 5P was
placed into the reactor in a steel cylinder (id: 60 mm; height: 250 mm). Sorbents were either mixed with feedstock
(Ca(OH)2), placed in the upper 1/3 of the reactor (Fe304-Si) — A setting, or ex-situ in the first condenser — B setting.
The weight of sorbents accounted for 10% of the batch material. Before the experiment, a pressure test was
performed to detect system leaks. After proper sealing was ensured, all components except the pyrolysis reactor
were heated to their respective temperatures under N2 flow to remove any residues of cleaning solvents and
moisture. Total pyrolysis time was set to 4 h to ensure completion of pyrolysis processes, and it was extended to
5 hin the case of stepwise pyrolysis for this reason. The final temperature was, in all cases, at 500 °C (10 °C/min).
The N2 flow (5 I/h) was increased to 60 I/h during step 1 of stepwise pyrolysis to reduce the residence time of
HCl in the system. The first step lasted 60 min counted after reaching 350 °C, and the temperature in the reactor
did not exceed 360 °C during this step. An overview of experiments is shown in Table I. Liquid, wax, and char
product yields were determined by weighing, while gas was considered the remaining weight percentage to
100%. All experiments were conducted in triplicates, and the results are presented as the average of measured
values with standard deviation.

Table |
Overview of discussed experiments
setting conditions
conventional
stepwise

A (without reflux) Ca(OH)» (in-situ)

Fe304-Si (in-situ)
conventional
stepwise
stepwise/Ca(OH)z-extr. (ex-situ)
stepwise/Fes304-Si (ex-situ)

B (with reflux)

Analytical methods

The total chlorine content in liquid products was determined directly via Sindie monochromatic wavelength
dispersive x-ray fluorescence analyzer by XOS. The Cl in gases was determined by argentometry from Cl- content
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in the scrubbers. Sorbents were characterized by gas porosimetry with BET method (Autosorb iQ, Quantachrome
Instruments), Hg porosimetry (AutoPore 9510, Micromeritics), and XRD analysis (D8 Advanced, Bruker).

Results and discussion

Chlorine in gases

Generally, most Cl was found in the gaseous product, especially after the first step of the stepwise pyrolysis (Fig.
1), and the vyield of Cl in gases from step 2 was negligible. Cl content in the scrubbers also increased
by approximately 6% after introducing reflux extension. However, the same increase was not observed
in conventional pyrolysis, which suggests that the effect of the reflux attachment on dehalogenation was
associated with a longer residence time of the material in the reactor during stepwise pyrolysis. When sorbents
were used in-situ (A setting), they significantly reduced Cl content in gases, but at the same time, it led to higher
Cl content in the liquid, which is discussed below. Sorbent placement in the B setting could not affect step 1 of
the pyrolysis, and the results correspond with the stepwise pyrolysis.

stepwise
18 l \
e . E156§.815.9
14 B : = conventional
_ 12 — O stepwise
10 .
2 # Ca(OH).
o 8 ]
6 Fez0,-Si
4 3'3 G Fe,0,-Si_red
2 7z
A setting

Figure 1. Cl content in scrubbers — gas products
Chlorine in liquid

From the comparison of individual settings, it can be seen that there was a 36% reduction of Cl content in the
liquid product upon introduction of reflux extension during conventional pyrolysis (Fig. 2). It was probably caused
by the longer residence time of heavier compounds mediated by reflux extension and slower reactor heating
in the B setting that allowed HCl evolution without secondary reactions. Previously, it was found that high heating
rates cause a shift of dechlorination reactions to higher temperatures and also widen the temperature range
of HCI release.® Results suggest that for dehalogenation purposes is worthwhile to consider the properties
of a particular technology and pyrolysis parameters, focusing on sufficient residence time.

20000 16537
16000
12186 | conventional
12000 Ostepwise
7789 = Ca(OH).
8000 I EFez04-5i
HFe;04-Si_red
4000
3
s 300
G 250
g stepwise
200
150 (_/l_\
100 86
% = 10 8 20

A setting B setting
Figure 2. Cl content in liquid products
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Regarding stepwise pyrolysis, there was about a 90% decrease in Cl content upon introduction of stepwise
pyrolysis in the A setting, and 98.9% efficiency was achieved in the B setting. This result correlates with
theincrease of Cl found in the scrubbers and suggests an undeniable effect of reflux extension
on the dechlorination efficiency. The temperature is another critical variable. For example, when Park et al.
conducted 10 min long stepl in an auger reactor at 300 °C, they reached approximately 18% dehalogenation
efficiency.!At the same time, Bhaskar et al. reported 100% efficiency with a solid bed reactor at 330°C
and a 2hour-long first step.'” The amount of Cl in the liquid products from conventional pyrolysis was 425 ppm
and 390 ppm, respectively, while in this study, we obtained liquid with as much as 12186 ppm in the A setting
and 7789 ppm in the B setting. It follows that Cl content in the feedstock also needs to be considered to set
the time of the first step appropriately.

In the case of sorbent efficiency, major differences were found between individual settings. Most importantly,
results suggest that it is not suitable to use sorbents directly in the pyrolysis reactor, as Ca(OH)2 and Fe304-Si in-
situ increased the Cl content in liquid products in the A setting (Fig. 2). It was most likely caused by the mechanism
when the Cl was initially successfully adsorbed by sorbents. As the temperature increased, part of Cl was
desorbed, re-entered the stream where it reacted with hydrocarbons or ended up in the liquid product
in the form of HCI. Results that support these findings were obtained, for example, by Lépez et al., who reported
a decrease of Cl in the gas product but a significant increase in Cl content in the liquid product upon introduction
of CaCOs in-situ.!? XRD analysis showed that the Cl bound to the sorbents formed hydrated FeCl, and CaCl;
(Tab. Il). However, no chlorine species were detected after most experiments at the B setting because only
a small amount of Cl remained for the reaction with the sorbent after the first pyrolysis step.

Table Il

Sorbent properties before (new) and after pyrolysis (used) in setting with (B) and without reflux extension (A)

surface area pore volume average pore .
(s:?)trzgrslz/ (m?/g) (cm3/g) diameter (nm) composition (XRD)
new new used (A) used (B)
Ca(OH)> Ca(OH)s, CaCl-Ca(OH)2-H20,
(in-situ) powder CaCos CaCl(OH),Ca0, -
Ca(OH),, CaC0s3
Fes04-Si FeCl2-2H>0, .
(in-situ) 178.0 0.49 7.5 Fe3Oa4 FeCl2-4H20, Fe2SiOa, FesO4
Fe(OH),, Fe
Ca(OH)2- Ca(OH),,
extr 294 0.39 46.4 Ca(OH)2 - CaCl(OH)
Fe30s-Si 178.0 0.49 7.5 Fe3Oa4 - FesO4

It has been described recently by Sophonrat et al. that at temperatures above 400 °C, CaClz can undergo several
reactions in the presence of water that leads to the HCl desorption,*® and evaporation or reduction of FeCls at this
temperature is also documented by Ye et al.? The latter mechanisms were confirmed by ICP and XRD analysis,
as we found a significant amount of Fe in the liquid and partially reduced Fe in the sorbent. The desorption
described by Sophonrat et al. also seems plausible as XRD of Ca(OH): residue after pyrolysis showed CaO
and Ca(OH)Cl, formed by releasing water. Furthermore, Li et al. described CaO as an active agent for
the dechlorination of stable chlorinated compounds such as chlorobenzene produced during pyrolysis of PVC.2°
Based on the confrontation of XRD and ICP results with literature, sorbents could have acted both as sorbents
and catalysts for the dechlorination of organohalogen compounds, but they underwent desorption upon
increasing temperature. We propose the following examples of possible Cl pathways during in-situ
dehalogenation which is relevant for the rejection of in-situ dehalogenation:
1. Chloride formation by reaction with HCl at temperatures up to 400 °C.

Ca(OH)2 + 2HCI - CaCl: + 2H20
Fe30s + 8HCI - FeCl>*2H20 + 2FeClz + 2H.0

2. Chloride formation by reaction with HCl at temperatures up to 400 °C.

CaClz + 2H20 - Ca(OH)z + 2HCI
FeCl2 + 2H20 -> Fe(OH): + 2HCI
2FeClz + Hz2 - 2FeCl2 + 2HCI
FeClz + Hz2 - Fe + 2HCI
FeClx(s) - FeClz(g)
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This finding also has potential implications for the pyrolysis of municipal plastic waste, as CaCOs, Fe203, ZnO,
and Sb20s3 are widely used as plastic additives?! and could hinder stepwise pyrolysis by a similar mechanism,
creating respective chlorides during the first pyrolysis step. The resulting outcome would be that more Cl is
retained in the reactor forming chlorinated hydrocarbons. Nevertheless, the stepwise pyrolysis reduces
the portion of Cl that is susceptible to form HCI, protecting the apparatus from corrosion and decreasing
the liquid Cl content. It can also decrease the water and oxygenate content formed from organic impurities,*®
which makes it an essential first part of dehalogenation technology.

Previously, authors have used similar sorbents/catalysts in an in-situ setting with mixed results, and the negative
effect of using sorbents in this setting has not yet been emphasized. Authors reported both an increase in Cl
content after the introduction of sorbents in-situ*2 and also a decrease and even complete dehalogenation??.
Following results from in-situ sorbent placement, subsequent experiments with sorbents ex-situ were done
in the B setting in combination with stepwise pyrolysis to utilize the best possible approach according to our
knowledge. Results in Fig. 2 clearly show that the combination of stepwise pyrolysis with the placement
of sorbent ex-situ further decreased the Cl content in the liquid products to 3-23 ppm, which is a sufficient level
for the introduction of the liquid into the refinery.

Conclusion

Batch pyrolysis utilizing different system settings and sorbents was investigated to establish optimal conditions
for the dehalogenation of liquid products. Stepwise pyrolysis was an effective dehalogenation tool that
significantly reduced Cl content prior to the final pyrolysis step. Further dehalogenation was achieved
by increasing residence time through the introduction of the designed reflux extension. Regarding the sorbents,
their placement had a key role in dehalogenation. The results showed that it is not viable to use sorbents in-situ
if the main objective is the dehalogenation of liquid products. Implications for municipal plastic waste pyrolysis
were drawn, considering similar sorbents being present as additives in plastics. Among used sorbents, the best
results were achieved when Fe304 with silica gel was placed ex-situ.

By combining stepwise pyrolysis with sorbents placed ex-situ, the resulting chlorine content in the liquid from
the model plastic mixture containing 10% PVC was around the limit of 10 ppm for subsequent refinery treatment.
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Abstract

Carbon dioxide emissions associated with hydrogen production are expected to rise with continuous transition
to hydrogen economy. The steam methane reforming as the most frequently used technology was heavily
investigated in this work for options to reduce its carbon footprint. Three possible carbon capture (CC)
approaches for steam reforming of natural gas are studied from techno-economic, safety and environmental
point of view. The considered CC techniques are post-combustion CC of flue gases, pre-combustion CC of offgases
from pressure swing adsorption (PSA) and oxyfuel combustion. For each investigated CC technology,
mathematical model and process simulation were developed in Aspen Plus. Simulation data supplemented by
safety data sheet data were used to assess all simulated case studies by multiple criteria — economic feasibility,
use of resources, environmental impact, and inherent safety. Oxyfuel combustion was identified as the best
option considering all criteria simultaneously.

Introduction

One of the main priorities of today’s industrial growth is the reduction of environmental burden of production
processes. To achieve this goal, many robust policies have been introduced on worldwide level such as the “Fit
for 55” package which was adopted to implement core strategy of the European Green Deal. Industrial
sustainability reflecting these issues consists of multiple coexisting criteria that impact each other positively or
negatively®2. It is extremely difficult to monitor all criteria and to reveal all synergy effects in processes with high
level of complexity, e.g. highly intensified processes in chemical industry.

One of such processes is hydrogen production via steam methane reforming (SMR). Hydrogen is currently
promoted as a clean fuel that can replace conventional fossil fuels in practically all applications due to its very
low environmental footprint as water is its only emission during combustion. It is expected that transition
towards hydrogen economy will lead to less environmentally damaging industries, job creation, cleaner
transportation, etc.® Although multiple hydrogen production ways are being investigated*>, SMR process
remains the dominant technology in the global market.

During the SMR, hydrogen is produced from methane via high-temperature medium-pressure catalytic process
in the presence of excess water. Main production units are steam reformer and temperature shift reactors (one
or two). Usual components in product stream are hydrogen, carbon dioxide, carbon monoxide, methane and
water. Product stream is led into pressure swing adsorption (PSA) unit where high-purity hydrogen is separated
from the mixture. PSA offgases are combusted with air to provide heat necessary for reactions in steam reformer.
If the heat obtained by combustion of PSA offgases is not sufficient, additional fuel can be combusted. Flue gas
containing carbon dioxide, nitrogen, water and oxygen can be further treated before its release into atmosphere.
In our work, three possible alternatives for carbon footprint reduction of SMR process were simulated and
assessed. Commercial Aspen Plus was used as the simulation tool. The assessment consisted of four main
criteria — economic feasibility, use of resources, environmental impact, and inherent safety. Analytical hierarchy
process (AHP) was utilized to combine all criteria simultaneously and to select the best overall option.

Methodology and simulation

Aspen Plus models of four hydrogen production states were developed and simulated. First one (Figure 1)
represents base process configuration of hydrogen production plant (HPP). In the next step, three modifications
by adding carbon capture (CC) were simulated:
e  Post-combustion CC by monoethanolamine absorption of carbon dioxide from flue gas
e  Pre-combustion CC by monoethanolamine absorption of carbon dioxide from tail gas, i.e. PSA offgases
e  Oxyfuel combustion as a substitution of combustion with air and consequent cooling and condensation
separation step
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Figure 1. Aspen Plus simulation flowsheet of base hydrogen production plant (HPP)

Simulation data were supplemented by safety data sheets and price levels to create input data-pool for process
feasibility assessment and ranking via AHP which is a sophisticated technique to subdivide complex decisions
into its components and arrange them into an ascending order. The output of AHP is set of priorities which can
be used to rank different options and to investigate strengths and weaknesses of each decision alternative.
Four main criteria (each divided into two subcriteria) were selected to assess feasibility of studied processes from
multiple viewpoints (Table 1). All subcriteria were selected based on their calculation suitability and maturity of
use in industrial practice. Capital expenditures (CAPEX) were calculated utilizing Aspen Process Economic
Analyzer and literature guidance®. Equation 1 provides calculation procedure for second “Economics”
subcriterion of Total Production Costs (TPC) utilizing CAPEX, operating expenditures (OPEX), selected payback
period (PP) and annual hydrogen production. Environmental impact was determined by subcriteria C factor
(Equation 2)” and Eco-Indicator 99 (Equation 3) where &, is a normalisation factor and w, is the damage
weighting for damage of category d, 3, is the amount of chemical b released by direct emission and a; ;. is the
damage in category k per unit of chemical b released to the environment®. For use of resources, energy efficiency
was evaluated separately from material utilisation efficiency. Energy efficiency was assessed by Specific Energy
Consumption (SEC, see Equation 4)° and material utilisation efficiency was calculated by E factor (Equation 5).
Inherent safety was determined by simplified Process Route Index (PRI) method and more complex
Comprehensive Inherent Safety Index (CISI) method. PRI data inputs can be directly extracted from Aspen Plus
environment. lts calculation procedure is presented by Equation 6 where j is average density, P average
pressure, HV average heating value and AFL,,,, average difference between upper and lower flammability limits
for all streams in the examined system?®. Calculation procedure of CISI is schematically depicted by Figure 2. It
combines properties of chemicals, character of reactions in unit operations, process conditions and stream
interconnections within the examined system?*.

CAPEX
OPEX+—F5—
TPC = PP ; (1)
annual hydrogen production
mass of emitted carbon dioxide equivalents
C factor = s (2)
mass of products
EI99 = ¥ Xq Yikek Oa X Wg X Py X @p i (3)
annual energy consumption
SEC = gy 14 : (4)
annual hydrogen production
mass of generated waste
E factor = f 9 (5)

mass of products
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PRI = p X P x HV X AFL,,,, x 1078 (6)

Table |
Assessment criteria for feasibility ranking
Criterion Subcriterion
Economics CAPEX
TPC
Environmental impact C factor
EI99
Use of resources E factor
SEC
Inherent safety PRI
ciIsl

=3 miSa

Igpt = It + Ir + Ip + Ing

Figure 2. Calculation procedure schematics for CISI taken from Gangadharan et al (2013)'! where Ic represents
chemical index related to chemicals properties, Ir reactivity index related to character of reactions, lepiequipment
index related to process conditions and lcn connection index characterizing stream interconnections

Decision-making procedure is depicted in Figure 3. In the first step, simulation data supplemented by manual
input of other relevant data were used to evaluate all eight subcriteria. In the next step, process routes ranking
was generated by scoring system where the best process route in one criterion (e.g. process route with lowest
CAPEX and TPC) has scored one point and the worst process route one quarter of a point. After single criterion
rankings were established, AHP was applied for different weights of each criterion to determine overall best
process route. In the final step, all possible combinations of criterion weights were studied and global feasibility
rankings were generated.

=
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R
=
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‘ SEC ‘ ‘ PRI ‘ ‘ CIslI ‘

Figure 3. Diagram of MCDA employed in this study
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Results and discussion

The main output of methodology proposed in this

paper is viability map. It is a complex visualisation of process

feasibility ranking using three-dimensional space where one dimension is represented by colour (Figure 4). On x
axis, all studied process routes are located. Y axis represents specific placement in the ranking (from 1% to 4t).
Colour (z axis) corresponds to percentage of occurrence of specific process route at specific placement, e.g.

original HPP process route was ranked first for 67.4

% of decision scenarios, i.e. combinations of weights of main

criteria. Viability maps can be decomposed into smaller fragments. Figure 5 depicts two viability maps, one for

prioritised economics criterion and second one for
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Figure 4. Global process feasibility ranking
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Figure 5. Process feasibility rankings: economics prioritised (a) and environmental impact prioritised (b)
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Studied alternatives of CC were identified as inferior to original HPP process route if process economics was the
main decision criteria (Figure 5a). However, if the importance was shifted towards environmental impact
(Figure 5b), post-combustion CC was ranked as the overall best alternative in more than half of the examined
decision scenarios. Such analysis allows to study synergy effects of different aspects of process design and
recognize important patterns for enhanced decision-making.

According to global feasibility ranking (Figure 4), it was revealed that installation of CC technology was generally
not feasible as the original HPP process route was the best rated alternative for majority of decision scenarios.
Oxyfuel combustion was identified as the most suitable option for CC technology (first place for 18.1 % of decision
scenarios) and pre-combustion CC as the least preferred one (last place for 93.8 % of decision scenarios).

Conclusion

Three carbon capture alternatives for steam reforming of natural gas were investigated. Firstly, simulation case
files were developed and verified in Aspen Plus. Simulation data supported by necessary manual inputs (such as
safety data sheet information) were used to assess their performance from various points of view and create
feasibility rankings. According to the proposed assessment, oxyfuel combustion was identified as the best option
for carbon capture considering all criteria simultaneously. However, for over 60 % of decision scenarios, original
hydrogen plant without carbon capture technology was ranked as the best overall process route indicating low
feasibility of studied carbon capture alternatives and necessity to improve studied processes, mainly in economic
indicators which strongly prefer original plant that was ranked first in 100 % of decision scenarios with prioritised
economics criterion.

The proposed methodology of multiple criteria assessment can be successfully employed in selection of the most
suitable process route considering variable societal needs and industrial trends. Its flexibility allows application
in early design stage for selection of appropriate plant configurations as well as in optimisation of existing plants
when improving or extending already operating production units. Due to the general character of used
subcriteria, developed methodology is not limited to carbon capture techniques and can be applied to other
production and separation processes in chemical industry. Currently investigated future improvements are input
data sensitivity analysis, substitution and upgrade of assessment criteria, and possible use for process
benchmarking.
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Abstract

Jet fuel is a widely available and uniformly standardized product of oil refineries. In 2019, it accounted for 8.1
vol% of crude oil consumption. It is characterized by a projected increasing market demand of 3.7% per year by
2050 and a very good refinery margin. At present, there is virtually no alternative to aircraft turbines similar to
electric motors in the case of cars, which means that there is no threat to jet fuel in the long term. Although the
basic characteristics of jet fuel will not change significantly, it will be reformulated with an increasing addition
of sustainable aviation fuels (SAF), to contribute to carbon dioxide emissions savings. Various feedstocks (oil
crops, lignocellulose, sugar and starch, algae, waste plastics and scrapped tires), platforms (vegetable virgin and
used oils, pyrolysis oil, bioalcohols, synthesis gas, and bioalkenes), and technologies (pyrolysis, hydrogenation,
hydrocracking, synthesis gas production, Fischer-Tropsch synthesis, oligomerization, modified Methanol-to-
Gasoline process, and isomerization) are now targeted for production of jet fuel. The EU, EIA, IATA, and other
organizations started important initiatives in this direction. Major aircraft manufacturers are currently testing
the use of various blends of SAF with mineral kerosene as well as pure SAF. Related driving forces and barriers
to this development are discussed in this paper.

Introduction

In the second decade of the 21 century, air traffic increased by 5% and jet fuel consumption by 2.6% -yr* (1,

Jet fuel is a conventional product of oil refineries. Global consumption in 2019, the last pre-pandemic year, was
472 million m3 (372 Mt), representing 13.2 vol% of the consumption of motor fuels and 8.1 vol% of the
consumption of crude oil [1]. It is responsible for 2.5% of carbon dioxide emissions. Consumption in the Czech
Republic in 2019 was 448 kt [2]. As regards origin, jet fuel is divided into four categories: non-, mildly, severely
hydroprocessed, and synthetic. Although the first two categories currently dominate, future attention will
focus on the last category. Jet fuel is uniformly standardized and available under the name JET A-1 (Table 1) Bl,

Table 1
JET A-1 quality requirements

Property Method Limit
Aromatics content (vol%) ASTM D 6379 (A) max 26.5
Sulfur total (wt%) ASTM D 5453 (A) max0.3
Distillation profile (°C) ASTM D 86 (A)

10 vol% distilled by max 205

End of distillation max 300
Distillation residue (vol%) ASTM D 86 (A) max 1.5
Distillation loss (vol%) ASTM D 86 (A) max 1.5
Density at 15 °C (kg-m?3) ASTM D 7566 775-840
Freezing point (°C) ASTM D 5972 max -47
Viscosity at -20 °C (mm?sl) ASTM D 445 max 8
Calorific value (MJ-kg) ASTM D 3338 min 42.8
Smoke point (mm) ASTM D 1322

Naphthalenes > 3 vol% min 25

Naphthalenes max 3 vol% min 18
Flash point (°C) ASTM D 56 (A) min 40

The Joint Inspection Group (JIG) jet fuel list refers to a total of 24 standardized properties. The high sulfur
content (0.3 wt%) is in contrast to clean fuels, the density range (775-840 kg-m) and the distillation limited to
only two points are very liberal. Viscosity is measured at -20 °C instead of the usual 40 °C for petroleum
products. The freezing point of maximum -47 °C and the aromatic content of maximum 26.5 vol% can be
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considered as critical quality requirements for the product. No major changes in the quality of jet fuel are
expected to occur in the near future.

The following may be considered as the main driving forces for the further use of jet fuel [!:

e There is no serious alternative to aircraft turbines similar to electric motors in cars. Batteries and
hydrogen power cells are considered an energy source for regional commuter flights only by 2030.

e An improved network operational efficiency (more direct flights), modernization of airlines’ fleets,
focus on future modern airplane technology (aircraft design and new construction materials).

e A long-term growth in market demand. It will grow by 3.7% -yr by 2050 according to the US Energy
Information Administration (EIA) B,

e Agenerally better refinery margin for jet fuel in comparison to diesel.

e Air transport is also required to reduce its contribution to carbon dioxide emissions. The reformulation
of jet fuel is in progress. The SAF content in jet fuel will continue to grow from current <0.1% to 40 wt%
(445 Mt) expected by 2050 1,

e A possibility of using a variety of feedstocks, including niche feedstocks.

There are also certain barriers that will be important to overcome, mainly related to the reformulation of jet
fuel:

e Alimited availability of alternative feedstocks compared to crude oil.
e Low energy density of most alternative feedstocks.
e Immature feedstock supply chains: a need for proper policies.

e High capital expenditures (CAPEX) of SAF technologies. These now range from 1 USS$-gal?
(hydrogenated esters and fatty acids, HEFA) to 30 USS$-gal™ (Power-to-Jet fuel, PtL) of SAF capacity Ul.

e The high price of SAF. For example, HEFA was three times more expensive than JET A-1 in July 2021.

e The negative social impact of jet fuel reformulation.
Currently, a great number of scientific and technical publications and projects on this topic are published, for
example, (12,
To overcome the existing barriers to the implementation of SAF in jet fuel production, appropriate policies,
legislation, and a commitment to participate will be necessary. In the United States, the “California Low Carbon
Fuel Standard” opted for aviation in 2018 and the “US Renewable Fuels Standard” included SAF 3. The
Sustainable Aviation Buyers Alliance (SABA) seeks to create an SAF credits trading system, analogous to the
trading of carbon dioxide emission allowances. The Roundtable on Sustainable Biomaterials (RSB) developed a
pilot scheme to apply this 4. The “Sustainable Skies Act” proposed a tax credit for SAF blenders of 1.5-2.0
USS$-gal™ 31, Current fuel specifications allow for up to 50 vol% blends of SAF with JET-A in the US; however, an
ASTM committee is already developing a specification strategy for 100 vol% . Sixteen organizations have
committed to fly with zero carbon dioxide emissions by 2050 ¢!, In the EU, a mandate for SAF is ready for a 63
vol% share of SAF in jet fuel by 2050 (Figure 1) 117181,
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Figure 1. EU mandate for SAF

Stakeholders’ engagement will be key in overcoming the existing barriers to SAF implementation — connecting
organizations of different types, collaborating on policy-making, creating roadmaps, organizing various
initiatives, participating in projects, mobilizing capital, collecting and publishing data, organizing conferences
and webinars, etc. In this context, it is important to mention the World Economic Forum (WEF) [ 1 the US
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Energy Information Administration (EIA) 2%, the International Energy Agency (IEA) Bioenergy subsidy 4 2127,
the International Air Transport Association (IATA) 2% 2] the International Civil Aviation Organization (ICAQ) B%
32 the Air Transport Action Group (ATAG) B33 and its Commercial Aviation Alternative Fuels Initiative (CAAFI) 26!
activities.
Similar to the production of alternative components for automotive fuels, a wide variety of feedstocks can be
used for the production of SAF:
e il crops — the 1t (rapeseed) and 2" generation (camelina, jatropha, carinata, Salicornia, oil seed trees,
etc.).
e Sugar and starch plants (sugar beet, sugar cane, lignocellulose, potatoes, etc.).
e Green juice (grasses, green apple, parsley, spinach, cucumber, lemon, ginger, etc.)
e Algae, also called the 3™ generation. They contain oil and sugar.
e Wastes of various origin (used cooking oils, animal fats, plastics, scrapped tires, municipal solid waste
and residues, as well as carbon monoxide and dioxide).
For global material balance of feedstocks, see a WEF analysis **! and a CAAFI presentation ?°!. The various
feedstocks can be converted to semiproducts called platforms 34, which open a direct path to jet fuel. These
are biooil, synthesis gas, pyrolysis liquids, alcohols (methanol, ethanol, n- and i-butanol), alkanes (propene and
butenes), and synthetic alkanes (farnesene). The most important technologies to produce jet fuel and
components are (Table 2 and Figure 2).

Table 2

Technologies to produce jet fuel

Technology Feed Catalyst T(°C) P (MPa)
MEROX Virgin kerosene Active carbon, NaOH, ftalocyanine 40-60 <1
HYDROTREATING Virgin kerosene Co/Mo sulfides on y-alumina 300-330 3-6
HYDROCRACKING Vacuur‘r'1 distilla'ltes Ni/Mo or Ni/\{\{ sulfides on 380-430 15-25
Vegetable oils & animal fats alumosilicates
GASIFICATION Various biofeeds, wastes Non catalytic >900 3
EEX?%'\Y\?:ISR GAS SHIFT Carbon dioxide + hydrogen Metal oxides on solid support 200-600 0.1
PYROLYSIS Various biofeeds, wastes Non catalytic or catalytic 350-900 <1
HYDROTHERMAL Various biofeeds (wet) .
LIQUEFACTION (HTL) Water e GEIEI e == 2z
FISHER-TROPSH SYNTHESIS Syngas Fe oxides 300-350 256
(FTS) Co oxides on alumina 200-250 ’
METHANOL SYNTHESIS Syngas Cu/Zn/Cr,053 oxides on alumina 250 5-10
METHANOL-TO- JET Methanol ZSM-5 480 0.1
DEHYDRATATION Alcohols Strong acids 180-300 0.4
FERMENTATION Lignocellulose, sugars Enzymes (acetogenic bacterium) 40 0.1
Ethylene, propylene, Resu.\s
OLIGOMERIZATION . H3PO4 on solid support 180-230 4-8
i-butene .
Alkylaluminium (homogenous)
HYDROGENATION Alkenes Pt on y-alumina 250-300 3
ISOMERIZATION n-Alkanes Pt on y-alumina + Cl 120-150 2-3

The standard technologies used to produce jet fuel from crude oil in oil refineries are Merox 1%,

hydrotreatment, and hydrocracking #%3%. Hydrocracking vegetable oil processes are called NexBTL (Neste Oil)
49 and Ecofining (UOP&ENI) 1, originally developed to produce a component of diesel (hydrogenated
vegetable oil, HVO). Each HVO facility can produce 15 vol% (without CAPEX) to 50 vol% (high CAPEX) of HEFA.
Gasification, pyrolysis, and FT synthesis are mature processes. The combination of gasification, FT synthesis,
and hydrocracking is used by Fulcrum Bioenergy, the Sierra Nevada project (capacity 175 kt-y! of wastes,
produces 32 kt-y! jet fuel) *>*4, The use of synthesis gas and FT synthesis is also the basis for the currently
highly promoted Power-to-Liquid (PtL) technology. The German government is the main stakeholder of this
technology. It plans to invest 10 billion Euros in it. A PtL roadmap has been developed in Germany 3. A
mandatory use from 2030 and significant shares from 2050 are considered. Pyrolysis is extremely flexible as
regards feeds, reaction conditions, and product yields. HTL takes place at lower temperatures but at much
higher pressures than pyrolysis and is suitable for wet feedstocks. The HyFlexFuel project uses this technology
to produce jet fuel 61, Oligomerization has matured as a technology to produce high octane gasoline, for
example, INALK (UOP) 7 or DIMERSOL (Axens) 8, and can easily be used for the production of jet fuel. There
are several sources of light olefins as feed for these technologies. The Methanol-to-Jet (Mt)) technology is
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based on the Mobil Methanol-to-Gasoline (MTG) process operated in New Zeeland between the years 1985-
1997 (capacity 1,640 kt-y™* of methanol to 620 kt-y of gasoline) %!, The leaders in the use of fermentation to
produce ethanol to jet fuel are Lanza ®® and of biobutanol Gevo . These alcohols are dehydrated, alkenes
oligomerized, and hydrogenated. The specific application of enzymatic hydrolysis and fermentation is the
conversion of sugars to CisHaa (a-farnesene) and CisHae (B-farnesene) hydrocarbons, as in the Amyris &
Renmatix & Total MegaBio Project Y. Although most of the individual processes are proven, most jet fuel

production schemes are not. An overview of current projects focused on the production of SAF was published
[26]
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Figure 2. Overview of the most important technologies for jet fuel production

Co-processing of alternative feedstocks/platforms with mineral oil fractions is often emphasized as the
recommended path, first of all, for vegetable oils, biooils, and FT waxes. Hydrocracking and FCC are the
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technologies considered for this path. Co-processing of petroleum and alternative fractions is important with
regard to CAPEX reduction, utilizing existing facilities, and actively involving the refining sector in the
production of low-carbon-intensity products. On the other hand, this will require changes in refinery metallurgy
and process parameters. The *C tracking of biocomponents in mixtures with mineral oil fractions will be
important.

Only HEFA has been fully commercialized as a drop-in component (can be blended with mineral jet fuel and the
final product requires no infrastructure or equipment changes) in jet fuel up to now and it will continue to be a
dominant SAF to jet production over the next 10 years. Various scenarios forecast SAF consumption in 2050 at
330-445 Mt-yr* ¥, or 50-100 vol% in jet fuel.

SAF testing in real operation has been underway since 2012 as one of the major developments in air transport.
The two main airplane producers, Airbus % 33 and Boeing ™, in cooperation with aircraft turbine
manufacturers (for example, Rolls Royce) * are committed in this direction. In the US, organizations such as
the Federal Aviation Administration (FAA), the National Aeronautics and Space Administration (NASA), and the
National Qilheat Research Alliance (NORA) are also contributing to testing with their knowledge, experience,
and skills.

Discussion

Considering the 3.7% annual increase in jet fuel consumption as estimated by the EIA forecast means that
about 1,110 Mt of jet fuel will be consumed in 2050. Therefore, the requirements to replace mineral kerosene
with SAF must be understood in terms not of the current (372 Mt-yr?), but of the future jet fuel consumption
(1,110 Mt-yr?). With a projected SAF consumption of 445 Mt in 2050 [4], petroleum-based kerosene would
account for 665 Mt, almost double the current consumption. Can this be true?

Mineral feedstocks are chemical continua that contain thousands of compounds. Some platforms such as
pyrolysis oils or waxes from FT synthesis are similarly complex; however, in comparison to mineral feedstocks,
pyro- and biooils (HTL) contain oxygen, nitrogen, sulfur compounds, aromatics, and water in high
concentration, which is difficult to process. On the other hand, other feedstocks/platforms, such as alkenes,
alcohols, and vegetable oils, are chemically much simpler than mineral feedstocks.

Chemical technologies are about the conversion of feedstocks by chemical reactions under suitable conditions
into the required reaction products. A range of mature refinery and petrochemical technologies are being
considered to produce SAF (Table 2), for example, hydrotreating, hydrocracking, oligomerization, and
isomerization. Most jet fuel is currently produced using a very simple MEROX reaction scheme. Hydrotreating
and hydrocracking are also based on relatively simple chemical reactions. In contrast, the processing of
alternative feedstocks is mostly based on complex chemical transformations and a very complicated reaction
scheme, which necessarily means higher CAPEX and OPEX. As far as fermentation technologies are concerned,
the disadvantage will be the low reaction rate, which does not allow the technology to be directly integrated
with refinery or petrochemical processes. Furthermore, the desired products are present in low concentrations
and thus require costly purification (alcohols). Green hydrogen can be used in all hydrogen-consuming
technologies.

To produce mildly hydroprocessed mineral jet fuel, a typical hydrotreating unit capacity is 500 kt-yr. For SAF
with CAPEX of 1 to 30 USS-gal™? such a grassroots unit will cost from 165 to 5,000 million USS, i.e, 1.5-45 times
more than a standard hydrotreating unit [7]. No one will invest without an adequate return on investment,
which will be related to the sale price of the SAF produced, which will be high. Moreover, as the experience
with HVO production shows, securing sufficient feedstocks for such a capacity will be extremely difficult.

Mineral jet fuel is a mixture of i-alkanes, cykloalkanes, aromatics. N-alkanes are present in low concentration
only due to the low freezing point. However, SAFs are characterized by a significant concentration of one type
of hydrocarbon. Most SAFs have a much simpler chemical composition than mineral jet fuel (farnesenes, for
example), most of them contain i-alkanes, while hydrotreated kerosene from waste tires contains a high
concentration of aromatics. The dominant hydrocarbons give jet fuel specific qualities. When SAF is
implemented, it will be useful to look at synergies with mineral fractions and other SAFs.

Because the basic quality characteristics of jet fuel listed in Table 1 will not change, the completely different
molecules of alternative feedstocks/platforms have to be transformed to the current molecules in jet fuel. This
will require a more chemical approach than is usual in crude oil processing. This means that jet fuel will require
research from the crude oil chemical continuum down to the molecular level. As a result, no changes in
infrastructure or equipment for jet fuel supply will be necessary, resulting in billions of dollars worth of savings.
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Conclusions

Even in 2050, mineral oil fractions will still play a significant role in the production of jet fuel. However, the
upcoming policies and legislation will force the production and blending of sustainable aviation fuels (SAF)
regardless of the real cost and price. SAF technologies will compete for feedstocks with other solutions. SAF
technology schemes are not fully matured now, which means that all schemes studied can be considered
promising as for now. However, the high CAPEX and OPEX and the resulting high sales prices of SAF will be
serious barriers. Therefore, co-processing of alternative feedstocks with mineral oil fractions and using existing
assets in oil refineries will be beneficial. HEFA pioneered the use of SAF and will be also the dominant drop-in
fuel for the next decade. There is exceptional potential for further scientific research and testing of the
properties and technologies of SAF. The optimistic plans for air transport and jet fuel consumption growth will
be in conflict with the forthcoming extremely expensive SAF policies, and certainly both will have to be revised.
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ABSTRACT

Prediction of visbreaking conversion and product yields may be carried out using various kinetic models. The
kinetic models can be very accurate but they require high amount of input parameters. In fact, the overall amount
and diversity of the input parameters can limit the model precision. Therefore, empirical models can become a
more suitable tool in many cases. In our study we present our empirical model for prediction of visbreaking
product yields from the feedstock input vector at two fixed severity levels. At any process conditions, the yields
of all visbreaking fractions are determined by a linear interpolation using the yields, calculated for the fixed
severity levels. Verification of the model showed that it could be applied instead of the kinetic models, providing
an advantageous combination of simplicity and sufficient prediction accuracy.

INTRODUCTION

Refining technologies are usually simulated by kinetic models. These models can offer a precise prediction of the
yield vectors for the technologies. However, they have also disadvantages. One of them is the necessity of
carrying out the kinetic study, to obtain a relevant data for development of the model. Another disadvantage is
that these models have high demands on the amount and diversity of the input data, such that it can limit the
usage of these models.

Especially, simulation of visbreaking® and other processes for manufacturing of the crude oil residues can be a
challenge. There are not many studies, dealing with modelling of visbreaking. And furthermore, the possibilities
of chemical analysis of the feedstocks for visbreaking is limited due to the properties of these materials. Last but
not least, the simulation of visbreaking process on a pilot unit, as a key part of the kinetic study, may also be
difficult due to the coking phenomenon and severe reaction conditions.

Nevertheless, there are still a few studies, dealing with kinetic modelling of visbreaking process?. The models
from these studies have the aforementioned disadvantages — to use them, it is necessary to dispose with high
amount of input parameters and the usage is very difficult. Another study® deals with estimation of visbreaking
yield vector from the limited amount of feedstock properties (content of carbonization residue, results from
SARA analysis) and basic processing parameters (feedstock residence time, reaction temperature). The demands
on input parameters are significantly lower and acceptable. However, it still requires to be equipped with thin
layer chromatography, to carry out SARA analysis. Moreover, this method may also be too slow and difficult for
frequent analyses of visbreaking feedstock, to obtain sufficient amount of input data.

The goal of our study was to develop a simple empirical model for prediction of visbreaking yield vectors. Input
parameters of the model are only transformed simulated distillation curve of the visbreaking feedstock,
feedstock residence time and reaction temperature. Verification of the model showed that it could be applied
instead of the kinetic models, providing an advantageous combination of simplicity and sufficient prediction
accuracy.

ARCHITECTURE, FITTING AND VERIFICATION OF THE MODEL

The basic assumption

The basic assumption for the model development is the existence of a linear dependence of the yield vector on
the shape of the feedstock distillation curve at visbreaking reference state (equivalent operating conditions). If
this assumption is valid, the relationship between the yield vector and the vectorized representation of the
feedstock distillation curve at fixed visbreaking reference state is able to be expressed by equation (1):
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where

W= Wy, oo, W) Yield vector

U= (U, o, Up) Feedstock composition vector
a1 A1,n

A= ( : : ) Distribution matrix (m x n)
Ama " Omn

In principle, the yield vector and feedstock composition vector may be defined variously. In our study, the yield
vector coordinates are defined by Table | and the feedstock composition vector coordinates are defined by Table
I.

Table I. The yield vector coordinates

Product yield [wt %] Gas Gasoline Gas oil Vacuum Vacuum
distillate residue

Table Il. The feedstock composition vector coordinates

n 1 2 3 4 5 6 7 8 9
]Sr‘;::;”nt of (400  400-—  450-  500—  550—  600—  650— 700 °C .
(vt %4 °C 450°C  500°C 550°C 600°C  650°C  700°C

Visbreaking reference states

In our work, the visbreaking reference states were defined as the states at which visbreaking residue of given
viscosity (nrer) is produced from the feedstock of given viscosity (nreeo).

In general, it is suitable to find at least two various reference states. These states should represent various
visbreaking conversion levels, to enable interpolative calculation of visbreaking yield vectors at the process
conditions that do not correspond with the process conditions at reference states. In our work, two reference
states are used, representing low conversion level and high conversion level of visbreaking. The definition of
these states are in Table 3.

Table Ill. Visbreaking reference states

Reference state Conversion level nreeo (at 100 °C) nrer (at 150 °C)
REF 1 Low 1300 300
REF 2 High 1300 500

Equivalent operating conditions

Filtration of visbreaking processing data using the criterions from Table Il returns the equivalent operating
conditions for the reference states REF 1 and REF 2, at which the visbreaking unit achieves the specific
conversion levels. It was found out that the equivalent operating conditions can be expressed as linear
relationships between feedstock flow and reaction temperature.

For REF 1 and REF, different relationship is found out (Figure 1). These relationships enable to obtain
information, what reaction temperature must be achieved at given feedstock flow, to reach the visbreaking
reference state (whether REF 1 or REF 2), and vice versa.

(1)

ICCT 2022 | book of proceedings 38



458

456

454
REF 1

452 REF 2

450

Reaction temperature (°C)

448

446
80 85 90 95 100
Feedstock flow (t/hr)

Fig. 1. Equivalent operating conditions for visbreaking reference states (REF 1 and REF 2)

Distribution matrix for the visbreaking reference states

As a next step in the model development, it is possible to filtrate the data that correspond with reaching the
defined visbreaking reference states — REF 1 or REF 2. This step can easily be done by filtration of data
according to combination of feedstock flow and reaction temperature. Then the data that are found for the
feedstocks with available viscosity at combinations of feedstock flow and reaction temperature, corresponding
with the reference states according to the relationships in Figure 1, create the data set for REF 1 and REF 2. On
this filtered data set for REF 1 and REF 2, it is possible to apply the equation (1) and to determine the
distribution matrix for these reference states using the least squares method, according to the equation (2) and
equation (3).

—_— —_—

T _
Wrer1 = Agppr * UT (2)

—_— —_—

T _
Wrer2 = Agrppz * UT (3)

Calculation of visbreaking yield vector

Using the equation (2) and (3), it is possible to calculate the theoretical visbreaking yield vectors at both reference
states REF 1 and REF 2. From these yield vectors, it is possible to calculate the real visbreaking yields, using the
linear interpolation according to the equation (4):

N Trear = Trerr .
Wreal = Wrer1 + 7 * (Wrgrz — Wrgr1) (4)
Trer2 — Trer1

Figure 2 explains obtaining the determination of temperatures Tgrgr; and Trgr, for the equation (4) in detail. At
the actual feedstock flow, the corresponding temperatures Tz is found as temperature, at which the reference
state REF 1 is reached at the actual feedstock flow. Ty, is determined similarly, but for the reference state REF
2.
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Fig. 2. Calculation of Trgp, and Trgro

At the conditions, corresponding to actual feedstock flow and calculated temperatures Trgrq and Trgpa,
reference visbreaking yield vectors Wrgr, and Wggr, are calculated using the distribution matrix for REF 1 and
distribution matrix for REF 2, according to equations (2) and (3). In the end, a simple linear interpolation using
the relationship between real temperature and temperatures Trgr; and Tgrgg, is used to calculate the real
visbreaking yield vector from reference visbreaking yield vectors Wrgp;, and Wger, .

Model fitting and verification

The available visbreaking data were divided into three groups:

e data for low conversion reference state (REF 1)
e data for high conversion reference state (REF 2)
e remaining data

The data for low conversion reference state (REF 1) and for high conversion reference state (REF 2) were used
as the training dataset. From these data, the distribution matrix Azgr,and distribution matrix Aggp, Were
determined by a least squares method according to equation (2) and equation (3). The remaining data were
used as a verification dataset — they were used for calculation of visbreaking yield vector, using the equation

(4).

RESULTS AND DISCUSSION

The verification of the model was carried out by comparison of the calculated yield vectors with the real yield
vectors. To simplify the vectors comparison, the calculated yields of the visbreaking products were compared
with the real yields of these products.

The yields of gases were not significantly influenced neither by feedstock nor by the process conditions — most
frequently, they were in the range from 2.5 wt % and 3 wt %. The yields of other products were more different
and the relationships between the calculated yields were discussed.

Figure 3 contains comparison of calculated and real yields of gasoline, gas oil, vacuum distillate and vacuum
residue. In general, the prediction of all products yields was carried out with less than 2 wt % error. For the
prediction of gas oil, there was a slightly higher tendency to overestimate the yield (higher amount of cases
when the calculated yield was more than 2 wt % higher compared to the real yield), which was compensated
by an opposite tendency to underestimate the yield of vacuum residue. Neverheless, these errors occurred in
minor cases. For gasoline, the prediction was the most accurate — the difference between calculated and real
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yield did not exceed 1 wt % in most cases. On the other hand, this higher accuracy also corresponds with
narrower range of the real gasoline yields, compared to the range of real yields of other visbreaking products.
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Fig 3. Model verification — yields of gasoline, gas oil, vacuum distillate and vacuum residue

CONCLUSIONS

Empirical model for prediction of visbreaking yield structure was developed. The main benefit of this model is
that it does not require to carry out the kinetic study of visbreaking - it is easy to be created only from the
processing data, using two reference states that correspond with different visbreaking conversion levels.
Moreover, the model is not too demanding on the input parameters — it only requires the feedstock simulated
distillation curve, reaction temperature and feedstock flow to carry out the calculation of visbreaking yield
vector. The accuracy of the model is up to 2 wt % for all visbreaking products in most cases.

ICCT 2022 | book of proceedings

41



REFERENCES

1. Mohaddecy, S. R. S., & Sadighi, S. (2011). Simulation and kinetic modeling of vacuum residue soaker-
visbreaking. Petroleum & Coal, 53(1), 26-34.

2. Joshi, Jyeshtharaj B., et al. "Petroleum residue upgradation via visbreaking: A review." Industrial &
Engineering Chemistry Research 47.23 (2008): 8960-8988.

3. Kataria, K. L., Kulkarni, R. P., Pandit, A. B., Joshi, J. B., & Kumar, M. (2004). Kinetic studies of low

severity visbreaking. Industrial & engineering chemistry research, 43(6), 1373-1387.

ACKNOWLEDGEMENT

The publication is a result of the project which was carried out within the financial support of the Ministry of
Industry and Trade of the Czech Republic with institutional support for long-term conceptual development of
research organisation.

ICCT 2022 | book of proceedings 42



COMPREHENSIVE MULTI-CRITERIA PROCESS DESIGN METHODOLOGY
Kraviarova D.}, Jano3ovsky J.!

institute of Chemical and Environmental Engineering, Faculty of Chemical and Food Technology, Slovak
University of Technology in Bratislava, Radlinského 9, 812 37, Bratislava, Slovak Republic
jan.janosovsky@stuba.sk

Abstract

Multi-criteria decision analysis (MCDA) is a very important tool nowadays. Using MCDA can comprehensively
compare several of chosen process design alternatives and reduce their number for the future realisation. In this
work, eight alternatives of hydrogen production were compared by four criteria: economics, material use and
energy efficiency, safety and environmental aspect. We applied this method on the hydrogen production by
steam reforming. The subject of this analysis was set of eight representative process design alternatives. Ranking
of process design alternatives was constructed for all possible criteria combination. Our attention was also aimed
at two often communicated topics nowadays: importance of economics or environmental aspect of the chosen
alternatives. The impact of each criterions dominance to the final ranking was also studied. Interesting result of
this study was the change of final ranking if different criterion was considered as the most important. NG and NG
LTS alternatives were dominant in economic case. Their positions decreased in the middle of the ranking if
environmental aspect was the most important. Biogas alternative with addition of LTS and post-combustion
carbon capture was the best alternative in this case.

Introduction

Economic analysis is usually the main prerequisite for identification if introduced process design is suitable and
can be realized into industrial scale. Except of economics, important aspect is also safety of the process. When
more process design alternatives are available, plant management’s attention is paid to comparative criteria,
mainly economics, to find the most feasible alternative. Nowadays, chemical processes are evolving fast and with
use of multiple criteria we can find advantages and disadvantages of single processes. It is the main goal of multi-
criteria decision analysis (MCDA)?, principles of which have been applied in this work. More complex results are
achieved as opposed to comparison according to only one criterion. At the present, environmental aspect has
more and more important position in introducing new technology. Rating of process design alternatives could
totally change final ranking or get different trends in results when comparison is done by environmental or
economic aspect separately. Combination of more criteria provided us complex overview of presented
alternatives, but this method has to be applied carefully to avoid incorrect conclusions. In this work, four main
criteria were chosen: economics, material use and energy efficiency, safety and environmental aspect. The goal
was to compare eight created process design alternatives. We can create any weighting of these criteria by using
analytic hierarchy process (AHP) methodology. AHP is the most popular and powerful method for group decision
making used in project selection, which simplifies complex problems by decision criteria’. Problems are simplified
by defining sub-criteria whose priorities are calculated. The main principle of AHP application is creation of
comparison pair-wise matrixes by user decision of criteria preference. Evaluation of decision preferences is
converted to numerical values. Final ranking of presented alternatives is achieved by connecting the weights of
sub-criteria with the score of decision alternatives?.

Methodology of MCDA and AHP was applied to hydrogen production. Nowadays almost all hydrogen is produced
by steam reforming of hydrocarbons or the water electrolysis**. The most frequently used technology in
industrial hydrogen production is catalytic steam reforming, which was also considered in our study.

Hydrogen production by steam reforming

Heart of the technology consists of two reactors. Reaction with overall endothermic effect run in the first reactor
called a steam reformer (SR). Main portion of hydrogen is produced there. Second reaction is exothermic and
takes place in high temperature shift reactor (HTS). Additional hydrogen together with carbon dioxide is
produced in this step®. Scheme of hydrogen production by steam reforming is depicted in Figure 1. Process design
alternatives differed in types of processed feedstocks. Two different types of raw material were used, natural
gas (NG) representing traditional feedstock and on the other hand more environmentally friendly alternative —
biogas (BG). Operation temperature in steam reformer (SR) is 825 °C to all alternatives with natural gas as a
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feedstock and 700 °C to biogas alternative. Improvement in basic technology was done by addition of low
temperature shift reactor (LTS) after HTS. An advantage of this addition is increase in hydrogen yield with
simultaneous reduction of carbon monoxide in outlet flow. Environmental improvement was achieved by
extension of post-combustion carbon capture (CC) which is a requirement for reclassification of produced
hydrogen from grey to blue. By-product of the second reaction section, carbon dioxide, is captured by added
absorber/desorber unit.

Figure 1. Scheme of hydrogen production by steam reforming; basic process with NG feedstock (black), basic
process with BG feedstock (red+black), addition of LTS reactor (blue), addition of post-combustion carbon
capture (green)

Presented specific processes of hydrogen production were divided to eight representative process design
alternatives (characterisation of each alternative is shown in Table 1) and they were simulated in Aspen Plus.

Table |
Basic characteristics of process design alternatives
Process design alternative

Biogas Natural gas LTS ce
BG NG x x
BG LTS NG LTS v x
BG CC NG CC X v
BG LTS+CC NG LTS+CC v v

MCDA and AHP principles

MCDA is an analytic method that connects several criteria to make ranking and find the best of presented
alternatives®. Schematic procedure of our employed MCDA is shown in Figure 2. Decision-making requires the
evaluations of different sub-criteria, which are calculated simultaneously. We can usually divide sub-criteria to
three groups, represented by main criteria, that are economic, environmental, and social dimension which is
described by safety of processes®. The fourth criterion in our study was material use and energy efficiency for
assessment of process energy requirements.

(53}
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Figure 2. Scheme of MCDA methodology
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Final ranking is conclusion of MCDA technology, which is preceded by several calculation steps. Firstly,
appropriate indicators (sub-criteria) were found for description of compared criteria. In this study two sub-
criteria characterised each criterion. Their values were calculated for every process design alternative separately.
Sub-criteria weights were determined based on their complexity. Total Capital Cost (TCC) and Total Production
Cost (TPC) were chosen as economic indicators. Costs of devices were calculated using built-in simulator
economic tool and index methods from literature’. Material use and energy efficiency was described by specific
energy consumption (SEC) and E factor. SEC was calculated as ratio of energy consumption to mass of the
product. E factor characterised amount of waste per amount of product. Environmental indicators were C factor
and massive Eco-indicator 99 (EI99). C factor represented quantity of produced carbon dioxide equivalents per
mass of product. EI99 included three types of environmental damages that affect human health, natural
resources, and ecosystem quality. Principals of EI99 calculation are to impose penalties for each of the three
aspects of environmental damage. Final value of EI99 is obtained by counting all penalties®. Safety was
characterised by Comprehensive Inherent Safety Index (CISI) and Process Route Index (PRI). CISI includes both
toxicity and flammability potential. Value of CISI represent overall process hazard index which is calculated with
score of multiple indexes. PRI depends on basic process parameters which are directly proportional to explosion
potential and can be directly exported from simulation tool. Two main parameters are mass release defined by
average density and pressure and energy release defined by average heating value.
Common method for solving MCDA is AHP and it is comprised from five steps. Basic characterization of each step
of our study is described below:
1. Define the decision problem:
e create the ranking of process design alternatives with different preferences of criteria
2. Find out criteria priorities:
e choose preferences between four criteria — typically odd numbers from 1 to 9 (1 is equally
preferred and 9 is extremely preferred)
e create a pair-wise comparison matrix — it is based on preferences from point 2. a)
e assess the consistency of the matrix — matrix is acceptable as consistent if consistency index
does not exceed value of 0.1
e calculate the priority of each criterion — we obtained four values of priorities
3. Assign importance of sub-criteria:
e in this study two sub-criteria describe one criterion, and their importance was determined by
their complexity
4. Find out process design alternatives priorities (specific to every criterion):
e calculate values of sub-criteria
e determine a sub-criterion score (position 15-8t")
e determine a criterion score (position 1%*-8™) — multiply importance and score of sub-criteria
e create a pair-wise matrix — one matrix for each presented criterion
e calculate the weights of process design alternatives corresponding to each criterion — weights
are same during all AHP calculation, and they are connected to presented process design
alternatives
5. Create ranking:
e multiply weights of criteria with priorities of criteria — final ranking of eight chosen process
design alternative is create with position from the first to the eighth place
We can create n possible pair-wise comparison matrixes (step 2) which correspond with n rankings for different
preferences of criteria. Our study identified 9 027 logical decision scenarios with usage of odd numbers from 1
to 9 of preferences between four criteria. It was found by cyclic calculation of the second step where consistency
index represented condition which must be fulfilled.
Simulation of described AHP methodology was conducted in MATLAB environment. Values of presented sub-
criteria were calculated separately and algorithm of AHP in MATLAB used these values as input data.

Comparison of economics and environmental aspect

For better understanding of introduced AHP principles, two specific results of this method are shown (Figure 3)
in comparison of two dominant criteria: economics and environmental aspect. Firstly, we create two pair-wise
comparison matrixes, examples of both are illustrated in Figure 3. Preferences between criteria were odd
numbers from 1 to 7. Dominant preference was characterised by number 7, decreasing preference represents
number 5 and 3.
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economics (ECO) > material nse and energy efficiency (M&E) > environmental aspect (ENV) > safety (SAF) > material uze and
safety (SAF) > environmental aspect (ENV) energy efficiency (M&E) > economics (ECO)
Criteria | ECO | M&E | SAF ENV Critria | ECO | M&E SAF ENV
ECO 3 5 7 ECO 1 13 15 117
M&E 13 1 3 5 M&E 3 1 13 15
SAF 15 13 3 SAF 5 3 13
ENV 17 1s 13 1 ENV 7 5 3
(2) (b)

Figure 3. Pair-wise matrixes: dominant criterion is economics (a) and environmental aspect (b)

We have found out that the final ranking changes dramatically with substitution of the criteria importance. If
economics was the dominant criterion, the ranking of criteria is presented in Figure 3a. Concrete ascending
ranking of criteria were economics, material use and energy efficiency, safety, and environmental aspect. The
exact opposite importance was associated with the environmental aspect as the key criterion. Pair-wise matrix
also with criteria ranking of this example is shown in Figure 3b. Condition of consistency was fulfilled for both
matrixes. Final ranking of process design alternatives for both decision scenarios is illustrated in Figure 4.

Rank

BG

BG LTS

BG CC

BG LTS+CC
NG

NG LTS

NG CC

NG LTS+CC
BG

BG LTS

BG CC

BG LTS+CC
NG

NG LTS

NG CC

NG LTS+CC

(a) (b)
Figure 4. Ranking of process design alternatives if the most important criterion is economics (a) and
environmental aspect (b)

The assumption that better positions for BG alternatives are achieved if the environmental impact is the most
important criterion was fulfilled. The best alternative for economics being the dominant criterion was NG
feedstock with addition of LTS. High positions of NG and NG LTS alternatives in this case confirm common
technology used for hydrogen production in the industry. Basic production processes with both types of
feedstocks (BG and NG) have better positions in the economic case (Figure 4a). Their positions decrease to the
second half of the ranking in the case of environmental importance (Figure 4b). Using biogas and inclusion of
carbon capture and LTS in hydrogen production made this process the best alternative from environmental point
of view.

Overall ranking of processes

Second part of this work was comparing alternatives by overall ranking. We created all consistent combinations
in criteria preferences what represented 9 027 decision scenarios. The results were presented in graphs by
percentage of occurrence of each alternative in 1%-8" place which is shown in Figure 5a. Values in y axis
presented position in ranking of the process design alternatives. Percentage of occurrence represents value how
many times each process design alternative was in specific rank if all possible combinations of criteria
preferences was considered (Figure 5a). The graphs in Figure 5b-5c considered only such combinations of
preferences, when the most important criterion was always the same one.
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Figure 5. Percentage ranking of process design alternatives: all possible criteria combination (a), dominant
criterion is material use and energy efficiency (b), economics (c), environmental aspect (d) and safety (e)

Trends in the best alternatives of all decision scenarios (Figure 5a) suggest preferability of NG as feedstock and
the interesting result was reached by addition of LTS to the basic process. The best alternative for more
environment friendly possibility (Figure 5d) was found to be biogas as feedstock with addition of CC and LTS, it
was identified also as a best option if environmental aspect has the highest preference. On the other hand, usage
of the BG as a feedstock and the addition of post-combustion CC were placed in the bottom of ranking (Figure
5a-c). The combination of NG feedstock with addition of CC and both CC and LTS addition was placed in 88 % and
66 % of scenarios in the last two positions. Positions in the middle of the ranking in overall preference of criteria
were occupied mainly by biogas process design alternatives.

A comparison of economics and environmental dominance was also made for all consistent scenarios (Figure 5c
and 5d). It was an undoubted victory of NG feedstock alternative with addition of LTS with 100 % of occurrence
in scenarios with economics dominance (Figure 5c). If the environmental aspect is dominant, occurrence of this
alternative in the first position was decreased to 40 %. First place, in this case, was reached by using BG feedstock
with addition of LTS and CC with 60 % of occurrence (Figure 5d). NG feedstock with post-combustion CC was
identified as the worst alternative, if we combined rankings for both compared criteria.

Conclusion

We compared in our study eight process design alternatives using MCDA methodology for hydrogen production.
Alternatives can be divided into two groups by different type of feedstock. Basic process technology used natural
gas and slightly modified technology used biogas as a feedstock. Other modifications of the basic process were
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similar in both feedstock alternatives. The best alternative of all 9 027 decision scenarios was found as natural
gas feedstock with addition of LTS. Dominance in the first position of this process design was found out in three
of four considered criteria. Only environmental aspect importance decreased its position of the best alternative
of all others. Comparable more environmentally friendly alternative was biogas feedstock with addition of LTS
and post-combustion CC. Final process rankings can be largely influenced by changing preference of different
criteria. This preference impact was shown in comparison of economics and environmental aspect in one
concrete example (Figure 3) as well as in all related decision scenarios (Figure 4). Overall ranking showed why
MCDA can be beneficial in comparison to more traditionally used one criterion decision analysis. The NG LTS
alternative would be undoubtedly the best option if the environmental aspect is not included to analysis. This
criterion decreased its leader position. It is the big advantage of MCDA, that overall ranking could connect all
criteria preferences and find the best and the worst alternative and also alternatives in the middle of the ranking.
The interesting result of this study is demonstration of MCDA ability to find for example the worst process design
alternative that can be omitted from consideration in the future realization. Furthermore, the best alternatives
were also identified that should be studied in more detail. Identification of alternatives placed in the middle of
the ranking can be helpful guide if decision priorities will be changed in the future.
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Abstract

Since the global energy requirements are expected to rise and the world-wide energy demand is still supplied
mostly by fossil fuels, a search for a suitable transition fuel is a high priority. The natural gas is considered the
cleanest fossil fuel and is commonly recognized as the best option. However, because the natural gas is usually
extracted at remote locations, suitable means of transport are vital in the gas industry. Liquefied natural gas
(LNG) is suitable for long-distance transport and is already one of the pillars of secure energy supply in many
countries. In this work, a 3.5 MTPA propane-precooled mixed-refrigerant (C3MR) LNG plant is modeled in
Aspen Plus and subjected to a robust dual-objective optimization using the genetic algorithm (GA/NSGA-II) and
a novel Aspen Plus — Matlab interface. For the optimization study, 18 process variables were chosen and varied
in a £75% interval. Thanks to the novel optimization interface, up to 1000 optimization individuals and 500
generations could be used. To choose the most suitable individual from the 1000 individuals in the final Pareto
front, four decision making methods: Euclidean distance, fuzzy non-dimensionalized distance, and two
statistical methods have been used and the results have been compared and discussed. The optimization
results document approx. 76 mil. USD/year decrease in the total annual processing costs and an over 76 KTPA
decrease in the carbon dioxide emissions. Furthermore, the in-optimization behavior of parameters was
studied: only 6 out of 18 parameters underwent significant changes throughout the process while the others
converged to optimum in the first iterations. Finally, the results of the dual-objective optimization were
confronted with the single-optimization ones. The conclusion is that dual-objective optimization should be
generally favored as the single-objective optimization yields only marginal decrease in the respective objective
function while significantly increasing the other one.

Introduction

The energy-intensive industry accounts for 33% of the anthropogenic carbon dioxide emissions worldwide?! and
for two thirds of emissions in Europe?. In a response, the European Union committed itself to reducing the CO>
emissions by 80%-95% by 2050%. However, global energy requirements are expected to further increase by
56% between 2010 and 2040* and because the use of renewable resources is still under development, it is
expected that 76% of the world-wide energy demand will be still supplied by fossil fuels until 2040°. These
predictions initiated the search for a suitable transition fuel to bridge the gap between conventional fossil fuels
and renewables.

Natural gas is an attractive candidate amongst the conventional sources of energy because of its low carbon
emissions and high heating value. These attributes make it the cleanest fossil fuel with the lowest contribution
to climate change®’. Therefore, natural gas is expected to outperform coal as an energy source by 20352
However, natural gas is usually extracted at remote locations. In Figure 1 there are 157 most important gas
fields located world-wide: most of the fields are located in the Gulf of Persia and Iran, continental Russia, and
former Soviet republics such as Uzbekistan and Turkmenistan, continental United States, and in the seas of
Australia and Indonesia. While pipeline transport is still prevalent, the transport of the natural gas in its
liguefied form is undergoing substantial development. The reason for this is that liquefied natural gas or LNG is
suitable for long-distance transport and is generally considered safer than pipeline transport. Furthermore, it
enables countries such as the United States to trade gas with Europe. Therefore, it is expected to surpass
pipeline transport by late 2020s°. However, natural gas liquefaction is a very energy-intensive process (Table 1)
and comes with a considerable carbon footprint.

The actual situation regarding the natural gas liquefaction can be seen in Figure 2 which displays location and
capacities of 42 most important LNG facilities around the world. When compared with the locations of the gas
fields, it is only understandable that most of the facilities are located in the Gulf of Persia, on the coast of the
United States and around Australia and Indonesia. Russia with only two liquefaction facilities relies mainly on
the pipeline transport nowadays but a number of new projects are planned for the upcoming years.
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Table |
Specific energy consumption of various LNG technologies®®

Technology Specific energy consumption / kJ kg
Cascade 1180-1390
SMR 1240-1490
C3MR 1050-1370

Single N2 expander ~ 2370-3450
Double N2 expander 1420-2020

15000
km?3

60

* Offshore
* Onshore

12000 km |
12000 mi

Figure 1. Most important natural gas fields

5000 km
2000 mi

Figure 2. Most important LNG facilities

There are several LNG technologies, however, the APCI C3MR LNG technology developed by Air Products
and Chemicals, Inc. is the most used one. At the moment, it produces more LNG than all other technologies
combined!!. The Air Products and Chemicals, Inc. is responsible for almost three quarters of the world-wide
production, followed by ConocoPhillips, Royal Dutch Shell plc., and Linde plc. Therefore, in this study, the C3MR
APCI LNG technology was chosen as the object of study.
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Simulation framework

The APCI C3MR LNG Process stands for Air Products and Chemicals’ propane pre-cooled mixed-refrigerant
natural gas liquefaction process. The process consists of two cycles — the propane cycle and the mixed-
refrigerant cycle. The pre-treated natural gas (NG) which enters the system at approximately 25°C and 60 bar is
first precooled in the propane cycle to approximately -33 °C. It then enters the mixed-refrigerant (MR) cycle
where it is liquefied at approximately -139°C and its pressure is drastically decreased to 2 bar which causes the
natural gas to subcool to approximately -160°C.

A more detailed layout of the process is displayed in Figure 3. Propane in the precooling cycle is compressed in
a four-stage compressor and condensed in an air-cooler. Then, it is sequentially expanded and partially
evaporated thus cooling the NG and MR. Compressed MR, after partial condensation in the precooling section,
passes through a flash drum and enters the coil-wound heat exchanger. Here, its liquid part is subcooled to
approximately -127°C and expanded in a throttling valve. The vapor is cooled to -139 °C and liquefied, and
subsequently expanded in a throttling valve. Finally, MR vapors are collected and compressed in a two-stage
compressor.

The described system was modelled in Aspen Plus software for production of 3.5 MTPA LNG or processing of
160 kg/s of natural gas which is a standard capacity of a single C3MR LNG train.

E202

AlR-2

Qg Qe OO

[
A101 K104 c39 3'3 K101

AIR-1
C3-12
V103 V102 V101 E201
C3-
C3-21

c3-14 03 17 €3-20
T™VI101 ‘ i TV102 TV1 03 ‘ * TV104 ’7

ca-18 ca-19 ca-22
3-1 > > > >
NG-1 NG-2 NG-3 NG-4 NG5—
E101 E102 E103 E104
AIR-4 ARB MR-15
—MR—w—q:];k—MR-ia—@(—MR-w 7—9:@(—%3\-16
=) —
A202 K202 A201 K201
AlIR-3 AIR-5

Figure 3. APCI C3MR process flow diagram.

Optimization study

The presented process is very energy-intensive, and the associated carbon footprint is also substantial. Even
though the exact figures differ depending on the utilized technology, the liquefaction process accounts for 30—
40% of LNG cost!2. Contrary to other studies which set specific or total energy consumption, annualized profit,
period of return, or various efficiencies as the objective function3, this study uses levelized processing cost as
the first objective function because it provides a single number which encompasses CAPEX, OPEX, and the plant
economic life. Environmental objectives are not usually incorporated in optimization studies of LNG processes,
although, in this study, carbon footprint is calculated as the second objective function based on the total
energy consumption and the associated marginal emission factor. However, with lowering of the capital
expenses and consequently the levelized costs, the operational expenses typically increase. Also, the total
energy consumption increases which causes the carbon emissions to increase. The objectives are therefore
conflicting, and a dual-objective optimization needs to be executed. To minimize the two objectives, 18 process
parameters were optimized. These parameters are listed in Table Il.
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Table Il
Optimization variables

Parameter

Range

Precooling cycle
Propane mass flow / kg st
K101 discharge pressure / bar
K102 discharge pressure / bar
K103 discharge pressure / bar
K104 discharge pressure / bar
TV104 discharge pressure / bar

Mixed refrigerant cycle
MR mass flow rate / kg s
K201 discharge pressure / bar
K202 discharge pressure / bar
TV202 discharge pressure / bar
E201 outlet temperature (NG) / K

110.7 < tgz_qy < 774.7
11 < Py < 4.4

13 < Pey_s <89

1.8 < Pey_g < 12,6

3.75 < Pes_q1 < 25.0
1.1 < Pey_y, < 2.3

75.5 < Tityr_11 < 528.2
4.4 < Pyp_16 < 30.6
16.3 < Pygr_q5 < 113.8
1.1 < Pyg_q; < 5.3

140 < Tyge < 150

140 < Typ_g < 150
140 < Tyr_o < 150
130 < Tyr_10 < 140

(

E201 outlet temperature (MR, 1) / K

E201 outlet temperature (MR, g) / K

E202 outlet temperature (MR) / K
Mixed refrigerant composition

Propane / mass fraction

Nitrogen / mass fraction

Methane / mass fraction

Ethane / mass fraction

0.0868 < xc,u, < 0.6076
0.0181 < xy, < 0.1269

0.0620 < xcyy, < 0.4338
0.0831 < xc,u, < 0.5817

In summary, the optimization problem consists of 2 conflicting objective functions and 18 process parameters.
Because traditional optimization techniques such as sequential quadratic programming or similar would not be
able to solve such system, the non-dominated sorting genetic algorithm (NSGA-Il) was used. What this
algorithm does is that it creates a variety of combinations of parameter values that are called individuals. The
algorithm created 1000 combinations and evaluated the processing costs and carbon emissions for each of the
combinations (or individuals). The best combinations were kept, the worst discarded, and the rest was
combined so that a new 1000 combinations was created. This process was repeated 500 times. Because such
process is extremely exhausting and time-consuming, a novel Parallel Genetic Algorithm Interface (PAGAN)*
was used.

Results and discussion

Results of the optimization, i.e., all combinations based on the processing costs and carbon emissions are
displayed in Figure 4. The so-called Pareto front consists of the top 30% of combinations which gave the lowest
values of objective functions. To choose the best solution from the 300 Pareto-optimal solutions, four decision-
making techniques were utilized: the Euclidean-distance, the normalized distance, the linear programming
technique for multi-dimensional analysis of performance (LINMAP), and the technique for order performance
by similarity to ideal solution (TOPSIS). First, the Euclidean distance calculates the distance from a fictive point
consisting of the lowest values of both functions. However, this method provides biased results as the objective
functions do not reach values of the same order of magnitude. Also, this method assesses both objectives as
equally important and provides no statistical evaluation. By employing fuzzy normalization, the effect of
different orders of magnitude is erased. However, even though the result is more objective, neither this
method provides any statistical evaluation. LINMAP and TOPSIS methods utilize different method of
normalization and statistical weights of individual objective functions. These methods asses the distance of
solutions to the best and worst weighted normalized points and rank the solutions according to their
performance scores.

From Figure 4 it is evident that different methods consider different values as the best solutions. While
geometric methods favor minimizing of the levelized costs, statistical methods favor minimization of the
carbon emissions. The final choice of the exact parameters must be done based on experience. According to
the current situation, however, considering the TOPSIS solution is strongly recommended.
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Figure 4. Dual-objective optimization results. Enclosed figure: Pareto-optimal results and their respective

distance from zero, non-dimensionalized by fuzzy normalization.

Table lll summarizes the actual values of process parameters as well as the results chosen by each of the
decision-making techniques. In the first column there are base-case values of the process parameters. In the
other columns there are optimized values of the respective parameters.

Table 11
Optimized process parameters

Parameter

Dual-objective

Single-objective

Base

Absolute

Fuzzy

case distance  norm. LINMAP  TOPSIS min(PC) min(Gcoz)
Precooling cycle
Propane mass flow / kg s 442.7  446.0 446.1  446.2 446.1 445.8 448.6
K101 discharge pressure / bar 2,500  1.851 1.903  2.437 2.433 1.526 2.532
K102 discharge pressure /bar  5.100  3.761 3.801 4.012 4.007 2.933 4.631
K103 discharge pressure / bar  7.200  6.470 6.684  6.803 6.802 5.739 7.438
K104 discharge pressure / bar  14.30 14.73 14.72 15.00 15.01 14.36 15.05
TV104 dis. pressure / bar 1.300 1.230 1.258 1.510 1.539 1.100 1.715
Mixed refrigerant cycle
MR mass flow rate / kg s* 301.8 291.2 291.2 291.5 291.5 290.1 291.1
K201 discharge pressure / bar  17.50  30.59 30.58 30.59 30.59 30.63 30.56
K202 discharge pressure / bar  65.00 74.74 74.68  74.55 74.55 75.76 73.31
TV202 dis. pressure / bar 3.000 4.987 4970 4.992 4.992 4.639 5.250
E201 outlet temp. (NG) / K 146.0 142.8 142.8 1429 142.9 141.4 145.9
E201 outlet temp. (MR, 1) / K 146.0 147.2 147.2 1474 147.4 147.1 146.6
E201 outlet temp. (MR, g) / K 146.0 149.0 149.0 149.0 149.0 149.3 147.4
E202 outlet temp. (MR) / K 134.0 1394 139.4 1394 139.5 140.0 130.0
Mixed refrigerant composition
Propane / mass fraction 0.3472 0.3204 0.3205 0.3207 0.3208 0.3198 0.3200
Nitrogen / mass fraction 0.0725 0.0733 0.0733 0.0733  0.0743 0.0736 0.0731
Methane / mass fraction 0.2479 0.2375 0.2376 0.2384 0.2370 0.2378 0.2377
Ethane / mass fraction 0.3324 0.3688 0.3686 0.3676  0.3679 0.3688 0.3692
Results
Processing costs / USD.tng ™ 146.0 128.1 128.3 130.8 131.0 126.9 143.7
CO; emissions / t.h? 70.35  60.98 60.88  60.10 60.07 63.22 58.56
Decrease against base case
Processing costs / % - -12.26 -12.12  -10.41 -10.27 -13.08 -1.575
CO:2 emissions / % - -13.32 -13.46  -14.57 -14.61 -10.14 -16.76
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Total decrease in processing costs reached 10 to 12%. At the same time, a 13 to 14% decrease in the carbon
dioxide emissions was achieved. To further compare the results, a single-objective optimization, aimed either
on lowering the processing costs or the carbon emissions, was carried out. Unsurprisingly, when aiming solely
on the processing costs, these can be lowered slightly more although the decrease in carbon emissions would
be lower. This aspect of the single-objective optimization is even more evident when aiming only on the carbon
emissions. While these could be theoretically lowered by almost 17%, the associated processing cost would be
lowered much less, by only 1.5%. It can be therefore stated that the single-objective optimization yields only
marginal decrease in the respective objective function while significantly increasing the other one and so the
dual-objective optimization is favored.

Conclusion

In conclusion, the achieved decrease in processing costs can be roughly translated into 76 million dollars
peryear in savings. The associated carbon footprint of this process can be potentially lowered by
approximately 76 thousand tons of carbon dioxide per year. Furthermore, dual-objective optimization was
proven to be superior to single-objective one.
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Abstract

Environmental protection and sustainable development, emissions, energy efficiency, and economic profits
have become important considerations in the present industrial studies. These considerations are now being
simultaneously included as multiple optimization objectives. To this day, the non-dominated sorting genetic
algorithm (NSGA-I1) is the most widely utilized multi-objective optimization algorithm in real-word applications.
A significant effort has been made to connect the NSGA-II algorithm with modern process simulators such as
Aspen Plus. However, Aspen Plus-based genetic optimization suffers from extensive computation time. To
tackle this problem, a novel approach, the Parallel Genetic Algorithm Interface, is proposed. As opposed to the
traditional approach, the PAGAN algorithm makes use of the fact that fitness functions can be vectorized in
Matlab-based GA, and that Aspen Plus simulations can be run asynchronously. Thanks to the accelerated
algorithm, extensive optimization studies were made possible. For our studies, the propane-precooled mixed-
refrigerant (C3MR) liquefaction process was chosen. A standard C3MR 3.5 MTPA LNG production process
scheme was set up in Aspen Plus environment with 18 process parameters selected for single- and dual-
objective optimization of both the processing costs and the associated CO2 emissions, with the process
parameter deviation range of +75%. The PAGAN algorithm achieved a seven-fold decrease in the computation
time which enabled increasing the number of individuals in the optimization runs up to 1000, while achieving a
12% decrease in processing costs and 14% decrease in CO2 emissions. The difference in the Pareto front
position between the runs led to the conclusion that the number of individuals needed to approach the optimal
conditions in C3MR LNG production is much higher than the 200 commonly used in studies.

Introduction

Real-world multi-objective optimization problems include several criteria that need to be optimized
simultaneously while the objective functions are often conflicting. The process parameters may often be
imprecise, and the objective functions may have many extremes. Therefore, the process of multi-objective
optimization is very exhausting and traditional methods usually fail when trying to solve such problems?.
Nowadays, the most widely utilized optimization methods are modern stochastic methods and namely genetic
algorithms and their variations. These algorithms are very robust, they do not break easily, and they are good
for solving multi-modal and multi-dimensional problems. Moreover, the multi-objective non-dominated sorting
genetic algorithm? (NSGA-II) has been directly included in the Matlab Optimization toolbox since 2007 and is
thus a ready-to-use algorithm.

This work aims for improvement of a multi-objective optimization interface providing broadened possibilities of
optimization of Aspen Plus-based process simulations. The object of study was the APCI C3MR LNG process
closer explained in conference paper “C3MR LNG Process Optimization: Enviro-economic study” presented at
the ICCT 2022 conference.

Methodology: Parallel Genetic Algorithm Interface

Genetic algorithm is a global optimization method derived from evolution and natural selection. And nature
follows an interesting path to select an optimum solution to any problem. By generations, nature chooses and
keeps the best and fittest individuals which it lets to reproduce, and it discards the rest. In this work, two
objective functions were evaluated: levelized processing costs and carbon dioxide emissions, both associated
with production of LNG via propane-precooled mixed-refrigerant (C3MR) process. For optimization, 18 process
variables were altered. From the algorithm’s point of view, these variables create the genome of an individual,
i.e., one individual consists of a random combination of values of these 18 parameters. The algorithm creates a
population, which is a series of combinations of the parameter values. For each individual, a simulation of the
process is carried out in Aspen Plus software. Based on the objective function values, the algorithm chooses the
best individuals which are those with the lowest values of the objective functions and applies no changes to
these individuals. In the nature, if the evolution is slow, random changes may occur to genes. The algorithm
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therefore finds the weakest individuals and applies random changes to them for a chance to randomly create
something better. For the rest of the individuals, the algorithm combines their genes to create potentially
stronger individuals. This way a whole new population is obtained which is potentially better than the previous
one. The algorithm than ranks the new generation, chooses the best, the worst, and repeats the entire process.
This procedure is repeated until the population cannot be more improved. In this work, 1000 individuals were
used, and the cycle was repeated 500 times.

To link the genetic algorithm with Aspen Plus software, the ActiveX technology was used. It is a technology
developed by Microsoft for sharing information across various platforms and it provides virtually unlimited
control over selected software. It is compatible with Matlab and enables the user to gain almost unlimited
control over practically any simulation software, for example Aspen HYSYS, Aspen Plus, gPROMS, PRO/Il and so
forth. When working with Aspen Plus, this technology enables the user to write a code that can run
simulations, alter the settings, read and write data, etc.

An obvious problem with the Aspen-linked genetic-algorithm optimization is that the simulation needs to be
run for each individual in each generation, i.e., in this case 1000 x 500 = 5x10° simulations need to be run.
Considering just one second per simulation this results in a computation time of 5x10° seconds or 5.8 days.

To solve this common recurring problem with optimization using Aspen Plus, a novel optimization interface
dubbed the Parallel Genetic Algorithm Interface or PAGAN® was proposed. This interface makes use of two
aspects:

1. In Matlab-based GA the objective function can be called on the entire population at once®.

2. Any number of Aspen Plus simulations can be running simultaneously, provided that they have a
different name, and they can be run asynchronously, i.e., the algorithm does not wait for a running
simulation to finish and continues to the next step®.

The traditional genetic algorithm creates the population and sends individuals one by one into just one
simulation. To evaluate G individuals, the algorithm needs G cycles. On the other hand, PAGAN creates copies
of the original simulation. If the number of copies is N, the number of necessary cycles is G/N as shown in
Figure 1. Detailed layout of this algorithm is displayed in Figure 2.

G/N cycles/generation
G cycles/generation @

[d
Standard GA 1 individual @ One generation

Figure 1. Comparison of standard and proposed algorithm

Population
of G individuals

Population
of G individuals

One generation

N function values

Results and discussion

Performance of the proposed interface was evaluated using a desktop computer with an AMD Ryzen 9 3900X
3.80 GHz 12-core processor and a 48 GB RAM. Several test runs were executed, each with a different number
of simultaneous simulations (N). To avoid unnecessarily extensive computation times during the performance
test, the population was reduced to 100 individuals and 50 generations were generated. To guarantee
reproducibility, each test run was initiated with identical initial population. Absolute computation times are
shown in Figure 3. A great reduction in computation time can be observed with increasing number of
simultaneous simulations. In Figure 3, the relative computation rate is the ratio of computation time using one
simulation to the computation time using the respective number of simultaneous simulations. The trend is
linear up to N = 4 and then gradually flattens. Nonetheless, a relative computation rate of approximately 7.5
was achieved with 24 simultaneous simulations. This, however, is strongly dependent on the performance of
the processor and the capacity of the RAM.
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As a direct consequence of the 750% increase in computation speed, sequential dual-objective optimization of
the C3MR LNG process was made possible. The optimization procedure was initiated with a population of 200
individuals over 200 generations. The results of the first run were used as the initial population for the second
run. This was repeated in eight runs, hence the term sequential optimization. The number of individuals was
gradually increased to final number of 1000 individuals. In the eighth run, optimization boundaries regarding
the two objective functions were found and later confirmed by two single-objective optimization runs. From
Figure 4 it is evident how the optimization progressed throughout the individual runs. This underlines the need

for repeated optimization. A 10-12% decrease in processing costs and a 13-14% decrease in carbon dioxide
emissions were achieved.
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Figure 4. Single- and dual-objective optimization results (Number of individuals displayed in parentheses.)

In addition to dual-objective optimization of the C3MR process, the in-optimization behavior of parameters was
studied. First, evolution of parameters was analyzed. Average values of each of the parameters in individual
runs is displayed in Figure 5. The evolution of parameters shows how much the process parameters changed
between individual runs. Moreover, the evolution is a direct indicator of the optimization results’ quality — the
more parameters remain unchanged between runs (or change slightly), the closer to the global optimum the
optimization is. Based on the parameters’ evolution, one can see which parameters cause the initial decrease
in the objective function values (e.g., Px,01) and which affect the last runs (e.g., Pry202)-
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Figure 5. Evolution of process parameters throughout optimization runs.
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Secondly, the interest was focused on the parameter variance which defines the shape of the Pareto front. The
parameter ranges (or the ratios of maximal-to-minimal values) for each of the optimization runs were
calculated and displayed in Figure 6. Some parameters, such as Pg,q, reported almost identical values
throughout the optimization process. Hence, these parameters affect the shape of the Pareto front minimally.
This implies that certain values of these parameters can satisfy both objective functions simultaneously. On the
contrary, parameters such as Py 194 Were reported in a wide range of values and, therefore, it can be deduced
that such parameters cannot be optimized to a single value simultaneously satisfying both objectives.
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Figure 6. Parameter variance throughout optimization runs.

Values of the most crucial parameters based on their variance were normalized and plotted against normalized
values of the objective functions in Figure 7. The figure shows that the trends of function values of all
parameters are well developed and that the trends regarding the two objectives are approximately inverse to
each other. An exception to this is Pyy104 Which shows slightly different behavior.
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Figure 7. Fuzzy-normalized relations between values of the objective functions and optimized parameters

Conclusion

The main contribution of this work lies in the development of an advanced optimization interface which
achieved 750% increase in the optimization rate. However, this value is strongly dependent on the used
hardware. On the other hand, with the current rate of development of information technology it can be
assumed that this value will increase overtime. The sequential dual-objective optimization revealed the
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behavior of the process parameters and optimization boundaries. In the end, it has been proven that, by
selecting the crucial parameters, an even more effective optimization can be done.
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Abstract

Rising fuel prices and the steady costs increase of carbon dioxide emissions force the thermal power plants to
search for alternative feedstock. Finding a way of cleaner power production is an imperative if a definitive
shutdown of ageing coal power plants is to be avoided. Vojany power plant responded to this need a few years
ago and started its transformation from a coal power plant to a multi-fuel power source. Positive experiences of
coal-wood chips mixture combustion in plant’s boilers since 2009 served as a basis for a far more ambitious goal
—to gradually replace coal by alternative fuels. Successful tests with solid recovered fuel combustion in 2019 and
the permit to use this alternative fuel for power production granted thereafter constituted a breakthrough in the
effort to produce cleaner power. Since then, the long-term experiences confirmed the feasibility of plant’s
operation as multi-fuel power source. In this contribution, the underlying operation experiences are discussed,
and basic performance figures are provided, highlighting the plant’s transformation as an example that could
inspire other power plants in the region to proceed likewise.

Introduction

The issue of ageing fossil power plant fleet in Central and Eastern Europe deserves a sustainable and economically
feasible solution®. Their retirement option is not good news for the power grid stability, as they serve as baseload
providers but, at the same time, are flexible enough to support the grid in case of longer lasting imbalances.
Repowering of coal power plant with natural gas-based technologies might prolong their lifetime but does not
solve the issue of greenhouse gases emissions as natural gas is perceived only as a transition fuel, though
substantially cleaner than coal or 0il>3. Additional incentive supporting repowering and reconstruction projects,
including those to enrich fuel mix with alternative fuels is related to public health and environmental impacts of
power generation and the associated costs that are not internalized (are not part of electricity market price)?.
Those costs are termed externalities and can amount to tens of €/MWh?®. Recent studies quantified externalities
related to power production from gas to 10 to 20 €/MWh while those resulting from power production from coal
amounted to over 40 €/MWh®’,

Waste management in Central Europe region differs significantly country by country?. In Slovakia, landfilling is
still the most prominent way of dealing with waste and substantial effort has to be developed to reach
a significant cut in it, complying with the European Union regulations®. Landfilled waste releases methane, which
is a by far more intense greenhouse gas than carbon dioxide. Even if captured and used for power and heat
production, it is too diluted to be economically feasible and represents mostly a way how to convert methane to
a less harmful gas (carbon dioxide). Waste processing capacities in Slovakia are underdeveloped, with only two
large municipal waste incineration plants being in operation'®. At the same time, several hundred thousand tons
per annum of processed and sorted waste are used in clinker and cement plants in Slovakia, the majority of which
has to be supplied from other countries.

Both the issue of ageing power plant and the untapped potential for local fuel source has prompted Slovenské
elektrarne, a.s., the Vojany thermal power plant owner, to test refuse-derived fuel as a possible coal replacement
in future. The aim of this study is to analyze the power plant operation before and after fuel mix change, to
analyze fuel parameters and to assess the feasibility of refuse-derived fuel inclusion in and of biomass share
increase in the power plant fuel mix from technical, energy, economic and environmental points of view.
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Materials and methods

Vojany thermal power plant is located in Eastern Slovakia. It is a subcritical coal power plant with an installed
power output of 2x110 MW. It was designed to combust black coal from Russia and Ukraine as there are no black
coal seam in Slovakia. Natural gas serves only during power boiler start-ups and for stabilization of combustion
process. Since 2009 biomass was included in the fuel mix but with a comparatively low share on fuel energy input
(a few %).

Tables | and Il sum up the basic power plant operation parameters in the period 2016 to 2020. Total power
production exceeded 400, even 600 GWh per year till 2018 and then it gradually decreased to 314 GWh per year
in 2019 and even to less than 75 GWh per year in 2020. This resulted from decreased amount of combusted coal,
while co-combusted biomass amount increased and that of natural gas did not vary too significantly. Refuse-
derived fuel (RDF) was tested as alternative feedstock for power generation in 2019 and 2020 but its share on
total annual fuel energy input was low.

Table |

Basic operation parameters of Vojany thermal power plant
Parameter/year 2016 2017 2018 2019 2020
Net power generated from alternative feedstock, GWh 5.89 20.99 21.64 20.67 1291
Total net power generated, GWh 431.44 607.08 693.94 313.70 74.20
Average net output per block when in service, MW 61.86 66.49 60.22 61.90 57.20

Table Il

Fuel balance of Vojany thermal power plant
Fuel type/year 2016 2017 2018 2019 2020
Biomass (tons) 6,035 20,974 20,263 20,666 12,906
RDF (tons) - - - 1,550 4,900
Coal, 103 tons 208 282 331 151 33
Natural gas, 103 m3 539 833 625 404 349

Table 111

Relative fuel prices per GJ lower heating value (coal = 100 %)
Fuel type/year 2016 2017 2018 2019 2020
Biomass 147 116 98 119 104
RDF - - - 40 31
Natural gas 1285 654 705 444 376

Data in Table Il elucidate the economic incentives for such power plant operation. Apart from CO: costs that
increased significantly over the analyzed period, coal became an expensive fuel in comparison with biomass or
with RDF. Given the low power prices, power production from coal became infeasible and plant managers faced
the option either to shut the plant down or seek for alternative fuels that would be more sustainable. RDF price,
together with reasonable biomass content in it, made it a promising candidate to be tested for longer operation
in co-combustion mode with coal and biomass. Data from conducted tests are analyzed in Results and discussion
section.

To complete the description of the situation, it must be stated that Slovenské elektrarne, a.s. operate one more
thermal power plant, located in Upper Nitra region in Western Slovakia. This power plant fires local brown coal.
Coal mining in the region will stop at the end of 2022 and this power plant will retire consecutively.

Results and discussion

Table IV provides insight into several quality parameters of fuels forming the Vojany power plant fuel mix. Natural
gas is not used during normal operation. Lower heating value of natural gas is by far the highest, followed by
coal. Biomass and RDF have lower heating values lower than 20 MJ kg™, due to their chemical composition. This
is partly reflected in carbon content as well. It is interesting to compare CO2 emissions released by complete
combustion of fuels listed in Table IV expressed per mass and per energy unit. Natural gas exhibits the highest
CO2 emissions per mass unit but the lowest ones per energy unit, given it very high calorific value. On the other
hand, biomass releases least CO2 per mass unit, but most of it per energy unit. After CO2 emissions recalculation
giving credit to renewable carbon content in fuels, the highest fossil CO, emissions are attributable to coal. CO2
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emissions released by RDF combustion stem partly from its non-renewable constituents and partly from its
renewable part; nevertheless, they are much lower than those from coal combustion. This clearly underlines the
effort developed by Vojany power plant in phasing coal out and replacing it by fuels with lesser carbon footprint.
Comparison of dry stoichiometric flue gas amount per energy unit delivers important findings, too. Biomass, coal
and RDF produce approximately the same flue gas amount per energy unit, meaning that the flue gas path in the
boiler is loaded with similar flue gas volumetric flow at given boiler thermal output, regardless of fuel fired.
Natural gas is used only during boiler start-ups and for stabilization of combustion process, so that the fact, that
is forms less flue gas per energy unit has no serious impact on totally produced flue gas.

Table IV
Comparison of individual fuels in recent fuel mix. LHV = lower heating value. * =6 % vol. Oz in dry flue gas; ® =3
% vol. Oz in dry flue gas

Fuel/average LHV Carbon COz FO.Z Fos.siI.COz Dry stoichiometric
parameter value Gl t'll content, emissions,  emissions emissions, flue gas,

% wt. tt? kg GJ*! kg GJ*! Nm3 GJ?
Biomass (as received) 11.4 37 1.36 119 0 390*
Coal 24.6 58 2.12 86 86 370*
RDF 19.5 35 1.3 67 47 300-400*
Natural gas 48.9 72 2.65 54 54 280@

Recent and planned fuel mix of Vojany power plant is summed up in Table V. The change in combusted fuel
amounts is clearly visible, with plant’s management striving to phase coal completely out, replacing it with RDF
and, partly, by biomass. This is a long-term issue, coupled with several operational tests and with optimizing
process conditions for its successful implementation, including an investment in a new, fluid steam boiler with
circulating fluid bed. Apart from economic and environmental reasons, current geopolitical situation strongly
favors the use of fuels that can be produced locally. What remains somewhat unclear is whether local biomass
resources suffice to cover the ambitious plan for 2022. Regarding RDF, its domestic production capacities are
underdeveloped at the moment and significant part of the fuel must be transported over longer distance. It
makes sense to support and create local RDF production capacities to stabilize its share in Vojany fuel mix on one
hand and to boost circular economy in the region on the other one.

Table V

Recent and planned fuel mix. * = planned value
Fuel type/year 2018 2019 2020 2021 2022%*
Biomass (tons) 20,263 20,666 12,906 30,030 49,643
RDF (tons) - 1,550 4,900 88,940 150,000
Coal, 10° tons 331 151 33 61.3 0

Table VI

Average concentrations of selected pollutants in dry flue gas
Concentration, mg Nm3 Cco NOx Particulate matter SO«
2018 182 63 8.8 167
2019 189 47 6.7 166
2020 161 67 5.6 119
2021 188 62 7.0 147

Data shown in Table VI have to be analysed along with the dry stoichiometric flue gas formation values listed in
Table IV. Concentration profiles on individual air pollutants over the years 2018 to 2021 indicate that, regardless
of the actual fuel mix, neither have the emission limits been violated, nor has the total amount of released
pollutants changes significantly as a result of it. This provides additional justification for enriching the fuel mix
with both biomass and RDF. 2020 values fall out of the observed trend. It should, though, be remembered that
overall power production fell to a minimum in that year and the share of natural gas on totally combusted fuels
was significant — see Table | and Il. This was reflected in slightly lower emissions of CO, particulate matter and of
SOy, compared to the corresponding values in the other three years.

Data trends observed in Table VII resemble those in Table VI closely and yield a similar explanation as well. No
significant influence of RDF inclusion in and biomass share increase in the fuel mix over years can be observed.
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Carbon content in bed ash is below 1 % wt. during the whole period, with the lowest values reached in 2019 and
2020. Fly ash contained approximately the same amount of carbon, except in 2020 which, similarly to the minima
in air pollutant in 2020 can be attributed to lower coal share in the fuel mix. As results from Table VI and VII,
enrichment of the Vojany fuel mix by RDF and by larger biomass share did neither lead to higher emissions of air
pollutants nor to worsened fuel burnout, leading to the conclusion that boiler thermal efficiency did not vary
significantly with the fuel mix changes.

Table VI

Average values of carbon content in ash
Carbon content, % wt. Bed ash Fly ash
2018 0.53 7.60
2019 0.21 7.04
2020 0.35 3.13
2021 0.77 6.65

Additional information from Vojany power plant include the fact that produced steam parameters were invariant
to changes in fuel mix, providing additional proof that fuel mix enrichment by RDF and by larger biomass share
is feasible both from technical, energy and environmental point of view. Furthermore, fuel cost relations
indicated in Table Il clearly exhibit the trend of coal becoming a too expensive fuel which becomes even more
obvious if CO2 costs were added to fuel costs. Phasing coal out of the fuel mix is thus perceived as the only option
how to avoid the power plant retirement and, at the same time, RDF is deemed as a suitable replacement for
coal both from quality, costs and availability point of view.

Refuse-derived fuel is produced in waste management plants and is rich in paper and plastic wastes; in addition,
it contains some other constituents such as of biomass, textile, and other components'**2. Experiences with its
combustion and co-combustion in thermal power plants in Western and Northern Europe are documented in
several studies!>!4, Besides serving as alternative fuel for heat and power production, it is known to successfully
replace fossil fuels in clinker and cement production>!® or in iron and steel industry®’. This provides sufficient
evidence that choosing RDF as part of the fuel mix in Vojany power plant might be a good decision.

Conclusion

This contribution analyses the feasibility of fuel mix changes in Vojany thermal power plant resulting from the
economic necessity and environmental incentives. Inclusion of refuse-derived fuel in the fuel mix was tested in
2019 and, later, in 2020, followed by its increased share in the fuel mix in 2021. Fuel data analysis yielded that
RDF is compatible with other fuels such as coal and biomass and can be co-combusted without serious technical,
energy and environmental issues. Although these findings are promising, longer testing is necessary. A successful
inclusion of RDF in the fuel mix of Vojany thermal power plant might inspire other ageing power plants in Central
and Eastern Europe to consider choosing similar path. A boost in regional circular economy can be anticipated
as a result, developing waste processing capacities, lowering waste landfilling share and creating new job
opportunities. In addition, stable but flexible power sources will be maintained which will allow to include
additional renewable energy (wind, solar) based power sources to be phased in the European power grid without
an increased risk of blackout.
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ABSTRACT

The resistance of bituminous binders to ageing is one of the main factors influencing the lifetime of pavement.
During the pavement construction and lifetime the bituminous binder oxidizes, which has a negative effect on
the pavement durability. The first phase of ageing process includes rapid short-term ageing that occurs during
production, storage and field application of a binder. The second phase of ageing process is slow and long-term
ageing during the whole pavement lifetime. Several methods are used in laboratory scale to simulate the ageing
of bituminous binders.

In this study, short-time ageing of bituminous binders was performed using methods RTFOT, RCAT, and mainly
RCAT with mastic at standardized temperature of 163 °C. The method RCAT with mastic should be closer to real
conditions in the asphalt plant compared to the standard RTFOT or RCAT methods, because the mastic can
influence the reaction mechanisms during oxidation. The influence of mastic on the bitumen ageing was studied
by comparison of the results from ageing with and without mastic, using two neat bituminous binders.

INTRODUCTION

One of the most important factors determining the lifetime of a pavement are changes in the physico-mechanical
properties of the bituminous binders. These changes are caused by ageing of bituminous binders. The ageing
process of bituminous binders is caused by oxidation of the material at higher temperatures.! The most
important factors contributing the ageing of the bituminous binders include heating, atmospheric oxygen and
ultraviolet electromagnetic radiation.? After ageing process the bituminous binders become harder and more
brittle, thus increasing risk of pavement failure.

Ageing of bituminous binders is divided into two basic types. The first, short-term ageing process, is characterized
by coating aggregate with bituminous binder to produce the mixture at higher temperature during plant mixing,
production, transportation and construction. The next type of ageing, long-term ageing, takes place during
pavement in-service. The mechanism of the bituminous binders ageing is divided into two types.? In the first
case, itis irreversible ageing mechanism. This mechanism is characterized by chemical changes in the bituminous
binder, which affect its physical and mechanical properties. It is caused by the loss of volatile components during
the oxidation process and migration of oil components from the bituminous binder to the aggregate.®* In the
second case, it is reversible process called physical hardening. The molecules are reorganized that the resulting
structure is as close as possible to the optimal thermodynamic state in this process.®

To simulate ageing of bituminous binders in laboratory, various methods are used. These methods apply the
optimized conditions to simulate bitumen ageing in shorter time compared to the ageing in real conditions. There
are 4 standardized methods to simulate short-term ageing at high temperatures:®

e Rolling thin-Film Oven Test (RTFOT, EN 12607-1)
e  Thin Film Oven Test (TFOT, EN 12607-2)

e  Rotating Flask Test (RFT, EN 12607-3)

e Rotating Cylinder Test (RCAT, €SN EN 15323)

Short-term ageing by method RCAT can be modified for ageing of the bituminous binder and aggregate in their
mixture. With this modification, the presence of the aggregates is involved in the procedure, and therefore the
conditions during ageing simulation are closer to the condition on the plant, compared to the situation when
only bituminous binder is used.

The objectives of this study are to compare different types of short-term ageing RTFOT, RCAT and modified RCAT
with mastic using basalt as an aggregate.
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MATERIALS AND METHODS

Materials

Two unmodified bituminous binders were used in this study. Both bituminous binders had similar properties in
original unaged form. Both binders were obtained from standard bitumen production and they have a
penetration grade 70/100. The main difference between the selected binders was their thermal stability. The
basic properties of the binders are in table I.

Table |
Basic properties of tested binders
Bitumen binder 1 Bitumen binder 2

Softening point R&B (°C) 44.8 45.4
Penetration at 25 °C (0.1 mm?) 89 77
Complex shear modulus G* at 60 °C; 0.1 Hz (Pa) 81.9 105.8
Dynamic viscosity at 100 °C (mPa.s) 2280 2560
RESISTANCE TO AGEING - RTFOT
Softening point increase (°C) 3.3 7.6
Penetration decrease (0.1 mm?) 29 33
Complex shear modulus — ageing index (-) 1.71 2.77
Relative increase in viscosity at 100 °C (-) 1.42 2.01
RESISTANCE TO AGEING - PAV
Softening point increase (°C) 8.5 13.9
Penetration decrease (0.1 mm?) 37.2 50.8
Complex shear modulus — ageing index (-) 10.22 17.93
Relative increase in viscosity at 100 °C (-) 4.08 6.21

Ageing procedures

To simulate the bitumen changes during ageing, standardized methods were used for short-term ageing - RTFOT
(Rolling Thin Film Oven Test) and RCAT (Rotating Cylinder Ageing Test). Furthermore, the modified method RCAT
with addition of the mastic to the ageing cylinder was used. Conditions of standards and modified laboratory
ageing methods are summarised in table II.

Table Il
Methods for bitumen ageing
Method Conditions (Temperature and time of ageing)
RTFOT 163 °C, 75 minutes
RCAT 163 °C, 4 hours
RCAT with mastic 163 °C, 4 hours, with mastic

The short-term ageing by RCAT method was used to simulate ageing of the asphalt mixture (binder with mastic)
to approach the conditions that are on the mixing plants. As a mastic, basalt was used. Basic properties of basalt
are shown in table Ill. The mixture was blended from 300 g of bitumen and 600 g of mastic. The influence of
mastic on binder ageing was evaluated.

Table 11l
Basic properties of mastics used for mixture ageing
Basalt
Density (g/ml) 1.305
Characteristic Acidic
Size (mm) 8-16

Test Methods
Softening point increase: softening point was determined according to EN 1427. The increase of softening point
was calculated according to the equation (1):

ASP = SPafter ageing ~— SPoriginal (1)
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Penetration at 25 °C decrease: penetration was determined according to EN 1426. The decrease of penetration
was calculated according to the equation (2):

APE = SPoriginal - SPorigiafter ageing (2)

Complex shear modulus ageing index: the rheology tests were carried out on dynamic shear rheometer. These
tests were based on the application of oscillating shear stress on the loaded samples at 60 °C, oscillation
frequency 0.1 Hz and constant strain amplitude 1 %. Complex modulus ageing index (G;) showed the ageing
resistance. G; was calculated according to the equation (3):

*
Gafter ageing (3)
*
original

G =

Relative increase in viscosity: the dynamic viscosity was determined according to CSN EN 13302. The dynamic
viscosity was measured for 4 temperatures and the ageing index was calculated according to the equation (4):

T]ia er agein,
n, = —eLerwes o remperature (80 °C, 100 °C, 135 °C and 150 °C) (4)

T]i,original

RESULTS AND DISCUSSION

The methods RTFOT and RCAT were selected for the simulation of short-term ageing. The RTFOT ageing was
performed according the standard EN 12607-1 and the RCAT ageing according the standard EN 15323. The RCAT
ageing was modified by addition of mastic.

Figure 1 illustrates the increase in softening point for both bituminous binders. Methods RTFOT and RCAT give
very similar results according to softening point increase. Values of softening point increase for both binders do
not show difference higher than 1 °C when the binders are aged by methods RTFOT and RCAT, but the softening
point increase are higher for both binders after ageing by the RCAT method with mastic.
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Figure 1. Comparison of three methods for laboratory ageing (RTFOT, RCAT and RCAT with mastic) by softening
point for bituminous binders with penetration grade 70/100.

The next figure 2 illustrates the decrease in the penetration at 25 °C. After short-term ageing by standard
methods RTFOT and RCAT the penetration of both bituminous binders decrease very similarly. The range of the
penetration decrease was 29 — 33 p.u. More significant penetration decrease in bitumen penetration was
recorded for bituminous binders that were aged by the method RTFOT, compared to the bituminous binders that
were aged by the method RCAT. For bituminous binders that were aged by the method RCAT with mastic, the
decrease in penetration was higher in comparison to decrease in penetration for the bituminous binders that
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were aged by the standard methods RTFOT and RCAT (without mastic). It was 35 p.u for binder 1 and 37 p.u. for
binder 2.
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Figure 2. Comparison of three methods laboratory ageing (RTFOT, RCAT and RCAT with mastic) by penetration
at 25 °C for bituminous binders with penetration grade 70/100.

Figure 3 illustrates the change in complex shear modulus for both bituminous binders. Ageing index of the
complex shear modulus (G*) for binders aged by method RTFOT are similar to values of binders aged by RCAT. It
is 1.71 (RTFOT), resp. 1.51 (RCAT) for bituminous binder 1 and 2.77 (RTFOT), resp. 2.67 (RCAT) for bituminous
binder 2. However, the ageing index of complex shear modulus is higher after ageing and even after ageing by
method RCAT with mastic and it is 1.99 for bituminous binder 1 and 3.20 for bituminous binder 2.
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Figure 3. Comparison of three methods laboratory ageing (RTFOT, RCAT and RCAT with mastic) by complex
shear modulus for bituminous binders with penetration grade 70/100.

Figure 4 illustrates decreasing of the upper critical temperature. Values of upper critical temperatures decrease
after RTFOT ageing for both bituminous binders approximately of about 2 °C. After RCAT, ageing lead to decrease
in the upper critical temperature of about 2.7 °C (resp. 2.6 °C). The highest decrease in the upper critical
temperature was for both bituminous binders after ageing using method RCAT with mastic. The decrease was of
about 3 °C for bituminous binder 1 and of about 3.6 °C for bituminous binder 2.
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Figure 4 Comparison of three methods laboratory ageing (RTFOT, RCAT and RCAT with mastic) by upper critical

temperature for bituminous binders with penetration grade 70/100.

Figure 5 illustrates increase in the lower critical temperature. Values of upper critical temperatures after RTFOT
and RCAT ageing for bituminous binders increase approximately of about 0.5 °C. For bituminous binder 1 it is a
little less, of about 0.2 °C. The highest increase in the lower critical temperature was for both bituminous binders
after ageing using method RCAT with mastic. The increase was little more than 0.5 °C for bituminous binder 2

and ca 0.5 °C for bituminous binder 1.
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Figure 5 Comparison of three methods laboratory ageing (RTFOT, RCAT and RCAT with mastic) by lower critical

temperature for bituminous binders with penetration grade 70/100.

CONCLUSIONS

This study shows results of methodology RCAT that is designed for simulating both short-term and long-term
ageing of bituminous binders, and can be used for ageing of binders mixed with mastic. The simulation of
laboratory bitumen short-term ageing was performed by the methods RTFOT, RCAT and RCAT with mastic. For
the ageing characterization of the bituminous binders, various criterions were used — softening point increase,
penetration decrease, relative increase in viscosity, relative increase in complex modulus, as well as changes in
upper critical temperatures and low critical temperatures. Based on the results from our study, the following

conclusions can be drawn:

e  For the RTFOT and RCAT, the ageing of binders is simulated by creation and movement of thin film of

binder. The standard methods of laboratory short-term ageing (RTFOT and RCAT) gave very similar
changes in the evaluated properties (softening point, penetration at 25 °C, complex shear modulus,
upper critical temperature, lower critical temperature, and dynamic viscosity).

e Both binders reached higher changes in their properties by the method RCAT with mastic and

aggregate accelerated the process of ageing.

= Inthe presence of mastic the film of binder was thinner and it supported the oxygen transfer in
binder. Simultaneously, there is an effect of basalt acidity which speeded up the ageing.
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= The ageing was observed for both, the traditional and the rheological properties.
=  The method with mastic should be used to describe the ageing of bituminous binders closer to
real conditions.
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Abstract

Maximization of material and energy efficiency is imperative for the refining and petrochemical industries to
succeed on the competitive market. Searching for suitable solutions, refineries often focus on the “bottom of the
barrel”, striving to upgrade the heavy oil residues from hydrocracking processes. Such materials are typically sold
as low-cost ship fuels or serve for internal heat and power production. One of the possible alternatives it to route
such feedstock to a gasifier, where it is broken down into small molecules with the help of a suitable gasifying
agent (air, oxygen, steam). Gasifier effluent is then treated in a series of steps, optimized for its energy content
recovery as well as for removal of undesired fractions (tars). The produced cleaned syngas is suitable as fuel or
can undergo further treatment to recover hydrogen or other valuable components. This study presents the
results of a conceptual design of a gasifier processing heavy oil fractions. Advantages of integrating the gasifier
within a refinery are pointed out.

Introduction

Heavy oil residues belong to refining by-products with lower value, usable as ship fuels or as calorific fuels for
steam and power plants. This material consists of large hydrocarbon molecules (asphaltenes) with heteroatoms
embedded in their structure! and is difficult to be upgraded with conventional refining techniques. Its material
utilization by thermochemical conversion®3 poses a challenge but is, on the other hand, a promising means for
increasing its market value®>, especially if its use as fuel would be banned due to environmental regulations
becoming steadily more stringent.

Gasification is a promising alternative to valorize various liquid and solid by-products and wastes by converting
them into syngas® which, on being cleaned, can further be utilized as a source of hydrogen’, or for highly efficient
heat and power cogeneration®®. Coal, biomass, or various waste fractions represent just a part of possible
feedstock for gasification units'®!2. Gasifying agents include air, steam and/or oxygen®!3. Syngas cleaning is
considered as one of the crucial issues impacting the viability of gasifiers?, its design being still case-dependent
and, despite a lot of research undertaken®, still incurring significant operational expenses to the plant*®7,
Standalone thermochemical feedstock valorization projects (either by pyrolysis or gasification) cope with a
multitude of issues to comply with the related legislation, leading to extra capital investment and operation
expenses to deal with all by-products and wastes generated in the process'®. In addition, their social acceptance
is usually low!® which repeatedly prevented such units to be built either in Slovakia or elsewhere in Central
Europe. On the contrary to that, incorporating a gasifier in an existing industrial enterprise poses a possibility to
exploit its existing infrastructure?® and spare capacities of auxiliary units capable to clean the produced syngas
and wastewaters. Moreover, material and heat integration are made possible which, taken altogether, should
lead to a decrease in capital expenses and an increase in revenue of gasification projects due to exploited
synergies?®.

This is a pilot study focusing on heavy oil residues gasifier unit design, to be placed in an existing refining
complex?>23, Possibilities for plant integration are pointed out along with utilization of the spare capacities of
plant’s gas desulphurization systems. Further research will aim at techno-economic studies comparing
standalone and integrated gasification plants.

Materials and methods

Typical heavy oil residue gasification plant integrated in oil refinery consists of three main blocks, that are
coupled together. Considered process flow diagram is shown in Figure 1. The main three blocks are block of
heavy oil residue gasification and syngas generation, block of syngas cleaning and cooling and block of steam and
power generation. Syngas generation block includes oxygen compressor (KOM) and gasification reactor (REA).
Syngas cooling and cleaning block includes heat exchanger and condenser joined in series (VT6, VT7), section of
acid gas absorption and regeneration of absorbent (ABS, DES) and PSA section (PSA). Steam and power
generation block includes steam boiler (KOT), deaerator (ODP), condensate and fresh chemically treated water
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preheaters (VT4, VT5) and steam condensation turbine with power generator (KPT). Main material and energy
inputs and outputs are heavy oil residues (T1), oxygen (01), chemically treated water (U1, U2, U3), return
condensates (K4), hydrogen gas (G12), PSA off-gas (G11), steam export (P12) and produced power. Waste gas
from acid gas adsorption is rich in H2S (G7) and was not considered in overall energy balance.

Pi2

PO VEN

CE2
Figure 1. Considered flow diagram of heavy oil residue gasification plant

Flow scheme of reactor is shown in Figure 2. Type of reactor considered in this study is entrained-flow reactor,
that was approximated as CSTR reactor with perfect dispersion (spray) of heavy oil residue.

Figure 2. Flow scheme of reactor (1 — Heavy oil residue, 2 — Compressed oxygen, 3 — Steam with pressure
reduction, 4 — Ash, 5 — Syngas)

Composition of heavy oil residue depends on oil composition?, therefore, reactor processing rate of 60 t/h was
assumed. Heavy oil residue’s w composition (mass %) and LHV (lower heating value, MJ kg?) is shown in Table I.

Table |
Heavy oil residue properties?*
Dry heavy oil residue .
Ash Moisture LHV
C H 0 N S
86.25 11.05 0 0.40 2.20 0.10 0.30 40.5

Further assumptions include the following quantities and qualities of single inlet flows and process parameters
of reactor, shown in Table Il.
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Table Il
Process parameters (* — preliminary results)

Parameter Value Reference
t1, °C 200 2
t2, °C/ P2, MPa 415.6/3 :
ts, °C/ P3, MPa 460/ 6 :
mi:mz:ms 1:1.1:0.35 26
Preactor, MPa 3 26
Ts, S 12 2
ws, m st 1.5 3

As the pressure of inlet steam is higher than pressure in gasifier, isoenthalpic pressure reduction is also needed
(from 6 MPa to 3 MPa). Complete conversion of carbon was assumed; reactions of gasification are presented in
equations (1) — (5)*>2.

CH; s, + 0.880, » CO + 0.77 H,0 (1)
CH,;s, + H,0 > CO+ 1.77 H, (2)
H, +S - H,S (3)
CO + H,0 < H, + CO, (4)

(5)

CO + 3H, & CH, + H,0

Reactions (1) — (3) are deemed to be instant, reaction rates of (4) and (5) are presented in equations (6) — (9)*%8.

1510 Ceo2C
1, = 2700 exp (— T) [CCOCHZO - %] (6)
c4
3968 )
Kc4 = 0.0265 eXp (T)
24157 Cen.Croo
rs = 1.585 x 107 exp (— 7 ) [ coCh, — #] (8)
Cecer  (7082:848 7.466x 107 2164x107¢ _  0.701 x 10° (9)
Kes = T2 exp 7 + 2 T — 6 T + o2
+ 32.541)

Reactor dimensions are calculated via equation (10).

2
VR 2 TTDRLR (10)

Discussion and result analysis

This system represents a set of several non-linear equations, that consist of material balances of each
component, overall enthalpy balance and reactor size equation, what was solved by using MATLAB. Results are
shown in Table IlI.

The results indicate that outlet syngas is energy-rich, which can be further utilized. Main components of syngas
are hydrogen and carbon monoxide. Considering the acid gas content, mainly H,S, it is necessary to separate
these gases out of the syngas, otherwise they would act corrosively. Simultaneously, rapid syngas flow in reactor
entrains solid phase pieces (mainly tars, soot, heavy metals), which can shorten the equipment’s life in operation
and solid phase separation is also necessary. Reactor is 18 m high, and its diameter is 3.1 m, representing reactor
volume 134.3 m3,
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Table Il
Results of calculations (* - physical enthalpy, reference conditions: 0°C, gaseous state)

Parameter Value
ns, kmol s* 2.44
ts, °C 1384
Ps, kPa 3000
H20 7.51
co 46.11
CO: 2.40
Composition, mol. % H2 41.88
CHa 0.33
N2 1.29
H2S 0.47
hs, kJ kmol* # 45 656
LHV, MJ kmol? 236.9

Main product of gasification is hydrogen, most frequently. As was mentioned, component separation is needed,
preceded by syngas cooling and vapour condensation. First of all, solid phase pieces are separated using cyclone,
then syngas physical energy content is utilized by high pressure steam production, that can be coupled with
cogeneration. Before acid gas absorption is used, syngas temperature must be further decreased by cooling (and
simultaneous vapour condensation) using water injection and subsequent tubular heat exchanger. Acid gas
absorption unit is coupled with absorbent regeneration section. Chemisorption by alkaline absorbents is used,
mostly employing aqueous solutions of alkanolamines. Last step of hydrogen production is its separation from
purified syngas. This operation can be realized by membrane or cryogenic separation, but most conveniently by
adsorption. Because of many components, PSA adsorption is used. Products of this process are high purity
hydrogen and PSA off-gas, further used as fuel.

Summer and winter regime are distinguished in plant’s operation. Winter operation enables excess steam export
to the refinery with steam condensates return assumed. In this regime, steam turbine minimizes the share of
condensing power production; thus, it lowers its electric output to generate low pressure steam for export
instead. In summer, steam export option is not considered, and all excess steam is used to produce electric
energy surplus. Individual features of both operation regimes can be followed in Table IV showing the obtained
energy balance of the gasification plant.

Table IV

Proposed energy balance of the gasification plant in summer and winter regime
Energy content, MW Winter Summer
Feeds
VR 676 676
Oxygen 1
Chemically treated water (U1)
Return condensates (K4) 7
Products
Hydrogen (G12) 186 186
PSA off-gas (G11) 389 389
Excess electric energy 8 18
Steam export 59 0
Losses and waste streams 44 86

Polygeneration operation with steam export in winter lowers the production of waste heat. Waste heat
production in summer as almost twice compared to winter, mostly due to condensing turbine steam condenser
load.
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Conclusions

Purpose of this study was to estimate basic design and operation parameters of HOR gasification reactor
processing 60 t/h of HOR. The obtained syngas represents a source of usable materials (as hydrogen) as well as
a source of technically usable energy for cogeneration. Locating the gasifier in existing oil refinery enterprise with
existing infrastructure and spare capacities for syngas and wastewaters cleaning can enhance the gasification
plant’s flexibility and make it an environmentally friendly method of vacuum residue valorization following the
concept of polygeneration. Apart from hydrogen, the plant exports both calorific offgases, excess electric energy
and excess steam (in winter). The possibility of offgases and steam export to the refinery improves the plant’s
energy efficiency substantially and is expected to improve its economic feasibility, compared to a standalone
gasification plant. This will be subject of further research.
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Abstract

Large industrial facilities and industrial clusters traditionally operate a combined heat and power unit serving as
a marginal heat source. This unit can consist of either a steam Rankine cycle unit or comprise a Combined Cycle-
based cogeneration unit. These distinctive designs differ by both heat to power ratio and delivered heat quality
(temperature); both parameters being further impacted by the unit’s operation. A change in heat quantity
exported from the combined heat and power unit can thus have various impacts on cogenerated electric energy
guantity and released greenhouse gas emissions. This contribution aims at elucidating this aspect of industrial
heat saving projects with the goal to deliver valuable input for industrial energy managers and decision makers.
Rankine and combined cycle units are modelled, providing a realistic assessment of energetic and environmental
impact variability of their operation change due to the variable heat export. Greenhouse gas emissions generated
in external power sources are considered as well.

Introduction

Industrial complexes and clusters tend to have complex energy supply systems, employing central and
decentralised sources of energies and utilities?, interconnected by an extensive system of pipelines. Among
these, steam networks belong to most frequently studied and optimised systems?. Steam systems often comprise
three or even four pressure levels that are interconnected, supplied by several sources producing steam on
purpose or generating it from waste heat streams®. Extensive steam systems were modelled and optimised in
case of steel and iron production plants®, petrochemical and refining enterprises®, pulp and paper mills” as well
as in other energy-intensive industries®. Complexity of the studies varies from assessing selected parts of the
steam systems to multi-period analysis and operation optimization of whole systems®?0,

Conditions securing a stable and efficient steam system operation are influenced by a multitude of factors.
Transported steam quality and amount, steam system topology and technical state of pipelines, including
insulation efficiency, can be counted among the most important ones!!. These are further impacted by plant’s
production load, products” structure, possible renovation and refurbishment activities, implementation of new
technologies and many more, which result from the plant’s development and strategical decisions made over
decades!?. Any innovation activities impacting the plant’s steam balance inevitably change the operation of the
plant’s marginal steam source — in most cases it is the central steam and power plant. To correctly assess the
techno-economic dimensions of any such change, a deep understanding of the system’s operation and
limitations is required®34,

In this study, three distinctive case studies are considered, comprising changes in the plant’s steam demand at
two pressure levels and a change in condensates return to the central steam and power plant. Evaluation of each
of the case studies is performed for A. a typical steam and power plant equipped with an extraction-condensing
steam turbine and B. for a plant repowered by a gas turbine. The aim of this study is to highlight common trends
and differences in obtained fuel consumption, CO2 emissions and power production and to make the readers
aware of system operation constraints likely to be approached in some scenarios.

Study objectives

The main goals of this study are:

*  Analysis of seasonal variations of an industrial steam and power plant (ISPP), either as Rankine unit, or
repowered by a gas turbine

*  Evaluation of different exported heat load changes in terms of fuel consumption, power production
and emitted CO2
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Combined heat and power unit description

This section provides description of the plant model scheme (displayed in Figure 1., where repowering and
studied scenarios are depicted in dark grey and black). The plant combusts heavy fuel oil in a boiler, which
transforms pre-heated feed water (stream no. 20) into a superheated high-pressure steam at the temperature
of 530 °C. (stream no. 1). The steam flows to an extraction-condensing turbine (ECT), where the steam expands.
ECT produces not only electricity but also extraction steam is produced. In repowered mode, the plant combusts
natural gas with compressed air in a combustion chamber of the gas turbine. Because of the high rate of excess
air used in the combustion, flue gas from the gas turbine contains high amount of unused oxygen, which created
an opportunity to reuse the flue gas mixed with fresh air in combustion in the original boiler. As mentioned
above, feed water used in the boiler undergoes the process of pre-heating, which takes place in the series of low
temperature water heaters (by 30 °C), a degasser (by 30 °C) and high temperature water heaters (by 40 °C).
Condensate loss caused by export is compensated with chemically treated water addition to a condenser.

fue| =— COMB t
CH ‘l [
I =———— 1
1 I I
1 38. : 1. |
comMP : |
- - Extraction-
1 fluegas = = = = 3
1 air 37. = — — »| BOILER condensing
| 35, —— turbine
20 30. I
— — L T
17-19. VR B :
- 5—:—4 L — » 3.(HP)
- — -+ 5.(IP)
- — » 7.(LP)

|
DEGASSER ] 1
e o e e e 8 :1_(_). — _! 11.
| 21-23
16.
CHTW [ c
condensate return 1215,

(+ 50 t/h in Scenario 1)

Figure 1. Simplified schematics of thermal power plant, where streams in gaseous state are depicted by dashed
lines, solid lines represent liquid streams. Legend: C = condenser; COMB CH = combustion chamber; COMP =
compressor; CHTW = chemically treated water; T = turbine.

Calculation assumptions are:

*  to produce at least 60 MW of electric energy (either extraction-condensing turbine (ECT) alone or ECT
and gas turbine (GT) together),

*  to produce high-, intermediate- and low-pressure (HP, IP, LP) extraction steam for export as well as for
its own consumption,

e minimal mass flow of vapour-liquid mixture (stream no. 11) is 10 t/h

* unitis studied in two modes — non-repowered and repowered,

* calculations are divided, based on season into winter and summer production,
* gas turbine electric efficiency in repowered mode is 30%,

e gas turbine mechanic efficiency is 95%,

e lower heat value of heavy oil is 40.496 MJ/kg both in winter and summer, for natural gas it is 48.609
MJ/kg in winter and 48.931 MJ/kg in summer,
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» different temperatures of humid air are considered — 4 °C (winter), 22 °C (summer) and in both cases,
the air is pre-heated to 100 °C,

* relative air humidity in winter is 80 % and 65 % in summer.

In addition, three different scenarios both for repowered and non-repowered ISPP including seasonal changes
in winter and summer were proposed. In Scenario 1, 50 t/h of condensate return at the temperature of 100 °C
is included, Scenario 2 includes lowered consumption of low-pressure extraction steam by 30 t/h and Scenario
3 includes lowered consumption of high-pressure extraction steam by 30 t/h.

Mathematical model

In this section, the most important steps of calculation and the mathematical model development is described.
Basis of the calculation is to assemble material end enthalpic balances of ISPP units as shown in equation (1) and
equation (2).

XMy = XMMoye (1)

YhinMin = YXhoutMout (2)

where 111 = mass flow, h = enthalpy, lower index in = inlet output, lower index out = outlet output.
Important step is to determine stream enthalpies either from literature or based on calculations. After
acknowledging all assumptions mentioned in previous section, the results of mass flows for original non-
repowered ISPP are obtained.
Next step is to compile material and enthalpy balances for the gas turbine based on the same principle and
reconstruct the original balances for a boiler to include the flue gas from the gas turbine as a part of the
combustion air. Subsequently, the results for repowered ISPP are obtained.
In addition, the electrical efficiency of ISPP and CO2 production is calculated based on equation (3) and equation
(4).
_ Pel,total
Net quel (4)

where 1,; = electrical efficiency of ISPP, P,; ;¢4 = produced electricity obtained from the enthalpy balance and
Qfyer = total heat obtained by burning fuel.

Mo, = M3g.Wco, (5)

where M¢p, = mass flow of CO2 produced in combustion, 1113 = mass flow of the flue gas from the boiler and
Wco, = mass fraction of COz produced in combustion.

Model results

This section is dedicated to the results of the mathematical model. In the Figure 2. and Figure 3., production of
electric energy before and after repowering can be observed. As mentioned in the previous section, different
initial states were chosen for winter and summer, which resulted in variable electricity production.
Consumption of fuel (heavy oil and natural gas separately) and CO2 production are displayed in Table | and Table
IIl. In this case, different values are observed for different seasons as well. When production of electric energy
rises, fuel consumption and CO2 production goes up too, which is an expected trend, but the dependency of
those values is not necessarily a continual proportion.

ICCT 2022 | book of proceedings 80



H Winter Summer
70
68
66
3 64
= 62
a® 60
58

56 I
54

Original

Figure 2. Electricity production — non-repowered option
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Figure 3. Electricity production — repowered option
Table |
CHP operation comparison — before repowering proposal
Original Scenario 1 Scenario 2 Scenario 3
Non-repowered
Winter Summer  Winter Summer Winter Summer Winter Summer
Fuel Heavy oil 29 25.3 28.16 25.13 2599 24.24 25.99 23.42
consumption
(t/h) Natural gas - - - - - - - -
CO: production (t/h) 92.59 80.57 89.92 80.01 8298 77.18 82.98 74.58
Table I
CHP operation comparison — repowering proposal included
Original Scenario 1 Scenario 2 Scenario 3
Repowered
Winter Summer  Winter Summer Winter Summer Winter Summer
Fuel Heavy oil  25.31 19.26 24.56 19.14 22.68 18.41 22.67 17.82
consumption
(t/h) Natural gas 4.26 3.3 4.13 3.29 3.81 3.16 3.81 3.06
CO2 production (t/h) 92.59 92.48 70.55 89.75 70.13  82.86 67.46 82.84
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Discussion and Conclusions

Data presented in Figure 2, Figure 3 and in Table | and Table Il lead to the following observations:

Winter operation requires more fuel and generates more electricity, resulting from higher exported heat
load, compared to summer operation.

Repowered ISPP fulfills the required power production and heat export with less CO2 emissions than the
non-repowered one.

Condition of minimum 60 MW power production causes an adequate increase in condensing power
production in summer if exported heat load decreases (Scenarios 2 and 3); low pressure steam export
decrease leads to less fuel saving than the same decrease in high pressure steam export.

Smallest fuel saving and CO2 emissions decrease is observed in case of condensates return (Scenario 1
= internal heat consumption decrease).

Repowered ISPP performs better than the non-repowered one, in all scenarios, but the observed trends
are similar. Extra power from the gas turbine decreases condensing power production and contributes
to cleaner power production and overall CO2 emissions decrease.

This demonstrates the need for individual assessment of heat saving projects in industry when an ISPP operation
change is involved.
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Abstract

Sustainability and new greening measures bring new challenges to the construction industry within the European
Union. Reducing CO2 emissions is forcing the market to find new ways and use new materials as admixtures
in cement or concrete. Lower quality clays could undoubtedly be such materials. Fly ashes from co-combustion
of biomass are also beginning to appear on the market. They have different composition and properties
compared to conventional fly ashes. In addition, it cannot be forgotten that there is the potential use of power
plant bottom ashes. In this work, the pozzolanic activity and reactivity of various types of mineral admixtures,
both traditional and new ones, were compared. The reactivity of the admixtures was determined using the
Frattini test and the electrical conductivity test. The 8-day Frattini test proved the pozzolanic activity of all raw
materials except for one sample of fly ash from biomass. The shortened 1-day Frattini test showed a different
reactivity of the materials after one day of hydration in comparison to 8-day Frattini test. Nevertheless, the
guantitative agreement between the results of the 1-day Frattini test and the electrical conductivity test was not
clearly demonstrated. It was further confirmed that the pozzolanic activity of the supplied substances is
determined by their grain size as well.

Introduction

Cement is one of the most produced materials in the world, including the Czech Republic. Its role in civil
engineering is irreplaceable but its production also contributes to 5-8 % of world CO2 emissions®. Other problems
concerning cement production are lack of natural resources and landscape changes caused by mining. These
problems can be partially solved by replacing a part of the cement by pozzolans such as fly ash, slag or calcined
clays®. A material with pozzolanic activity (pozzolan) reacts with portlandite, a cement hydration product,
forming additional C-S-H binding phase®. Pozzolans can even increase compressive strength*, but their advantage
is also in replacing part of the clinker in cement, thus reducing CO2 emissions, saving natural resources and solving
the problem with their landfilling.

Various materials with pozzolanic properties have already been used for decades?. Fly ash (FA) and blast furnace
slag are the most frequently used and their usage in construction is in Czech Republic regulated by standards
CSN EN 450-1° and CSN EN 450-2°. Coal power plants are also to be closed as a part of fulfilling GreenDeal
agreement. Fresh FA will thus be unavailable and the issue of FA recovery from landfills will arise”. FA is often
deposited not in pure form, but in mixture with other coal combustion products such as gypsum, produced by
flue gas desulfurization. New materials such as calcined clays or oil shales are thus subjected to research®.
Calcined clays and fly ashes have been examined by various authors in the world and in the Czech Republic®°.

Measuring strength activity index of the mixture is advantageous but relatively time-consuming. Methods of
pozzolanic activity assessment are thus mostly based on determining Ca%* ions consumption?®® by the examined
material. Comparisons of pozzolanic activity test methods are offered e.g. by Donatello!! or Parashar®2.

Materials and methods

The input materials for the pozzolanic activity tests were bottom ashes from power plant Pocerady (ST 5 C) and
Tusimice (ST 6 C), fly ash from power plant Tusimice (VP 8 C), biomass combustion ash from energetics centre
Jindfichliv Hradec (BM 1 C) and biomass co-combustion ash from power plant Hodonin (BM 27 C). In addition,
five different calcinated clays from companies Keraclay (AW, WBS, WS) and LB Minerals (GEP, VIZ) were studied.
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The calcined clays were heated at the temperature of 850°C for 1 hour. While the clay WS is suitable as a raw
material for ceramics, other clays are supposed to have lower quality and they could be potentially used as
cement admixture.

X-ray diffraction analysis (XRD) was performed for phase composition of samples (Table I). With the addition of
10 wt. % ZnO the amount of amorphous phase was determined. 8-8 powder diffractometer with Bragg-Brentan
parafocusing geometry X'Pert3 Powder diffractometer (PANanalytical, Netherlands) was used.

X-ray fluorescence analysis (XRF) was used for the oxide composition determination of samples (Table Il) using
wave-dispersive X-ray spectrometer ARL 9400 XP (Thermo ARL, Switzerland), equipped with X-ray lamp with 4GN
type Rh anode with Be window of 50 um thickness. Spectral lines intensities were measured in vacuum by
software WinXRF.

Table |
Phase composition of the samples (XRD %), AP = amorphous phase

Sample AP" quartz kaolinite muscovite mullite sylvite orthoclase akranite anotrite albite others

WBS 34 5 57 4 - - - - - _ B

GEP 52 3 27 18 - - - - - N .

VIZ 11 74 2 13 - - - - - ) .

WS 37 4 57 2 - - - - B, N .

ST5C 66 10 - - 18 - - - 5 - 1

sT6Cc 70 7 - - 20 - - N . . 3

VP8C 54 9 - - 35 - - , - N 2

BM1C 75 2 - - - 13 - 6 B, N 4

BM27C 48 38 - - - - 6 - - 4 4
Table Il

Oxide composition of the samples (XRF %)

Sample SiO: Al2Os Fe20s CaO MgO Na:0 KO TiO2 SOs3 P:0s CIF MnO others

AW 50.92 42.06 2.51 045 043 020 170 134 0.07 009 - 0.04 0.18
WBS 51.10 43.65 159 0.21 0.23 - 1.18 131 - - - - 0.73
GEP  56.28 26.42 10.30 1.08 1.77 0.06 242 109 0.15 0.14 - 0.04 0.26
VIZ 68.24 25.23 1,51 0.25 0.62 0.19 236 128 0.03 0.09 - - 0.20
WS 50.04 46.07 0.82 0.17 0.13 0.03 0.73 156 0.20 0.06 - - 0.20
ST5C 5224 3194 884 121 117 034 230 127 - 0.16 0.03 0.11 0.39
ST6C 49.89 3297 848 202 123 054 172 1.29 122 0.19 0.06 0.08 0.32
vP8C 49.76 3393 886 175 1.02 060 1.65 1.19 0.60 0.20 - - 0.45
BM1C 39.10 0.82 0.64 13,53 2.89 0.31 25.72 0.09 505 220 9.31 0.14 0.21
BM27C 43.13 593 261 2817 487 080 7.04 036 090 349 - 199 0.72

Particle size distribution (PSD) was measured by Bettersizer ST (Dandong Bettersize Instruments Ltd., China) in
isopropanole as the carrier medium. Specific density of the samples was measured by pycnometric method.
Specific surface area was determined by Blaine’s apparatus JIP-TECH MATEST (MATEST S.p.A., Italy). The
following Table Ill shows PSD quantiles, specific density and specific surface (based on the standard CSN EN 196-
613).
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Table Il

Specific density, specific area and PSD quantiles of samples

Sample d10 [um] d50 [um] d90 [um] specific density [g-cm™] specific area [m?-kg™]

AW 3.2 433 254.9 2.691 480
WBS 2.6 12.2 48.2 2.859 850
GEP 2.4 19.0 78.4 2.653 826
VIZ 2.0 10.7 54.7 2.695 817
WS 1.9 10.6 54.6 2.643 1004

ST5C 56.3 188.2 400.3 2.053 157
ST6C 94.8 251.8 557.8 1.630 128
VP8C 1.7 12.2 66.5 2.059 461
BM1C 8.4 64.3 268.5 2.036 600
BM27C 1247 231.9 424.3 2.649 101

According to Frattini test, described in €SN EN 196-51°, 5 g of the sample were mixed with 15 g of Portland cement
and put into 500 ml PE bottle with 100 ml of re-boiled distilled water. The bottles were kept at 40 °C for 8 days.
Apart from this time, selected samples were kept just for 1 day to see whether the results could be obtained in
shorter time period. Resulting mixture was filtered. In the solution, total alkalinity and Ca?* content were
determined by titration with 0.1 M HCl and 0.03 M EDTA respectively.

Electric conductivity test was described by Sinthaworn and Nimityongskul'*. The test consisted of preparing an
extract of Portland cement suspension by 30 minutes of leaching. The filtrate was then diluted to conductivity of
roughly 10 mS-cm™ and heated to 80 °C. 1 g of the tested material was added and the electric conductivity was
being monitored for 24 hours accompanied by constant mixing of the suspension.

Results and Discussion

Diagrams for pozzolanic activity assessment are shown in Figure 1 (8-day Frattini test) and Figure 2 (1-day Frattini
test). The horizontal axes represent total alkalinity and the vertical axes show Ca?* content in the samples. As the
pozzolan reacts with Ca?* ions from the filtrate, Ca?* concentration in the solution decreases. Dependence of
Ca(OH):2 solubility on sample alkalinity as to be taken into account. Therefore, position of each point representing
one sample has to be compared with the curve of theoretical solubility of Ca(OH)2, as defined in CSN EN 196-5%°.
The further below the curve the point is, the higher the pozzolanic activity is.

It can be seen that calcined clay VIZ, both power plant bottom ashes (ST 5 C, ST 6 C) and power plant fly ash VP
8 C have close pozzolanic activity. Clays AW and GEP show higher pozzolanic activity. Clays WS and WBS are the
most reactive ones. Biomass ash BM 1 C is not shown in the graph, as the test showed 19.2 mmol - I'* Ca?* ions
and 100.94 mmol - I'* total alkalinity. However, the Frattini test is not suitable for materials with high calcium
content, including also BM 27 C. Position of the control cement sample (Cem) should be exactly on the curve of
theoretical Ca?* ions solubility. The higher Ca?* content is probably caused by some portlandite crystals passing
through filter and getting suspended into the titrated solution.
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Figure 2. Results of the 1-day Frattini test

When Figure 1 and Figure 2 are compared, it can be seen that one day is mostly not enough for pozzolanity
assessment by the Frattini test. Even the alkalinity of the control cement sample (Cem) did not reach its expected
value. For example, sample VP 8 C, which exhibits lower, but clear pozzolanic activity by 8-day test version, is not
proven to be pozzolan by 1-day version. Nevertheless, good pozzolans such as VIZ and WS may already be
recognized by the shortened Frattini test version, despite the fact that their Ca** consumption is much lower
after 1 day than after 8 days.
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Figure 3. Time-dependent relative electric conductivity in the electric conductivity test

During the electric conductivity test, Ca* ions are also consumed by the pozzolanic reaction. This decreases the
overall solution conductivity which is measured. It can thus be stated that clays WS and VIZ mostly reacts during
first 4 hours of the experiment, while clay GEP and fly ash VP 8 C react more slowly. Reaction of bottom ash
ST 6 C is much slower, which confirms the results of the 1-day Frattini test.
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Figure 4. Correlation between electrical conductivity decrease after 24 hours and 1-day Frattini test (left),
correlation between specific surface area and 8-day Frattini test (right)

In Figure 4 there is no significant correlation between electrical conductivity decrease and 1-day Frattini test. It
can be caused by high diversity of the samples. However, many more measurements should be conducted in
order to reach statistically significant conclusions. Nevertheless, moderate correlation between specific surface
area and 8-day Frattini test has been confirmed.

Conclusion

It can be concluded that calcined clays, fly ash and bottom ash show significant pozzolanic activity. It was found
that all of the examined calcined clays are pozzolans according to the 8-day Frattini test, whereas clays WS and
WABS are the most reactive ones. On the other hand, biomass combustion ashes are problematic due to elemental
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composition and hardly detectable pozzolanic activity; Frattini test is thus not suitable for pozzolanic activity
assessment of biomass combustion ashes due to their high Ca" and Mg" content.

Shortened 1-day Frattini test could be used for preliminary screening of large amounts of different samples as it
detects the biggest differences of Ca2*/OH" in much shorter time, but it is not sufficient for getting conclusive
results. The results of the 1-day Frattini test did not match the results of the standard 8-day Frattini test.
Shortened test version discovered the pozzolanic activity only for calcinated clays WS 850 °C and VIZ 850 °C,
which responded most quickly when measuring conductivity.

Electrical conductivity test after 24 hours confirmed the results of 1-day Frattini test in most cases and it revealed
different time courses of the reactions.
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Abstract

Thermal insulation composite blocks consisted from two types of different geopolymer boards with different
properties. One board was a foamed geopolymer with low bulk density and thermal conductivity and second
board, also based on a geopolymer binder, was characterized by high bulk density and excellent mechanical
properties. The composite block was prepared by pouring a geopolymer containing a foaming agent onto a
prefabricated compact board prepared by pressing a mixture of a refractory filler with a geopolymer binder.
The function of the pressed board is the mechanical protection of the foamed board. The basic mechanical and
thermal insulation properties of both cast and pressed boards were determined. The thermal insulation
properties of composite blocks were investigated using a high-temperature gas chamber. It was verified that
the composite blocks had comparable thermal insulation properties as a commercial thermal insulation board
(polycrystalline mullite/alumina wool).

Introduction

Geopolymer binders are based on the partial dissolution of aluminosilicates in an alkaline medium and the
subsequent polycondensation reaction of the resulting precursors, which leads to hardening of the binder?.
Geopolymers are characterized by excellent mechanical properties, resistance to high temperatures, resistance
to chemicals and great variability of properties and possibilities of applications in industrial practice®*.
Geopolymers have attracted attention as a material whose production is associated with low CO2 emissions
and low energy consumption compared to materials based on Portland cement and ceramics®.

The aim of this work was to develop thermal insulation composite blocks without fibers based on geopolymer
with good mechanical and chemical resistance. The development of these composite blocks was started based
on the requirements of the heating and waste industry as a more mechanically resistant alternative to
traditional furnace linings.

Experimental

Composite blocks consisted from two types of different geopolymer boards (pressed and foamed board).

Materials

Raw materials used for the preparation of pressed board were all commercial products: metakaolinite-rich
material Mefisto Los produced by the calcination of kaolinitic claystone at about 750 °C in rotary kiln (Ceské
lupkové zavody, a.s., Czech Republic), potassium hydroxide flakes (Lach-Ner, s.r.o., Czech Republic) and
commercial potassium silicate (Vodni sklo, a.s., Czech Republic). Chamotte (Ceské lupkové zavody, a.s., Czech
Republic), corundum (Korund Benatky, s.r.o., Czech Republic) or silicon carbide (Korund Benatky, s.r.o., Czech
Republic) of grain size 0-2 mm were used as a different fillers for the preparation of the pressed board.
Starting materials used for the preparation of foamed board were commercial Mefisto Los, potassium silicate
Baucis Lk (Ceské lupkové zavody, a.s., Czech Republic), calcium hydroxide Certak (Vapenka Certovy schody, a.s.,
Czech Republic) and aluminium powder AIPRA (PK Chemice, Czech Republic). Mixture of chamotte with a grain
size of 0—0.5 mm and Liapor with a grain size of 1-4 mm (Lias Vintifov, LSM k.s., Czech Republic) was used as a
filler for the preparation of foamed board.

Commercial thermal insulation board (CB, polycrystalline mullite/alumina fibre wool) was
used as a comparative material.

Sample preparation

Raw materials for the preparation of geopolymer binder of pressed board were mixed together. The
geopolymer binder were chosen on the basis of the results of our previous works, where the geopolymer
binder based on Mefisto Los provided binders with very low viscosity and excellent mechanical properties’. The
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filler was added after homogenization of geopolymer binder and the weight ratio of the geopolymer binder to
filler was 5.3 for corundum and silicon carbide and 3.6 for chamotte. The mixture of geopolymer were poured
into a compression mould and loaded with a force of 100 kN for 5 minutes. Compression mould with the
pressed board sample were cured at 60 °C for 4 hours in electric oven.

The production of the foamed board had a similar process as the preparation of the pressed board. Firstly the
components for the preparation of the geopolymer binder were mixed and then the fillers were added. The
weight ratio of the geopolymer binder to filler was 1.7. Mixture of foamed board was poured onto cured
pressed board placed in the compression mould. The composite block was removed from the mould after the
foamed board had solidified. The composite block was sealed into polyethylene bags and cured at 60 °C for
4 hours in an electric oven.

A simplified scheme for preparing a composite blocks is shown in the Figure 1. Prepared composite blocks are
shown in Figure 2.

Geopolymer binder (G) Refractory Filler Pressed Board

Aluminosilicate | Mixing Corundum (C) Pressing

G-C/FG
G-S/FG

Reactive agent Filler Foamed Board

Mixing Ca(OH),
¥

o

G-C/FG G-S/FG G-SIC/FG

Figure 2. Photo of three prepared composite blocks

Results and discussion

The flexural strength was measured on the 40 x 40 x 160 mm samples for commercial and foamed board and
on 10 x 10 x 120 mm samples for pressed boards. The results are shown in Figure 3. It was found that the
pressed boards have a significantly higher flexural strengths than the foamed board. Visible differences in
flexural strength of pressed boards are due to the use of different fillers. The bulk density of the foamed board
had an effect on the low flexural strength. The flexural strengths of the foamed board are comparable to those
of commercial board.
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Figure 3. Flexural strength of prepared boards and commercial thermal insulation board (CB)

The thermal conductivity was measured on the 150 x150 x 35 mm samples for commercial and foamed board
and on 200 x 200 x 100 mm samples for pressed boards. The thermal conductivity results are given in Figure 4.
The measured data showed that pressed boards were more thermally conductive than the foamed board and
were able accumulate more heat. Notable differences in the thermal conductivity of the pressed boards were
caused by the use of filler and the weight ratio of binder to filler.

I

N w

—_—

Thermal conductivity [W/m-K]

— MM =
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Figure 4. Thermal conductivity of prepared boards and commercial thermal insulation board

o

The ability to resist high temperatures (refractoriness) was examined on samples cut from prepared boards and
CB (cube with a side length of 10 mm) by heat microscopy. The samples were heated up to 1600 °C at a rate of
10° C/min. The behaviour of prepared boards at 800 and 1600 °C is visible in Figure 5. It is evident that
prepared samples from the pressed boards were thermally stable throughout the heating up to 1600 °C.
Sample prepared from foamed board was also very durable, but less than samples from pressed boards
(1400 °C).

G-C
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Figure 5. Heat microscopy of prepared boards and commercial thermal insulation board (CB)

1600 °C
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Figure 6 shows the dilatometric curves of the prepared boards and CB within the range from 30 to 1200 °C with
a heating rate of 5 °C/min. The dilatometric curves showed that all examined samples expanded in the
temperature range between 30 to 1200 °C and that the determining factor was the used filler. The pressed
board filled with corundum showed the highest expansion during heating compared to other pressed boards. It
can be observed that the total shrinkage of geopolymer boards were in the range of 0-0.2% from their total
length after the run of heating and cooling.

1.0%

0.8%
0.6%

0.4%

Dilatation [%]

0.2%

0.0%

-0.2%
0 200 400 600 800 1000 1200
Temperature [°C]
Figure 6. Dilatometry of prepared boards and commercial thermal insulation board (CB)

The thermal insulation properties of the composite blocks were investigated using a high-temperature gas
chamber displayed on Figure 7. Temperature profiles in time measured during heating and cooling of the
composite block and the commercial thermal insulation board (A — surface of the tested samples and B —in the
middle of the tested samples) in the high- temperature gas chamber at 1200 °C for 30 minutes are shown in
Figure 8. It can be seen that the thermal insulation properties measured on the surface and in the middle of the
composite blocks were comparable to a commercial thermal insulation board with regard to its height. The
commercial board was about 20 mm lower than the composite blocks. The maximum measured temperatures
were therefore 200 °C higher for a commercial board at both measured locations. There were no visible
differences between the individual composite blocks.

Figure 7. High-temperature gas chamber
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Figure 8. Temperature profiles in time measured during heating and cooling of the composite block and the
commercial thermal insulation board (A — surface of the tested samples and B — in the middle of the tested
samples) in the high- temperature gas chamber at 1200 °C for 30 minutes

Conclusion

Thermal insulation composite blocks based on geopolymer were prepared by pouring the foamed geopolymer
onto geopolymer pressed board. Three types of pressed boards with different types of filler (chamotte,
corundum, silicon carbide) were prepared. Good mechanical and thermal insulation properties of the prepared
composite blocks were verified. The individual boards of the composite block were thermally stable up to
1400 °C and did not show any significant length changes during heating and cooling. The monitored values of
thermal insulation of the composite block were comparable to measured values of the commercial thermal
insulation board.
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Abstract

The paper deals with the property verification of the newly designed hydraulic binder based on metakaolin,
anhydrite and lime. Two types of mixtures were prepared, and the influence of the preparation method was
observed. The resulting mechanical properties of the hardened binder in the horizon of up to 90 days were
monitored. The change in composition over time was further studied on all hardened binder using
X-ray diffraction analysis. In addition, the porosity of the hardened binder was determined for 90-day samples
and scanning electron microscope images were taken. It was found that after 90 days the hardened binders
reached the strengths comparable to hardened Portland cement and were in the range of 40 — 61 MPa.
No decrease in strength was noted over time. The main crystalline phase of the hardened binder was ettringite,
which is formed at the beginning of the hydration process. With increasing time its amount remained constant
or decreased slightly.

Introduction

Today, cement is still one of the most widely used materials in the world. However, its production is demanding,
especially in terms of CO2 emissions. The best way to improve the sustainability of cement and concrete is to mix
cement clinker with pozzolan based supplementary cementitious materials (SCM). Nevertheless, the most
common SCMs such as slag and fly ash are becoming more inaccessible today, and calcined clays are the most
promising source of other SCMs that can significantly contribute to a further reduction in environmental
impacts®. Scrivener et al. deal with the preparation of such a mixed binder containing partially cement clinker
and calcined clays called LC? in works?® 3.

Another possibility is to replace cement clinker completely with another type of binder. According to new
scientific research, such a clinker-free binder could be based on calcined clays*. Although calcined clays are not
industrial waste, they are still more environmentally friendly than cement, as their production requires much
lower temperatures and thus total energy®.

This new composite hydraulic binder® contains a combination of 25 — 85 wt.% of aluminosilicate
metakaolin-based component, 5 — 30 wt.% of anhydrous calcium component (Ca0), and 8 — 45 wt.% of anhydrous
calcium sulphate component (CaSO4 anhydrite Il). The reaction of the binder with water is based on the calcium
sulphate activation of aluminosilicate. This is done using the anhydrous components of the binder
Ca0 + CaS04 anhydrite Il in their reaction with H20:

CaO0 + H,0 — Ca(OH),
CaS0, AlI (insoluble) + 2H,0 (in the presence of Ca(OH),) — CaSO, - 2H,0

Aluminosilicate amorphous anhydrous substance under the reaction of Ca(OH), and SO42 ions gives the binder
phases as C-A-S-H, C-S-H and ettringite. There is no CaO in this hardened binder, which could cause undesirable
expansion phenomena®.

This work presents the preparation of a newly designed hydraulic binder based on metakaolin, anhydrite
and lime. It also studies the influence of grinding time and the firing method of mixtures on the compressive
strength of hardened binders and the phase composition changes.
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Materials and methods

Four input raw materials were used for the preparation of the mixtures — flue gas desulfurization gypsum
(FGD-CaS04.2H,0) from the coal power plant TuSimice CZ (EGS), metakaolin Mefisto from CLUZ a.s. CZ (Mk),
quick lime (Ca0) and limestone (CaCOs3) from Certovy schody CZ. All input raw materials were characterized by
X-ray fluorescence (Table 1), X-ray diffraction (Table I1), and granulometry (Table IIl).

X-ray fluorescence (XRF) determines the chemical composition of the sample and was performed on an X-ray
spectrometer ARL 9400 XP (Thermo ARL, Switzerland). X-ray diffraction determines the phase composition of
the sample. The measurement was performed on a 6-8 X'Pert3 Powder diffractometer (PANanalytical,
Netherlands). Samples for XRD were measured by semi-quantitative analysis, but also by quantitative Rietveld
analysis. The semi-quantitative analysis does not consider the amorphous binder phase, while the quantitative
Rietveld analysis also determines the amorphous binder phase using internal standard ZnO (10%). The results
were evaluated using a HighScore Plus 4.0 software.

The particle size distribution (PSD) was measured on a laser particle size analyzer Bettersizer ST (Dandong
Bettersize Instruments Ltd., China). The porosity of the samples was determined by measurements on
AutoPore IV 9500 (Micromeritics, Georgia, USA) instrument. The basic part of the research was
the measurement of compressive strength using compressive strength testing machine (VEB Thiringer
Industriewerk Rauenstein, Germany). Scanning electron microscope images were taken on Hitachi S 4700
(Hitachi, Japan) for completion.

Table I. Chemical composition of input materials [%]

Material CaO SiO2 AlO3 Fe20s K0 Na.0O MgO SOs Ti0O2 P.0s CO2 Others

EGS 43.77 1.94 1.05 031 1.05 0.14 1.01 50.49 - - - 0.24
Mk 0.26 51.15 4293 275 1.09 - - - 1.13 0.16 - 0.53
CaO 98.07 0.01 0.01 o0.01 - - 0.08 001 - - - 1.81

CaCOs 5446 110 0.24 0.05 003 004 054 004 001 015 433 0.04

Table Il. Phase composition of input materials [%]

Material Quartz Mullite Hematite Muscovite Lime Portlandite Calcite Gypsum Amorph.

EGS - - - - - - - 100 -
Mk 10 3 1 4 - - - - 82
Ca0 - - - - %0 8 2 - -
CaCOs - - - - - 1 99 - -

Table 1ll. PSD quantiles of input materials [um]

Material D10 D50 D90
EGS 19.05 46.12 83.42
Mk 1.32 5.42 21.30
Cao 1.31 12.46 78.45
CaCOs3 2.67 146.90 355.80

Firstly, to find an optimal recipe for the preparation of the new binder, several types of mixtures with different
ratios of input materials were mixed. Based on the mechanical-physical properties, two series labelled 18 and 23
were selected as optimal and their recipes are presented in Table IV.

For the preparation of series 18 and 23, EGS was fired at 850 °C for 1 hour to form anhydrous CaSOs anhydride All.
This was followed by homogenization by grinding of metakaolin, lime, and CaSOa All in a Tencan QM-15 ball mill
(TENCAN, China) at 200 rpm for 60 min (V) or 180 min (VII). Cubes with an edge size of 20 mm were prepared
from the mixtures.

The 18P and 23P series were chosen as the second binder preparation variant (recipe Table IV), where all input
materials were fired together - metakaolin, limestone, and CaS04.2H,0 at 850 °C for 1 hour. This was followed
by homogenization in the ball mill at 200 rpm for 60 min (V) and 180 min (VII) and the preparation of cubes with
an edge size of 20 mm.

The binders were prepared by mixing with water and placing them into a form. For all series, the water to binder
ratio was adjusted so that comparable consistency may have been achieved. Therefore, the water to binder ratio
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is varying in both series (Table 1V). 5 days after mixing the cubes were removed from the forms and placed into
a humidity cabinet with a temperature of 22 + 1 °C. Binders were stored for 7, 14, 28 and 90 days in a stable
environment.

Table IV. Recipes of mixtures 18, 18P, 23, 23P in [%], (w = water to binder ratio)

Mixture Mk Ca0 Ca(CO0s) CasOq All CaS0s.2H:0 w

18 58.8 17.7 - 23.5 - 0.60
18-V 58.8 17.7 - 23.5 - 0.59
18- Vi 58.8 17.7 - 23.5 - 0.59
18P -V 45.8 - 24.5 - 29.7 0.56
23 60.0 20.0 - 20.0 - 0.64
23-V 60.0 20.0 - 20.0 - 0.60
23 - VIl 60.0 20.0 - 20.0 - 0.60
23P-V 46.9 - 27.9 - 25.3 0.67

Results and discussion

The compressive strength was tested on both types of series 18 and 23. The influence of sample preparation on
the final mechanical properties was observed. The following graphs (Figure 1) compare the compressive strength
of samples with different grinding times. It was found that the grinding of the input raw materials (18 -V,
18 - VII, 23 -V, 23 - VIl) increases the strength of hardened binders compared to the unground samples (18 and
23). Both V and VIl ground series had almost identical strengths after 90 days, series 18 (52 — 54 MPa) and series
23 (59 — 61 MPa). On the other hand, it is necessary to take into account the different values of the water to
binder ratio of the prepared binders, which could affect the results.

Furthermore, the influence of the firing method of input raw materials on the final compressive strength was
investigated (Figure 2). Hardened binders are prepared by the separate firing of input raw materials (18 - V and
23 - V) achieved higher compressive strengths compared to binders whose input materials were fired together
(18P -V and 23P - V).

In addition, it is evident in all samples that the strengths of the hardened binders do not prove a significant
decrease in strengths between 7 and 90 days.
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Figure 1. Influence of grinding time on the strength of hardened binders (18 left, 23 right)
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Figure 2. Influence of firing method on the compressive strength of hardened binders (18 left, 23 right)
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The samples were analysed by XRD for the phase changes during the hydration (Table V). The phase composition
of the hardened binders confirmed the presence of the main crystalline phase, ettringite*. In addition, it was
found that the content of the amorphous binder phase is in the range of 42 — 61%. For samples 18P and 23P
a higher content of anhydrite in comparison to 18 and 23 samples was found. The higher amount of anhydrite
in the input raw materials resulted in the formation of higher content of ettringite in the hardened binder
and concurrently to lower content of the amorphous binder phase. The lower content of the binder phase was
probably the main influence on the lower strength of the hardened binder (Figure 1 and Figure 2). The strength
of the hardened binder in the prepared hardened samples was influenced by the different compositions
of the input material as well as by the different water to binder ratio and in addition by the different preparation
methods of the input materials. Therefore, further research needs to focus on reducing the variables to could be
determined definite conclusions. The presence of the ettringite crystalline phase was also confirmed by SEM
analysis images (Figure 3).

Table V. Phase composition of the input mixtures and hardened binders after 14, 28 and 90 days [%] by XRD
analysis

Sample Amorph. Ettringite Anhydrite  Lime Portlandite Calcite Quartz
18 50 - 28 14 2 - 6
18-V - 14d 48 48 - - - 1 3
18-V - 28d 47 49 - - - 1 3
18-V - 90d 51 43 - - - 2 4
18P 51 - 32 11 - - 6
18P-V-14d 40 56 - - - 1 3
18P-v-28d 40 55 - - - - 5
18P-V-90d 42 52 1 - - 1 4
23 53 - 24 15 2 - 6
23-vV - 14d 58 36 - - - 1 5
23-vV - 28d 61 33 - - - 2 4
23-vV - 90d 58 36 - - - 2 4
23p 49 - 30 8 - 7 6
23P-V-14d 47 45 - - - 5 3
23P-V-28d 45 48 - - - 4 3
23P-V-90d 42 48 - - - 6 4

$4700 20.0kV 12.4mm x10.0k SE(M)

Figure 3. SEM images of hardened binders 18P - V (left) a 23 - V (right) after 90 days of hydration, magnified
10000 x

Porosimetry results for selected binders 23 - V and 23P - V after 90 days of hydration are shown in Figure 4.
It has been proven that hardened binders with a higher water to binder ration (higher capilar porosimetry)
and also higher ettringite content exhibit higher porosity. The same results were obtained for the 18 and 18P
samples.
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Figure. 4. Porosity of hardened binders 23 a 23P after 90 days of hydration

Conclusion

Based on the obtained results it was found that the grinding of the input raw materials increases the strength of
hardened binders. It has also been found that the strengths of the hardened binders in the range
from 7 to 90 days do not show a significant decrease in strengths. Hardened binders prepared by the separate
firing of input raw materials (18 and 23) achieved higher compressive strengths compared to binders whose input
materials were fired together (18P and 23P). Due to the different ratios of the input raw materials and
the different water to binder ratio of the prepared mixtures, the influence of the methods of preparation of
the mixtures on the resulting strengths of the hardened binders cannot be clearly proved. The phase composition
of the hardened binders as well as the SEM images confirmed the presence of the main crystalline phase,
i.e. ettringite. In addition, it was found that the content of the amorphous binder phase is in the range of
42 —61%.
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Abstract

The work deals with the alkali-silica reaction (ASR) in concretes and mortars, which is one of the possible causes
of failures of concrete structures. The aim of the work was to study the effect of different supplementary
cementitious materials (SCMs) on ASR. The results were evaluated using an accelerated expansion test according
to ASTM 1260. Firstly, it was necessary to solve the issue of the low-reactive aggregate. These aggregates did not
allow a clear evaluation of the effect of SCMs on ASR. This problem was solved by replacing a part of the
aggregate with glass shards, which led to an increase in the reactivity. In addition, the effects of different amount
and different glass fractions on ASR were studied. A subsequent experiment with SCMs showed a positive effect
on ASR elimination for all tested SCMs. The greatest effect on ASR elimination was detected for fly ash together
with metakaolin followed by the Sorfix binder. The least effective was a blast furnace slag.

Introduction

ASR represents one of the most common destructive mechanisms in concrete. ASR is based on the solubility of
silicate-rich aggregates in highly concentrated alkali solutions in concrete *. The dissolution of silicates is initiated
by nucleophilic attack by OH" ions. This reaction produces hygroscopic silica gel, which subsequently causes stress
in the concrete by swelling, which can result in cracking 2. The formation of ASR depends mainly on three factors;
sufficient environmental humidity, the existence of alkalis in the environment or in concrete and the presence
of reactive SiO; in the aggregate 3. The most important factor in preventing the formation of ASR is to select a
suitable aggregate with a minimum of reactive phases SiO2 4. It is also possible to eliminate the formation of ASR
with various admixtures such as fly ash, metakaolin, silica fume, various lithium-based inhibitors or using suitable

aggregate grain sizes %, >, .

The aim of the work was to assess the suitability of mineral admixtures in concrete to suppress ASR. For this
purpose, samples (prisms-shape) were prepared and subjected to a dilatometric test according to ASTM 1260 7.

Upon completion of the dilatation tests, some of the prisms were observed with a scanning electron microscope
(SEM). The result of the work was the evaluation of the expandability of prisms based on their influence on the
formation of alkali-silica reaction.

Materials and methods

The input raw materials for preparing prisms were cement CEM 42,5 R (Ceskomoravsky cement, plant Mokra),
natural aggregates fraction 0-4 mm (Dobfin), fly ash — ETU (power plant Tusimice), blast furnace slag — VS (Kotou¢
Stramberk), metakaolin — MET (Ceské lupkové zévody a.s.), calcium-sulphate binder Sorfix — SFX based on FBC
ash &, float glass shards — GLASS (TGK — Technika, sklo a uméni s.r.0.), all materials from the Czech Republic. Table
| depicts chemical composition of input raw materials obtained by X-ray fluorescence.

X-ray fluorescence analysis (XRF) was performed with an ARL 9400 XP (Thermo ARL, Switzerland) sequential
wave-dispersive X-ray spectrometer. The spectrometer is equipped with an X-ray lamp with Rh, an anode type
4GN and a Be window terminal window 50 um thick. All element spectral line intensities were measured in
vacuum with WinXRF. The obtained intensities were processed by the Uniquant software without the need to
measure standards. The analyzed powder samples were compressed into tablets with a thickness of 5 mm and a
diameter of 40 mm. The measurement time of one sample was approximately 15 min.
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Table |

Chemical composition of input raw materials (XRF)

Raw materials

Percentage by mass [%]

Na20 MgO K20 CaO SiO2 Al2O3 Fe203 TiO2 SO3 Rest

CEM 0.4 1.3 0.9 65.0 18.6 4.8 3.5 0.3 4.7 0.5
ETU 0.6 1.0 1.7 1.8 49.8 33.9 8.9 1.2 0.6 0.5
VS 0.5 9.1 0.5 41.7 36.5 9.6 0.2 0.5 0.0 14
MET 0.3 0.1 0.7 0.2 51.1 45.3 0.8 1.5 0.00 0.0
SFX 0.1 0.7 0.6 21.6 33.8 26.6 4.6 2.5 9.0 0.5
GLASS 15.6 4.0 04 9.5 69.1 1.1 0.1 0.0 0.2 0.0

The phase composition of the raw materials CEM, ETU, VS, MET and SFX is given in Table Il. X-ray diffraction
analysis (XRD) was performed at room temperature on a 6-0 powder diffractometer X'Pert3 Powder
(PANanalytical, Netherlands) using the wavelength of CuKa radiation (A = 1.5418 A, U = 40 kV, | = 30 mA). The
data were scanned with an ultrafast linear detector PIXCEL in the angular range 15-78 ° with a measurement step
of 0.013 ° and with a counting time of 180 s step™’. A fixed aperture was used for the measurement. Qualitative
and quantitative analysis was then performed by evaluation in HighScore Plus 4.0 (PANalytical, Netherlands). The
amorphous content was determined by the indirect internal standard method. 7.5% ZnO was added to the

samples.

Table Il

Phase composition of the raw materials (XRD), AP = amorphous phase, percentage by mass [%]

Phase AP Hatrurite Larnite Brownmillerite  Trikalcium aluminate Gypsum Rest
CEM 10 56 19 11 2 2 0
Phase AP Quartz Mullite Magnetite Hematite Hercynite

VP 54 9 34 1 1 1 0
Phase AP Calcite Akermanite Kalcium magnezium silicate

VS 91 3 3 3 0
Phase AP Quartz Mullite Anatase Muscovite Kaolinite

MET 85 7 3 1 2 2 0
Phase AP Quartz Anhydrite Anatase Lime Portlandite

SXF 58 8 15 2 6 6 5

Following Table Il shows characterization of raw materials by quantiles D10, D50, D90. The measurement of
particle sizes (PSD) of the samples for research purposes was performed by a laser analyzer (Dandong Bettersize

Instruments Ltd., China) and took place in the laboratory of Korund Benatky s.r.o., Czech Republic.

Table llI

PSD quantiles D10, D50 and D90 of input raw materials

. D10 D50 D90

Quantiles

[um] [um] [um]

CEM 2.5 14.1 44.2

ETU 1.7 12.2 66.5

VS 2.1 14.0 435

MET 1.1 3.8 12.2

SFX 1.8 18.3 122.0

The following two tables relate to the composition of the individual mixtures. Table IV shows the composition

of the prisms with different amounts of glass, Table V shows the composition of the prisms with different

amounts of admixtures.
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Table IV
Composition of the reference prism (AST s0) and prisms containing glass, GF = glass fraction, AF = aggregate
fraction

Prism Cement [g] Aggregate [g] Glass[g] Glass [%] Water [g] Note
AST sO 500 1125 0 0 235
AST s5 500 1069 56 5 235 GF corresponds to the
AST s10 500 1013 112 10 235 aggregate granulometry
AST s15 500 956 169 15 235
AST 510 (2) 500 1013 112 10 235 GF 4-2 mm
AST s10 (63) 500 1013 112 10 235 GF 125-63 um
AST k10 (2) 500 1125 0 0 235 10% AF 4-2 mm
AST s20 (2) 500 900 225 20 235 GF 4-2 mm
Table V
Composition of prisms with admixtures
Prism Type of admixture Admixture [g] Cement[g] Aggregate [g] Glass [g] Water [g]
ETU 30 Fly ash 150 350 1013 112 235
VS 30 Blast furnace slag 150 350 1013 112 235
MET 30 Metakaolin 150 350 1013 112 235
SFX 30 Sorfix 150 350 1013 112 235
ETU 10 Fly ash 50 450 1013 112 235
ETU 20 Fly ash 100 400 1013 112 235

Preparation of mortar prisms for expansion tests (ASTM 1260) and measurement of prisms:

e Weighing of raw materials according to recipes — Table IV and Table V, dry homogenization
approximately 1 minute in mortar mixer, addition of water, mixing 3 minutes

e Pouring the mortars into forms of sizes 25 x 25 x 285 mm, storing in a moist cabinet (20 + 2 °C)

e After 24 hours removing the forms with mortar prisms from the moist cabinet, demolding the prisms

e Placing the prisms into the containers with water, placing the containers with submerged prisms into
the drying oven (80 + 2 °C)

e  After 24 hours — zero value reference measurement, placing the prisms into the containers with 1 M
NaOH solution

e Storage of containers with submerged prisms in the 1M NaOH solution in the drying oven (80 + 2 °C)

e The following values of length changes are ideally measured every 24 hours for 28 days

e Individual measurement of every prism lasted less than 15 seconds

The measurement result is the relative expansion of the prisms calculated by the relation:

_ Le—Lg
T Gxx100”’

where Ly is the length of the prism read from the display of the x-th measurement, Lo is the value of the zero
measurement and Gx = 285 mm, which represents the length of the prism determined for the ASTM 1260
standard 7. Measurements were performed on dilatometric device mod. $382-01 (MATEST S.p.A., Italy).

Observation and imaging of prisms (after 28 days of testing) was performed with a Hitachi S 4700 (Hitachi, Japan)
cold cathode scanning electron microscope. The microscope is equipped with two secondary electron detectors
and one reflected electron detector. For the measurement a resolution of 1.5 nm was selected, with
magnification of 20 x - 500000 x and with accelerating voltage from 0.5 to 30 kV.

Results and discussion

Figure 1 shows the results of dilatometric tests for mixtures prepared with different addition of glass instead of
aggregate, with glass addition of 0% (AST s0), 5% (AST s5), 10% (AST s10) and AST 15% (AST s15). Figure 1 shows
the linear expansion of the prisms as a function of time over a period of 28 days.
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Figure 1. Expansion of the prisms for time, mixtures prepared with glass with the same granulometric curve as
aggregate AST s0, AST s5, AST s10, AST s15 — composition see Table Il

In case of prisms AST s0, AST s5, AST s10, AST s15 — Figure 1, length changes were not registered with increasing
amount of glass in the prisms compared to the reference prism without added glass. Paradoxically, the prism
with the highest amount of glass exhibited the lowest expansion. This may be due to the dominant amount of
fine glass fraction, which is in accord with the works of D. Serpa et al., Shuhua et al. suppresses ASR °, %©,

In Figure 2 results of mixtures AST s10 (2), AST s10 (63) and AST s10 are listed. It is possible to observe the
dependence of expansion prisms on the different fraction of added glass. ASR was suppressed in the prism with
the addition of fine glass (63 um). The prism with the coarse glass fraction (2-4 mm) reached the highest
expansion values. It corresponds to the results of Shuhua’s et al. work, that fine glass suppresses ASR and coarse
glass causes ASR 0,
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Figure 2. Expansion of the prisms for time, mixtures prepared with different glass fraction AST s10 (2), AST s10
(63), AST s10 — composition see Table IlI

Following Figure 3 shows the results of dilatometric tests for mixtures prepared with admixtures — 30 % fly ash
(ETU 30), 30 % blast furnace slag (VS 30), 30 % metakaolin (MET 30), 30 % binder Sorfix (SFX 30) and referential
prism AST s10 (2) without admixture. All admixtures used had a positive effect on reducing ASR expansion. It was
found that the prisms with fly ash (ETU 30) had the greatest effect on the suppression of ASR in the prepared
mortars (0.014 % after 28 days). After 14 days of measurement, visible expansion was measured only for prisms
SFX 30 (0.031 %), VS 30 (0.063 %). Values of linear expansion of prims ETU 30 and MET 30 after 14 days were
0.000 % and 0.009 %. After 28 days, a slight increase in the value of linear expansion of the prism ETU 30 matched
the value of the prism MET 30 (0.015 %). Regarding the effectiveness of individual admixtures in suppressing
expansion ASR, the results obtained correspond to the results of the working group of Pertold et al., where blast
furnace slag had the least effect on the formation of the expansion gel and metakaolin was the most effective “.
An explanation of why ash and metakaolin are such effective admixtures against ASR is offered by XRF analysis.
It was found that they contain a large amount of SiO2 and, conversely, a small amount of alkali and calcium. It is
the reason for higher efficiency against the formation of expansive ASR gel according to a study by Michael
Thomas 1. In the case of metakaolin also plays an important role small size of particulars. According to

Kizhakkumodoma Venkatanarayanana and Rangarajua, smaller particles have a positive effect on the elimination
of ASR 11,

ICCT 2022 | book of proceedings 104



coee®ee-- ETU30%  —MW—VS30% =—-i=-MET30% SFX30%  ——@— AST s10% (2)

0.25

Linear expansion [%]

2 chbh e bl Al ek se
8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
Time [day]

Figure 3. Expansion of the prisms for time, prisms prepared with different admixtures ETU 30, VS 30, MET 30,
SFX 30, AST s10 (2) — composition see Table IlI, IV

In the last Figure 4 there are results of mixtures listed with the weight representation 10 %, 20 % and 30 % of fly
ash (ETU 10, ETU 20 and ETU 30) and referential prism AST s10 without admixture. From these results, it is
possible to conclude that with increasing ETU content (10 - 30%) the effectiveness of ASR suppression increases
as well, which confirms the findings from the study of Pertold et al. *.
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Figure 4. Expansion of the prisms for time, prisms prepared with different amount fly ash ETU 10, ETU 20, ETU
30, AST s10 (2) — composition see Table IlI, IV
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Figure 5. SEM images of the crack across the glass grain of the AST s10 (2), left 100x, right 200x

Figure 5 shows cracks across the glass grain, which were identified by SEM in the prism AST s10 (2) after 28 days
of mesurement. These cracks did not appear in natural aggregates. The presence of silica-calcium hydrate was
found in the crack from EDX analysis, which, according to the literature, may be a consequence of ASR 12,

Compared to the glass composition from XRF and EDX analyses, the crack had a significantly higher content of
calcium ions.

Conclusion

The Replacement of a part of the aggregate with glass (5%, 10% and 15%), in which glass fraction corresponded
with the aggregate fraction (sieves analysis), did not result in the final expansion of the prisms in the dilatometric
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test according to ASTM 1260. These prisms did not show higher values of expansion during the measurement
compared to the prisms without added glass. The addition of the coarse glass fraction 2-4 mm increased the
linear expansion of the prisms, which was caused by the expansion of ASR gel. The fine glass of the 63-125 um
fraction used as a replacement for part of the aggregate, on the other hand, reduced the expansion of the prisms.
All used admixtures in the amount of 30% as a cement substitute - fly ash, blast furnace slag, Sorfix binder,
metakaolin - had a positive effect on the elimination of ASR. The most effective admixtures in the measurement
were fly ash and metakaolin. Their effectiveness is probably related to their composition and, in the case of
metakaolin, also to its small particle size. With increasing fly ash content (10 - 30%) the effectiveness of ASR
suppression increases as well.
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Abstract

Detection of the composition of energy materials (explosives) is important not only in forensic and environmental
applications, but also in evaluating the quality of production and analysis of raw materials. Knowing the exact
composition of the produced ecological pyrotechnic compositions and explosives is extremely important for
determining the correct function, as well as predicting the effect in the products.

Most of the analysis methods used so far are based on time-consuming titration, precipitation and redox
methods and reagents. Even in these cases, some compounds are eliminated. Therefore, it is necessary to look
for new modern methods of analysis of energetic materials.

Introduction

With the increase in the number of analytical areas used for explosives and the development of new types of
explosives, the use of different methods and techniques for the analysis of explosives has been tried with varying
degrees of success. Although the scope of this work does not allow to analyze all existing analytical methods, we
have tried to summarize the most used methods.

It is well known that most explosives undergo ,color reactions”, in particular chemical reactions with reagents.
One or more drops of reagent solution are applied to a small amount of the analyzed sample, resulting in colored
reaction products. Identification by the calorimetric method is based on the fact that the resulting color is
characteristic of a particular compound or defined group of compounds. The main disadvantage of this method
lies in its reliability. Although some reactions are quite specific, this is largely unsatisfactory. Nevertheless, these
tests are still widely used in many explosives laboratories, mainly due to their simplicity and low cost. The set of
said tests and thin layer chromatography are examples of preliminary color tests that are often used in laboratory
screening of explosive residues. Longer analysis time, the need to prepare different amounts of chemical in the
development chamber, and low portability are major weaknesses of these methods.

One of the most widely used and methods for explosives analysis is spectroscopy. The principle of spectroscopy
is the interaction between matter and electromagnetic radiation. The ionized samples are then separated by an
electric field according to ion mobility or mass to charge ratio before being detected by a spectrometer detector.
An example of a spectroscopic method is Raman spectroscopy, atomic absorption spectroscopy , infrared
spectroscopy, nuclear magnetic resonance spectroscopy, mass spectroscopy, ion mobility spectroscopy and
others. Spectroscopy methods have high selectivity and sensitivity, but each instrument itself is very
expensivel'3],

Other known methods include high performance liquid chromatography, ion chromatography, gas
chromatography or X-ray fluorescence.

Experimental part

The aim of the work was to identify and test a modern analytical method for determining the composition of
pyrotechnic compositions. All standards and pyrotechnic compositions were analyzed by X-ray fluorescence. The
aim of the practical part was to determine whether the selected X-ray fluorescence is a suitable method in the
production and quality control of pyrotechnic compositions. Our goal was to get closer and get an idea of the
level at which the selected method works in quality control. All analyzes were performed on a hand-held
analyzer, type VANTA. In the following section, we will further describe the methodology and procedures that
were used in the analysis of the samples and the subsequent evaluation of the samples.
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Materials and methodology

We analyzed a total of 21 pure chemicals and 5 samples of pyrotechnic compositions produced in ZVS IMPEX.
We did not modify the samples in any way before analysis. This fact of not modifying the samples is a great
advantage of the analysis.

The following table (Table 1) lists all the components of the tested pyrotechnic compositions and the associated
alternative compounds with a similar elemental composition that we had at our disposal.

Table 1: List of chemical substances used in the analysis

Components of tested Alternative
pyrotechnic compositions compounds
BaCrOas K2CrO4; BaSO4
BaMoOg4 (NH4)sM07024 - 4H20; Na2MoOs - 2H20
Pb304 Pblz; Pb
Bi»0O3 Bil3
S S (powder)
KCIO4 KCl; NaCl; Kl
Zr Zr(NO3)4-5H.0
Nitrocellulose NHaCl
Fluoro rubber -
Ti -
FeSiMn Fe203; SiO2; MnSO4; MnO2

Instrument technology

The practical part was performed using the VANTA device. The instrument is used for X-ray fluorescence analysis.
We performed measurements on 26 samples, while we analyzed each sample in two different modes, so we
performed a total of 42 analyzes. The first of the two modes is AlloyMode. This mode is used mainly for the
analysis of metal elements, used in practice most often for metal alloys. AlloyMode mode libraries are calibrated
directly from the manufacturer to 26 elements, which are as follows: Al, Mg, Si, P, S, Ti, V, Cr, Mn, Fe, Co, Ni, Cu,
Zn, Zr , Nb, Mo, Hf, Ta, W, Re, Pb, Ag, Sn, Biand Sb .
The second mode in which we analyzed the samples was the GeoMode mode, which was calibrated directly from
the manufacturer to 35 elements, which are as follows: Mg, Al, Si, P, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn,
As, Se, Rb, Sr, Y, Zr, Nb, Mo, Ag, Cd, Sn, Sb, W, Hg, Tl , Pb, Bi, Th, U. serves mainly for the analysis of soils, rocks
and light matrices.

The technical settings of the device are:

e 4 watt X-ray lamp with voltage from 40 kV to 50 kV

e  SDD detector (Silicon Operation Detector )

e Linux operating system

e 5-megapixel panoramic camera with auto focus

Sample analysis

Each sample was poured into a plastic container with a cellophane foil at the bottom before analysis.
Subsequently, we attached the VANTA device to a stand and placed a platform on top of the device to hold the
sample. We placed a sample container on the platform and placed a protective sheath on top, which served to
prevent the escape of X-rays. The first analysis was always run in AlloyMode mode, which lasted 36 s. After
analyzing the sample, we reattached the instrument to the stand and analyzed the sample in Geo mode in the
same way. Geo mode analysis took 96 s. After each analysis of the sample, we cleaned the plastic container with
distilled water and wiped it with a paper towel to prevent contamination of the sample. We then lost the results
in the VantaDataMnager program , in which we observed not only the results of the analysis but also the graphs
provided by the instrument. We also transcribed all the results into the MicrosoftExExcel program , where we
also performed calculations to verify the quantitative analysis. The calculations were mainly focused on finding
the expected percentage of the element in the samples.
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Table 2: Results of the practical part analysis

Sample Qualitative analysis Quantitative analysis

BaCrO4 yes not

K2CrOa yes not

BaSO4 yes no (sulfur only)

(NH2)sM07024 yes not

Na:MoOs - 2H,0 yes not

Pb304 yes not

Pblz yes not

Pb yes yes (at the level of 99.886 %)

Bi203 yes not

Bils yes not

S (powder) yes yes (at the level of 99.929 %)

NaCl yes not

KCl yes yes (deviation below 1 %)

Kl yes not

Zr(NO3)4:5H.0 yes no (deviation below 3.5 %)

NH4Cl yes not

SiO2 yes yes (deviation below 1.2 %)

Fe203 yes not

Ti yes yes (at the level of 99.413 %)

MnO:2 yes not

MnSOg4 yes yes (deviation below 1.7 %)

Pyrotechnic composition 1 yes not

Pyrotechnic composition 2 yes not

Pyrotechnic composition 3 yes not

Pyrotechnic composition 4 no (missing potassium) not

Pyrotechnic composition 5 no (missing potassium) not
Conclusion

In this work, based on the performed research, we chose the X-ray fluorescence method (with the VANTA device,
which is a commonly available commercial device) as the most suitable method for the possible analysis of the
prepared pyrotechnic compositions. We used the method to analyze various formulations of samples of
pyrotechnic compositions (5 samples) intentionally selected with different elements, respectively. compounds.
Although it has not been possible to reliably identify all the elements (compounds) due to the limitations of the
instrument, the measured results are a very good basis for further research in the field of quantitative and
qualitative analysis of pyrotechnic compositions.

The achieved results can be used directly in the production process, but especially in the input control of
components in pyrotechnic compositions. In industrial practice, the VANTA device can be used to check whether
it is a given raw material to be used in the production process. By a simple method, where the worker has a
matrix of the results of the analysis of the required raw material, he can check whether it is the right raw material
to be used in the production process. As part of the input control, the device can also be used to control the
quality of the supplied raw materials, whether there is only the necessary substance in the supplied raw materials
or whether it is contaminated directly from the supplier.

The device is very useful in the output control. As we found out from the practical part that the exact
representation of individual components cannot be achieved with the VANTA device, it is possible to perform
quality control using a graphical display, but also software evaluation of the results as far as possible.
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Regarding the quality control of the measurement of individual final products using the VANTA device, we found
that the determination of individual components is not the most accurate, as the device is more accurate within

pure substances.

The results presented by us show that the VANTA device and the X-ray fluorescence method are suitable for
application in the process of production of pyrotechnic compositions, as well as in input and output quality
control. Measurement portability and analysis speed with VANTA equipment can have practical applications in

many areas of industrial production.

Acknowledgement

This work was supported by European Regional Development Fund — INTERREG V-A SK-CZ No. NFP304010X023
“Ecologically acceptable energy materials meeting the requirements of REACH”.

’ INTERREG V-A
SK-CZ SLOVENSKA REPUBLIKA

14-20 CESKA REPUBLIKA

References

*
*
*

* X %

* 5 Kk

*
*
*

EUROPSKA UNIA
EUROPSKY FOND
REGIONALNEHO ROZVOJA

SPOLOCNE BEZ HRANIC

1. Huri M. A. M., Ahmad U. K., Ibrahim R., Omar M.: Malaysian Journal of Analytical Sciences, 21, 2 (2017).
2. Yinon J.: Explosives - Handbook of Analytical Separations. Elsevier, Amsterdam 2000.
3. Marshall M., Oxley J.: The Detection Problem - Aspects of Explosives Detection. Elsevier, Amsterdam 2009.

ICCT 2022 | book of proceedings

110



DETERMINATION OF THE OPTIMAL COMPOSITION OF THE NEW HYDRAULIC BINDER PREPARED FROM
METAKAOLIN, ANHYDRITE AND LIME

Pulcova K., Sidlova M.2, Sulc R.2, Skvara F.1, Kohoutkova M.}, Sedlarova 1.1

1University of Chemistry and Technology Prague, Technickd 5, 166 28, Prague 6, Czech Republic
2Czech Technical University in Prague, Faculty of Civil Engineering, Thdkurova 7, 166 29, Prague 6, Czech
Republic

Klara.Pulcova@vscht.cz

Abstract

This work investigates the preparation of a new hydraulic binder based on metakaolin, anhydrite and free lime,
which may in the future become an alternative to Portland cement. A series of 26 mixtures with varying amounts
of calcined metakaolin clay (50-80 wt.%), anhydrite (10-30 wt.%) and lime (5-35 wt.%) were prepared. The
mixtures had the same water to binder ratio of 0.35 and contained a superplasticizer. The compressive strength
of the mixtures was assessed after 7 and 28 days. Furthermore, on selected 28-day samples of hardened binders
the phase composition and porosity were determined and also scanning electron microscope images were taken.
Compressive strengths exceeding 60 MPa after 7 and 28 days of wet storage were measured for the selected
optimal compositions. These results are comparable to the characteristics of Portland cement. In addition, these
optimal mixtures did not display any potentially dangerous expansive behaviour. Expansion behaviour was
observed only for samples with high lime content, especially in the mixture containing 35 wt.% of lime.
Furthermore, it was found that ettringite is the main crystalline phase in hardened binder mixtures.

Introduction

Today, the price of cement is rising worldwide due to the environmental requirements and the reduction of CO>
emissions produced in cement industry. For these reasons, there is a tendency to partially replace cement by
admixtures such as fly ash, blast furnace slag, silica fume, etc.> 2. Another possibility is to replace cement as a
binder in general with non-clinker binder which does not produce as high CO2 emissions. Currently, many works®
456 deal with the production of low-emission binders or cement additives based on calcined clays. Adherence to
the required properties such as strength, volume stability, corrosion resistance, etc. proves to be essential®.

One of the right options may be the preparation of FCB ash-based binders, which are formed as a secondary coal
combustion product (CCP) in the dry flue gas desulphurisation process when burning coal in the presence of
limestone. Upon reaction with water, this FBC ash hardens due to the reaction of metakaolin with CaSOa4
anhydrite Il and Ca0O” 8. Clays and other aluminosilicates in their original crystalline form cannot be practically
activated by the addition of lime activators; it is only after calcination at a temperature of 500-900 ° C that they
acquire reactive pozzolanic properties. Calcination dehydrates the kaolinite and forms amorphous metakaolin®.
The advantage of calcination temperatures is that they are still significantly lower compared to cement clinker
production temperatures above 1450 ° C. A detailed examination of the hydration currents of the FBC ash binder
revealed that the system of calcined metakaolin, calcium oxide and anhydrous CaSQOas in the form of anhydrite Il
acts as a clinker-free hydraulic binder in which CaO and CaSOa anhydrite Il act as an effective activator in
metakaolin hydration. The subsequent hardened binder phase contains amorphous C-A-S-H and C-S-H phases
and crystalline phases, especially ettringite, CaCO3, Ca(OH), and CaS04.2H207'8,

Another hydraulic binder called LC? cement, which contains calcined clay, limestone and partly Portland cement,
works by a similar mechanism?°. Further use of calcined clays as an additive to Portland cement is reported in
Bishnoi3. This work builds on previous research on hydration systems associated with FCB ash” 8. Based on these
previous works, a binder!! was designed from pure components containing a similar composition of metakaolin
from Czech calcined kaolinitic clay, anhydrite Il from flue gas desulphurisation processes and pure lime.

Materials and methods
Raw materials characterization

The input raw materials used in this work were: calcined aluminosilicate metakaolin clay called Mefisto (labelled
L05) (Ceské lupkové zavody, CZ), CaSOa - anhydrite (labelled All) (Anhydritec GmbH, DE) and lime CaO (Vapenka
Certovy schody, CZ). The basic characteristics of these materials, including X-ray diffraction (XRD), X-ray
fluorescence (XRF) and particle size distribution (PSD), are given in in the following Tables I-III.
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Table |
Frequency quantiles D10, D50, D90 of PSD [um]
Material D10 D50 D90

LO5 1.24 5.58 19.51

All 1.60 18.43 68.93

CaO 1.31 12.46 78.45
Table Il

Oxide composition of raw materials, XRF analysis [wt.%], (LOI = loss on ignition)
Material SiO, AlLO; CaO K;O SOs; Fe;03 TiO; MgO Others LOI

LOS 480 454 02 08 00 14 1.6 0.2 0.2 2.2
All 0.4 0.1 444 00 546 0.1 0.0 0.1 0.0 0.3
Ca0 01 0.1 986 0.0 01 0.1 0.0 0.8 0.1 0.1
Table Il
Quantitative phase composition of raw materials, XRD analysis [wt.%], Rietveld method (error Rw <5%)
Material Amorph. Anhydrite Lime Quartz Mullite Muscovite Calcite Portlandite Anatase
phase
LOS 90 0 0 5 2 2 0 0 1
All 0 100 0 0 0 0 0 0 0
Ca0 0 0 97 0 0 0 2 1 0

Preparation of pastes

26 mixtures were prepared according to ternary diagram in Figure 1. These mixtures, labelled as K1-K26,
contained varying amount of LO5 (50—-80 wt.%), All (10-30 wt.%) and CaO (5-35 wt.%). The preparation of the
pastes was as follows. After weighing, the dry ingredients were homogenized in a mortar mixer (ELE
International, United Kingdom) for 1 minute, followed by the addition of water and a polycarboxylate-based
superplasticizer. The water to binder ratio was w=0.35 for all mixtures. The mixing time varied according to the
composition, maintaining the same consistency of the mixtures, and ranged from 1 to 6 minutes in the presence
of water. Cubic specimens with an edge of 20 mm were prepared from the mixtures and, after demolding, were
placed in a curing cabinet (95% relative humidity, temperature 20-23 °C) to be cured.
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Figure 1. Mixtures composition ternary diagram
Methods and instrumentation

The X-ray diffraction analysis (XRD) was performed on a 8-08 X'Pert3 Powder diffractometer (PANanalytical,
Netherlands) in a Bragg-Brentan parafocusing geometry using CuKa radiation wavelength (A = 1.5418 A, U = 40
kV, I =30 mA). Samples were scanned with an ultrafast linear detector PIXCEL in the angular range 15-78 ° (26)
with a measurement step of 0.013 ° (28), counting time of 180 s step™®. Qualitative and quantitative analysis was
evaluated using HighScore Plus 4.0 software, Rietveld method. The amorphous content was determined
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indirectly using internal standard 10 wt.% ZnO. The morphology of selected hydration products was also
monitored by SEM and EDX analysis on a Hitachi S 4700 (Hitachi, Japan) scanning electron microscope.

To measure the X-ray fluorescence analysis (XRF), sequential wave-dispersive X-ray spectrometer ARL 9400 XP
(Thermo ARL, Switzerland) with an X-ray lamp with Rh anode type 4GN was used. The intensities of the spectral
lines were measured in vacuum using the WinXRF software. The intensities were processed using the Uniquant
4 software. The analyzed powder samples were compressed into 5 mm thick tablets. The measurement time was
about 15 min.

The particle size distribution (PSD) was determined by a laser particle size analyzer Bettersizer ST (Dandong
Bettersize Instruments Ltd., China). The laboratory measurement was performed in Korund Benatky, s.r.o. Czech
Republic.

In addition, AutoPore IV 9500 (Micromeritics, Georgia USA) was used to measure mercury intrusion porosimetry
(MIP) of open pores. The evaluation of the porosity took place in the range of tissue 101.325 kPa - 400 MPa with
a corresponding range of pore radius size of about 6 x 10%—1.5 x 10° m.

To measure compressive strength, concrete compressive strength testing machine (VEB Thiringer Industriewerk
Rauenstein, Germany) was used.

Results and discussion
Compressive strength

Compressive strengths shown in the following ternary diagrams in the Figure 2 ranged between 24—62 MPa after
7 days and 28—67 MPa after 28 days. Samples K16 (62 MPa), K15 (61 MPa) and K19 together with K20 (60 MPa)
had the highest compressive strength. The lowest strengths were recorded for samples K17 (24 MPa), K21, K24
(27 MPa), K3 (28 MPa) and finally K26 (32 MPa). This marked decrease in strength is related to the CaO content
of the mixture, where 5 wt.% of CaO was used. The K3 mixture, on the other hand, was prepared from 35% CaO
and this value proved to be unsatisfactory both in terms of strength and in terms of preparation. The K3 mixture
reacted very strongly exothermically and solidified rapidly.

In the strength diagram after 28 days, it is possible to observe a slight increase in strength compared to the
strength after 7 days. The lowest strength values were again recorded for samples K17 (28 MPa), K24 (29 MPa),
K26 (31 MPa) and finally K3 together with K21 (32 MPa). The highest strengths were identified for the K9 and
K16 mixture (67 MPa). This was followed by K15 and K23 (65 MPa) and K10 with K11 (64 MPa). From these
results, it may be concluded that the ideal composition of the proposed binder is around 60—65% calcined clay,
15-25% anhydrite and 10-25% CaO.

Similarly to the LC3 binder from Scrivener et al.’%, the presented binder achieves excellent strengths, with the
difference that it does not contain cement clinker at all, making it a more environmentally friendly variant.
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Figure 2. Compressive strength [MPa] after 7 days (left) and after 28 days (right)
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Although the research was not focused on measuring the expansion of the samples, it should be added that eye-
visible expansion in comparison with the others was noted for K3 sample, as seen in Figure 3. The reason is
probably the highest CaO content (35 wt.%) of this mixture. Observations of expansion and corrosion behaviour
are needed and will be part of further research.

4
N‘

Figure 3. Visible expansion of sample K3 after 7 days

Porosity

In the next step, the open-pore porosity of all 28-day samples was measured using MIP. Porosity, shown in Figure
4, ranged between 19-33%. The measurement can be compared with the results of Caré!?, who measured MIP
cement slurries with the same water to binder ratio (w = 0.35) and obtained a porosity of 13.8%.

74 7 4 7 7 7 7 4 7 4 7 4 0
45 50 55 60 65 70 75 80 85 90 95 100
LO5 (%)

Figure 4. Porosity after 28 days, MIP [%]

It also could be seen that there is a slight correlation with 28-day compressive strength showed in Figure 5. With
higher porosity, a decrease in compressive strength was observed with a coefficient of determination R?=0.6997.
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Figure 5. Correlation between compressive strength and porosity after 28 days
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XRD analysis

By XRD analysis after 28 days of hydration, the mixtures were found to contain the following phases: amorphous
phase, ettringite, portlandite, anhydrite, calcite, quartz and trace amount of muscovite. The amount of the
individual phases varied depending on the proportion of the input raw material during mixing.

Portlandite began to appear in mixtures that were prepared from more than 10 wt.% CaO. Subsequently, with
increasing CaO content the amount of portlandite in the hydrated mixtures increased linearly. The largest
amount of portlandite contained the K3 mixture (18%). Similarly, for increasing amounts of All in preparation,
the hydrated samples contained higher amounts of anhydrite. Most of the anhydrite contained K17 (22%), which
was prepared from 30 wt.% All. The sum of quartz and calcite content was up to 5% for all samples.

The amorphous content ranged from 39-74 wt.% and a slight dependence of the amorphous phase increase was
observed with the increasing amount of LO5 clay, which itself contains 90 wt.% amorphous phase. The amount
of ettringite ranged from 17-40 wt.%. Interestingly, although no direct correlation was observed between the
amount of ettringite and 28-day compressive strengths, the highest strength (67 MPa) was measured for K16
with the highest amount of ettringite (40%). The selected optimal K16 mixture had the composition shown in the
following Table IV.

Table IV

Quantitative phase composition K16 after 28 days, XRD analysis [wt.%], Rietveld method (error Rw <5%)
Sample Amorph. phase Ettringite Anhydrite Quartz Calcite Portlandite
K16 50 40 8 1 1 0

SEM

SEM image of the selected optimal sample K16 after 28 days confirmed the existence of needle-like crystals of
ettringite.

Figure 6. Fracture surface of hardened paste K16 after 28 days - SEM 10000x (left) 5000x (right)
Conclusion

Compressive strengths exceeding 60 MPa after 7 and 28 days in wet storage were measured for the selected
optimal compositions of a new hydraulic binder based on calcined metakaolin clay, anhydrite and free lime. In
addition, optimal mixtures did not display any potentially dangerous expansive behaviour after 28 days. Visible
expansion behaviour was observed only for samples with high lime content, especially in the mixture K3
containing 35 wt.% of lime. Furthermore, it was found that ettringite is the main crystalline phase in all hardened
binder mixtures. With proper optimal composition, this new hydraulic binder has the potential to partly
substitute cement in the future although further research is needed.
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Abstract

Variability in the porosity of natural rocks and waste have been investigated in relation to the influence on the
permeability of gases and water. The samples were of sedimentary or igneous rocks, carbon-rich rocks, and solid
porous waste material after thermal conversion. Using mercury intrusion porosimetry, porosity values and pore
size distribution varied with the origin of materials. These results have been compared and a connection between
the origin and porosity of material was observed. Total porosity values of selected samples ranged from ca. 0.2%
for granite to 55% for waste porous material. Lower porosity values demonstrate the connectivity between
mesopores or micropores and are related to the capturing of greenhouse gases, while higher porosity is caused
predominantly by the presence of macropores and coarse pores, which serve as pathways for permeability of
gases and liquids.

Introduction

Nowadays, we are able to study in detail not only the structure but also the textural parameters of various solid
porous materials, and this helps us understand the ongoing physical processes in the material mass. Many
processes depend on the porosity and active surface area of porous solid materials, which influence the physical
and mechanical properties of materials. There is a network of different types of pores. The surface area, volume
and size distribution of pores in solid materials are variable, and the number and type depend on their origin,
geophysical processes during their genesis, the age of the rock and its chemical composition. These factors,
altogether, influence the permeability of rocks and the trapping of compounds such as gases and liquids in their
porous system. All these factors are closely interrelated.

Each rock constituent and geophysical process can affect the formation of the pore network, which is closely
related to the formation/adsorption/motion of thermogenic gases (CO2 and CH4). Gases migrating from the site
of injectage through fractures and coarse pores have been trapped in pores of a suitable size by physical
adsorption. Adsorption of gases is closely related to micropores and smaller mesopores, while permeability
depends on the presence of macropores and coarse pores that serve as transport pathways for liquids and
macromolecular compounds; these can be called seepage pores.

The amount of captured gases depends on the presence of micropores, small-dimensional mesopores and on
the types and shapes of pores. Better knowledge of the maximum amount of gas that can be captured in material
pores is important for characterization of the surface properties of solid porous materials and for a better
understanding of possible migration into the pores of a porous network of materials.

Some studies have focused on evaluating the CHa reservoir in rich organic deposits'®, and in coal deposits in
USCB’. The adsorption capacity of CO>, an equally important gas in relation to the search for geological sites
suitable for its sequestration, has been studied less frequently until now (e.g. &, °).

The broad goal now is to obtain information on the connection between texture, permeability and adsorption
capacity, not only of coal-bearing rocks but also of source rocks and waste porous materials.

The gas-tightness and the possibility of adsorption of gaseous substances in different types of porous
environments are currently two important parameters for the use of rocks or waste porous materials for storing
of CO:z gas below the surface of the Earth. Well-researched structures with a sufficient volume of pore space to
allow adsorption of molecules are necessary for CO2 storage at depths greater than 800 m. Sufficient rock
permeability to allow the movement of CO2 and an impermeable overlying sealing layer, usually clay rocks or
non-altered igneous rocks, ensure retention of stored CO: in the repository.
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Samples and experiment

Studied materials

Natural rocks with the potential ability to capture gases were studied, as well as waste material slag. Their
textural parameters were compared. If the measurement of CO2 adsorption was significant, its determination
was carried out. The basic description of materials demonstrates the main differences between them.

e Black coal with a dry matter carbon content of 83%.

e Coal-bearing rock is a basic rock with interlayers of high carbon content, up to 40 wt%. The drill core
sample on the basis of bulk characterization and XRF analysis exhibits a low (3 wt%) content of carbon
in the dry matter compared to a high content of SiOz - 53.9 wt%, and Al203 11.2 wt%.

e Sandstone is a consolidated sediment from turron and cenoman which contains at least 25 wt% grains
of the silicate fraction (0.6 — 2 mm). Samples contain gypsum and feldspar as well. Two samples from
different depths, the bedrock layer and the continuous layer, were studied.

e Granite is a relatively homogenous non-altered igneous rock, and fine-grained granite has a content of
quartz (24%), orthoclase (24%), plagioclase (43%) and biotite (5%) and other oxides and minerals®.

e Cordierite is a natural mineral with a content of Fe, Mg, and Al oxides, and is a typical cyclosilicate,
resistant to temperature changes.

e Shale is a sedimentary rock from the Barrandien basin with low organic carbon content < 2.5 wt% and
high content of clay minerals (> 64 wt%) and plagioclase (18 wt%)°.

e Slag is the waste residue from combustion of lignite at a thermal power plant. It is a non-homogenous
and changeable material, depending on the burning sources of fuel, seasons etc. There is a low content
of organic carbon, up to 5 wt%, relatively high level of CaO (>20 wt%), 30 - 35 wt% of SiO», and Al,O3 >
20 wt% and other oxides.

Measurement

The first type of determination of textural parameters was based on the adsorption of gases. The gas molecules
were adsorbed onto the solid material surface by physisorption. Under real conditions, adsorption takes place in
more than 1 layer, with a relatively infinite ability to form these layers. In addition, the individual layers of the
adsorbate do not interact with each other. This fact enabled us to evaluate textural quantities.

Micropore (< 2 nm) parameters were obtained by low-pressure CO2 adsorption into pores of ground materials
at 25 °C and pressure up 0.1 MPa, using the IGA-100 precise gravimetric sorption analyser, Hiden Isochema!**2,
This kind of measurement was provided only for selected materials, rocks and sediments with an organic carbon
content and for slag. The CO2 adsorption capacities and isotherms were also obtained.

The important textural parameter for solid materials was the specific surface area (Sser) calculated using the
Brunauer-Emmett-Teller equation. Sser was determine for all materials studied and is the main low-scale
mesopore parameter measured by low-pressure physisorption of N2 at -196 °C and up to 100 kPa, using the
SURFER volumetric sorption device, Thermo Fisher Scientific'3.

The second principle for obtaining textural parameters, mercury intrusion porosimetry, was used to determinate
the porosity and pore size distribution. Mesopore (2 — 60 nm), macropore (60 — 200 nm) and coarse pore (> 200
nm) parameters were measured by the mercury intrusion porosimeter, composed of two devices, Pascal EVO
140 and 440, Thermo Fisher Scientific 1; the low-pressure unit was for pressures of mercury up 200 kPa and the
high-pressure unit was for pressures up 400 MPa.

The method is based on increasing the pressure of the non-wetting intrusion fluid, mercury in this case, and
gradually filling the pores from largest to smallest. This method therefore allows the determination of a wide
range of pore distributions. The pore size distribution (Figure 1 A, B) is calculated from the displaced volume at
a given pressure according to Washburn's equation:

—4ycos0O
4=
p
where d is the pore diameter, p is the applied pressure, y the surface tension of mercury, and 6 is the contact
angle®.
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Results and discussion

Characterization of materials

Textural parameters and the CO2 adsorption capacity point to differences between materials (see Table I, Figures
1, 2). The main difference was in the pore size distribution (Figure 1 A, B) and ratio of size classes obtained by
mercury porosimetry. In Figure 1A the difference between coal and coal-bearing rocks is clearly seen and
between sandstones. Coal and sandstone 2 contained higher ratios of mesopores than the coal-bearing rock and
sandstone 1, which had very low ratios of mesopores as opposed to coarse pores.

In the detailed view in Table | and Figure 1B it is clear that the slag had the highest content of mesopores and
macropores, and the highest porosity, which is typical for that kind of material. On the other hand, the low
porosity showed carbon-rich samples and compacted rocks such as sandstone 2 and granite, which had a very
low content of all pores. The samples with organic carbon had the higher micropore content, which contributed
minimally to porosity. The ratio of mesopores, macropores and coarse pores in each sample are shown in Figure
2. Macropores and coarse pores dominated in most samples with the exception of granite and sandstone 2,
where the mesopores prevailed.

When slag is cooling, it typically releases gas bubbles, which result in high porosity. Granite had the lowest
porosity, confirming the fact that lower porosity is typical for igneous rocks. Most pores in igneous or
metamorphic rocks are the products of subsequent weathering processes.

Table |
Basic textural parameters of samples
Smicro Vmicro Seer Sme+ma Vime+ma P n
Sample
(m?/g) (cm*/g) (m?/g) (m*/g) (cm*/g) (%) (mmol/g)
Slag 7.43 0.0026 7.96 43.67 615.02 55.6 0.027
Coal 17.46 0.0607 12.03 4.49 35.47 4.6 0.239
Coal-bearing rock 7.57 0.0026 4.26 0.59 17.11 4.3 0.028
Sandstone 1 - - 0 18.19 103.48 21.0 -
Sandstone 2 - - 9.57 2.80 23.05 5.7 -
Granite < 0.0005 0 0 0.19 0.27 0.2 -
Cordierite < 0.0005 0 1 10 107 21.8 -
Shale 38.26 0.0137 12.92 6.18 53.11 12.2 0.244

Smicro / Vmicro — surface / volume of micropores, Sger - specific surface area, Sme+ma / Vme+ma — surface / volume of
mesopores and macropores by Hg porosimetry, P - porosity, n — CO2 adsorption, * — not measured.
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Figure 1. Pore size distribution of studied samples obtained by Hg porosimetry, A) Coal rocks and sandstones,
sandstone 1 on the Y2 axis, B) Other rocks and slag, which is on the Y2 axis
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Figure 2. Ratio of pores in different size classes obtained by Hg porosimetry

The maximum CO2 adsorption capacity for samples was assumed to be achieved at pressures between 4-6 MPa,
with the exception of shale. In this work, the maximum adsorption capacity was achieved at 10 MPa, which is
evident from the rising trend of isotherms (Figure 3) and the Langmuir model for CO; adsorption, according to
adsorption in a monolayer on a homogeneous surface. The increase in adsorption capacity with increasing
pressure, and the values of maximal adsorption capacities are shown in Table I. The adsorption capacity of coal
and shale were about 10 times higher than in slag and coal-bearing rock and there was a clear dependence on
micropore content and CO2 adsorption capacity.

On the basis of pore content, coal, sandstone 2 and shale may capture gases due to their textural properties,
whereas coal-bearing rock, sandstone 1, Cordierite or slag are permeable and can serve as transport corridors
for gas and water molecules, thus being used for drainage. Shale is a sedimentary rock, more or less transformed
by environmental conditions. It can be assumed to have adsorption capacities for CO capture and can act as
isolating underlay materials for ground water reservoirs. The properties of granite allow it to be used as an
insulating material in gas reservoirs or as a barrier to water penetration. Both materials, as well as slag, will be
the subject of further studies.
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Figure 3. CO2 adsorption isotherms for selected samples obtained by gravimetric sorption.
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Conclusion

The total porosity of selected samples ranged from 0.2 wt% for granites up to 56 wt% for the waste porous
material slag. Values obtained can be considered as typical for the materials mentioned.

Slag had the highest porosity because it contained macropores and coarse pores typical for slags, but the content
of micropores was very low and similar to coal-bearing rocks. Due to this fact, coal may be used as the water
drainage material in remediated areas where, simultaneously, partial adsorption of pollutants can occur.
Igneous and metamorphic rocks generally had lower porosity and are therefore not suitable for CO2 deposition
under normal conditions, but as insulating material in gas and water deposits.

Coal, shale or compacted sandstone 2 are potentially suitable options for CO. deposition, as they satisfy the
majority of conditions required.
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Abstract

The reduction of carboxylic acids to alcohols is an interesting synthetic transformation for pharmaceutical, food
and fine chemical industries. This reaction can be performed using strong reducing agents. The use of these
agents is associated with considerable disadvantages in terms of occupational safety and isolation of the
obtained product. On the other side stands the selective catalytic hydrogenolysis of carboxylic acids. This reaction
is a direct and efficient way to obtain alcohols avoiding the mentioned problems.

This work was focused on the reduction of 3-phenylpropanoic acid. Catalysts Re/TiO2, Pd/C, Pt/Al.Os and Ru/C
were tested for the reduction. The influence of the reaction conditions on the rate of hydrogenation or
hydrogenolysis and selectivity to individual products was studied. The hydrogenolysis of 3-phenylpropanoic acid
to 3-phenylpropan-1-ol proceeded only in the presence of Re/TiO2 in n-dodecane. The higher value of selectivity
towards 3-phenylpropan-1-ol were achieved using 20 wt. % Re/TiOz at 150 °C, 5 MPa. The conversion achieved
after five hours was 100 % and the selectivity to the desired product was 41 %.

Introduction

The development of efficient methods for the selective reduction of carboxylic acids to alcohols presents a
formidable challenge. This challenge is associated predominantly with the fact that the carboxylic group is
thermodynamically and kinetically stable due to the low electrophilicity of the carbonyl carbon. The reduction
of carboxylic acids can be carried out in the presence of strong reducing agents such as lithium
triethylborohydride or lithium aluminum hydride, but the use of these strong agents has significant
disadvantages in terms of product isolation and occupational safety?.

Homogeneous catalysts were used for the selective hydrogenation of aromatic carboxylic acids. For example,
selective hydrogenation of benzoic acid to benzyl alcohol® was described in the presence of Ru(triphos)(TMM)
(triphos=1,1,1-tris(diphenylphosphinomethyl)ethane; TMM-=trimethylene methane). The hydrogenolysis of
3-phenylpropionic acid® was performed using homogeneous Ru- and Re-complexes. A homogeneous
Co-complex, consisting of Co(BFa)2-6H.0 and a triphos ligand®, was prepared and used for the hydrogenolysis of
benzoic acid, 3-hydroxybenzoic acid and succinic acid to the corresponding alcohols. Hydrogenolysis using
mentioned catalysts proceeded with high selectivity; however, homogeneous catalysts generally suffer from
challenging product separation and catalyst recycling. Harsh reaction conditions are usually required to perform
the hydrogenolysis of carboxylic acids to alcohols using heterogeneous catalysts. For example, hydrogenolysis of
carboxylic acids using Ru based catalysts® took place at T=260 °C and p=10 MPa. Harsh reaction conditions often
lead to low selectivity to the desired product. It has been found that the hydrogenolysis of carboxylic acids
bearing a benzene ring often results in undesired hydrogenation of the aromatic ring or the hydroxyl group is
cleaved off and aromatic hydrocarbons are formed (Fig. 1). The yield of the required alcohol is often so low that
it is negligible compared to other products. In solving this problem, the use of rhenium-based catalysts, which
are known for their ability to catalyze the reduction of a carboxyl group to alcohol in high yields, appears to be a
suitable way.

0
WOH H2 O/\/\OH . O/\/\OH . ©/\/
cat.

Figure 1. Reduction of carboxylic acids containing an aromatic ring

Currently, there are only a few articles describing the selective hydrogenolysis of aromatic carboxylic acids to
alcohols, and therefore the study of carboxyl group reduction is still relevant.
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Experiment

Catalysts

Supported catalysts, 5% ruthenium on active carbon 605 type, 5% platinum on alumina (supplied by Johnson &
Matthey), 5% palladium on active carbon (supplied by Montecatini) and 2% rhenium on titanium dioxide
(prepared at UCT Prague) were used. The catalysts were in a form of fine powders.

Chemicals

3-Phenylpropanoic acid, ammonium perrhenate and titanium dioxide were purchased from Merck. Methanol
(Penta), n-octane (Merck), decane (Merck) and n-dodecane (Merck) were used as solvents.

Preparation of Re/TiO2 catalyst

The Re/TiO: catalyst was prepared’ by the impregnation method employing NHsReOs and TiO2. Ammonium
perrhenate (0.72 g) was added to a round bottom flask with deionized water (100 ml). The flask was placed in an
ultrasonic bath for one minute. After complete dissolution of NH4ReQa, TiO2 (9.2 g) was added to the solution
and the mixture was stirred on a magnetic stirrer at 300 rpm for 15 minutes at room temperature. This was
followed by evaporation to dryness at 50 °C and drying at 90 °C under ambient pressure for 12 hours. The
prepared material was calcined under oxygen (80 % N2, 20 % O2) at 500 °C for 3 hours and subsequently reduced
at 500 °C under a hydrogen/nitrogen atmosphere (80 % Hz, 20 % N2) for 2 hours.

Hydrogenation

Reductions of 3-phenylpropanoic acid were carried out in a stainless steel autoclave (100 ml). 3-Phenylpropanoic
acid (0.5 g), supported catalyst and solvent (50 ml) were introduced into the autoclave. The reaction conditions
were set to p =5 MPa, T= 150°C, the catalyst amount was 10 wt. % of the amount of 3-phenylpropanoic acid.
Methanol, n-octane, decane, n-dodecane were used as solvents. Samples were analyzed using GC (column: ZB-5,
length: 60 m, diameter: 0.32 nm, thickness: 0.25 um). Selected samples were also analyzed by GC — MS (column:
DB- 5-ms, length: 35 m, diameter: 0.20 nm, thickness: 0.33 um) in order to identify the by-products. The obtained
data were used for the calculation of selectivity.

C .
Selectivity: ~ § = -desiredproduct , q() [04]
% Call products

Discussion and result analysis

In this work, the reduction of 3-phenylpropanoic acid on various supported catalysts was studied.
3-Phenylpropan-1-ol (1), 3-cyclohexylpropan-1-ol (ll), methyl ester of 3-phenylpropanoic acid (Ill), methyl ester
of 3-cyclohexylpropanoic acid (1V), 3-cyclohexylpropanoic acid (V) and 3-cyclohex-3-enpropanoic acid (VI) were
detected in reaction mixtures (Fig. 2). The composition of the reaction mixture was significantly influenced by
the type of catalyst and used solvent.

o]
H
o e e
I n m
o o o
H
- QA* < w°/
1\ v Vi
Figure 2. Compounds detected in reaction mixtures
Catalysts Re/TiO2, Pd/C, Pt/Al,03 and Ru/C were tested for the reduction of 3-phenylpropanoic acid. Methanol
was used as a solvent. The conversion of the starting material and the selectivity to the individual reaction
products were monitored. The influence of catalyst type on the conversion of 3-phenylpropionic acid is shown
in Figure 3. It can be seen from the figure that the total conversion of starting materials was achieved using Ru/C

and Pd/C catalysts. The conversion of 69 % and 46 % was achieved after five hours of reaction using Pt/Al.0z and
Re/TiO2 catalysts, resp.
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Figure 3. Influence of catalyst type on the conversion of 3-phenylpropionic acid (150 °C, 5 MPa, 50 ml methanol,
catalyst amount — 10 wt.% of the amount of acid)

Hydrogenolysis of 3-phenylpropanoic acid to 3-phenylpropan-1-ol did not take place under chosen reaction
conditions. Using Pd/C catalyst, esterification of 3-phenylpropanoic acid took place and methyl ester Ill was the
major product (Fig. 4). Hydrogenation of ester Ill gave product IV. Using the Ru/C catalyst, the aromatic ring was
hydrogenated to give product V. At the same time, esterification of 3-phenylpropanoic acid took place and ester
lll was formed in a small amount. When Pt/Al,Oz was used as a catalyst, a larger amount of 3-cyclohex-3-
enpropanoic acid (VI) was formed. The main products in the presence of Re/TiO, were ester lll and acid V (Fig.4).
It is known from the literature®, that metallic rhenium has low activity in the dearomatization of the benzene
ring. Hydrogenation of the benzene ring in the presence of Re/TiO2 can be explained by the presence of rhenium
oxides on the catalyst surface. X-ray photoelectron spectroscopy (XPS) analysis confirmed that the catalyst was
only partially reduced to metallic rhenium and rhenium is also present on the surface in oxidation states Re *®
and Re *’.
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Figure 4. Influence of catalyst type on the selectivity (reaction time — 30 minutes, 150 °C, 5 MPa, 50 ml methanol,
catalyst amount — 10 wt.% of the amount of 3-phenylpropionic acid)

Non-polar solvent n-dodecane was used to study the influence of the type of solvent on the reaction course.
When the reaction was performed in the presence of Pd/C, Ru/C and Pt/Al,Os3, the conversion values were lower,
than when the reaction was performed in methanol. Conversion of 3-phenylpropanoic acid was higher compared
to values achieved in methanol and reached 97 % when the reaction took place in the presence of Re/TiO: (Fig.
5).
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Figure 5. Influence of catalyst type on the conversion of 3-phenylpropionic acid (150 °C, 5 MPa, 50 ml n-dodecane,
catalyst amount — 10 wt.% of the amount of acid)

Hydrogenation of the benzene ring and formation of product V took place when Pd/C, Ru/C, Pt/Al.0zand Re/TiO2
were used as catalysts (Fig. 6). Hydrogenolysis of the C-O bond occurred only in the presence of Re/TiO2 and
3-phenylpropan-1-ol (I) was formed in the reaction mixture. Subsequent hydrogenation of benzene ring in |
occurred and 3-cyclohexylpropan-1-ol (ll) was also formed.
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Figure 6. Influence of catalyst type on the selectivity (reaction time — 120 minutes, 150 °C, 5 MPa, 50 ml
n-dodecane, catalyst amount — 10 wt.% of the amount of 3-phenylpropionic acid)

The reduction of 3-phenylpropionic acid was also performed in n-octane a decane using Pd/C, Ru/C, Pt/Al>O3
and Re/TiO2. Hydrogenation of benzene ring and the formation of product V took place in all cases. The
product of hydrogenolysis of the C-O bond was not detected in the reaction mixtures. Conversion of the
starting material was lover compared to reactions performed in n-dodecane.

The influence of pressure, temperature and amount of catalyst on the reduction in the presence of Re/TiO>
catalyst in n-dodecane was monitored. The results are summarized in table I.

Table |
The influence of reaction conditions on the reduction of 3-phenylpropionic acid (reaction time — 300 minutes,
50 ml n-dodecane)

Entry Tempfrature, Pressure, MPa Catalyst Conversion, % Selectivity, %

C amount, wt. % | 1} \'
1 50 5 10 30 0 0 100
2 100 5 10 64 0 0 100
3 120 5 10 86 12 8 80
4 150 5 10 97 23 14 63
5 150 7 10 100 27 20 53
6 150 10 10 100 37 31 32
7 150 5 20 100 41 33 26
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The temperature had a significant influence on the course of reduction. Selectivity to the hydrogenolysis product
| increased with increasing temperature (entries 1-4). It was demonstrated, that a temperature of 100°C and
lower was not enough to perform the hydrogenolysis of the C-O bond. With increasing pressure (entries 4-6) and
amount of catalyst (entries 4,7) selectivity to the product I also increased. Hydrogenation of 3-phenylpropan-1-
ol (1) to 3-cyclohexylpropan-1-ol (1), and 3-phenylpropionic acid to 3-cyclohexylpropanoic acid (V) took place in
all cases. Best results in terms of selectivity to 3-phenylpropan-1-ol (I) was obtained when the reaction was
performed under a temperature of 150°C, pressure of 5 MPa and the amount of catalyst was 20 wt.% of the
amount of starting material (entry 7).

Conclusion

This work deals with the reduction of 3-phenylpropanoic acid using supported catalysts based on palladium,
platinum, ruthenium and rhenium. The conversion of the starting material and the selectivity to the individual
reaction products were monitored depending on the selected reaction conditions. It has been found that
depending on the type of catalyst used in the reduction of 3-phenylpropanoic acid the complete or partial
hydrogenation of the benzene ring or hydrogenolysis of the C-O bond occurred. At the same time, when the
reaction was performed in methanol using all catalysts, esterification took place to give methyl ester of
3-phenylpropanoic acid. When the reduction was carried out at 150 °C and 5 MPa in methanol, total conversion
of the starting material was achieved only when Ru/C and Pd/C catalysts were used.

Hydrogenolysis of 3-phenylpropanoic acid to 3-phenylpropan-1-ol took place only in the presence of Re/TiO: in
n-dodecane. When using 20 wt. % of Re/TiO; at 150 °C, 5 MPa, in n-dodecane, 100 % conversion was achieved
after 5 hours and the selectivity to 3-phenylpropan-1-ol was 41 %.
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A method for pre-treatment of waste plastic pyrolysis oil allowing the evaluation by pyrolysis gas
chromatography
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Abstract

Waste plastic pyrolysis is one of many studied alternative technologies that offer a possible solution to the
waste plastic problem. One of its material stream, pyrolysis oil, is currently blended with fuels and used as part
of waste-to-energy technology, but our objective is to evaluate its possible utilization in steam-cracking. Three
samples from our industrial partner were analyzed via pyrolysis gas chromatography method (T = 815 °C,
p =4 bar, F = 65 ml.min’t). Unfortunately, original samples deactivated parts chromatography capillary column.
In order to protect the analytical apparatus, a multiple step distillation method was developed. It was found
that the method not only protected the chromatography apparatus but gave a possibility to examine the
samples even more complex. Thereafter, experiments were conducted via pyrolysis gas chromatography with
the treated samples and it was determined that some waste plastic pyrolysis oils produce a comparable
product composition as traditional steam-cracking feedstock — primary naphtha.

Introduction

Nowadays, plastic material is a very popular material to use. Due to low production cost, easy and varied
applicability, popularity and production of plastic material is still rising worldwide and waste plastic
consequently as well. Only a smaller part of the waste plastic is mechanically recycled ¥, a part of it is used as
feedstock in a waste-to-energy technology and the rest is being dumped for the time being. Topic of waste
plastic utilization is currently a frequently discussed problem. A common idea of utilization is the before
mentioned waste-to-energy technology ? especially through pyrolysis ).

Waste plastic pyrolysis product can be categorized into three material streams ) — non-condensable gas,
pyrolysis oil (or condensate) and char. From the perspective of further material utilization, the pyrolysis oil is
the most interesting one. Physical properties of waste some plastic pyrolysis oil are comparable to those of
primary naphtha ©), therefore a large part of the studies in literature is devoted to utilizing waste plastic
pyrolysis oil as feedstock for diesel engines (. Although direct injection of waste plastic pyrolysis oil into diesel
engines is not possible, there are several studies claiming that indeed its blends with certain petroleum
fractions are subject to direct use in diesel engines &9, Other pyrolysis reactors offer a possibility of producing
pyrolysis oil with properties more similar to those of gasoline *¥). And as the previous type of pyrolysis oil, it is
possible to use this one in blends as feedstock for combustion engines (12).

There is little to be found on the topic of further material utilization of waste plastic pyrolysis oil. A few patents
are available in French ¥ and English *). The biggest hurdles along the way of material utilization of waste
plastic utilization are the large variety of hydrocarbons, the amount of impurity and number of heteroatoms in
the mixture ranging from nitrogen, sulphur, oxygen, halogens to all kinds of metals. Alternatively, the
steam-cracking process could be a strong candidate for further material utilization, because the technology is
capable processing a larger variety of hydrocarbons as feedstock, although the impurities have to be dealt with
either way and it is unlikely that the pyrolysis oil would be used without any modifications ¢, But before the
introduction of the material steam as a feedstock for the steam-cracking process, an amount of question must
be resolved or at least pre-solved. Between the most important, there is consideration about the steam-
cracking products distribution and how much would be the yields of products influenced by an addition of the
considered material into a feedstock. Is the distribution significantly different from the typical distribution
obtained by the steam-cracking of standard feedstock? To answer this, we decided to evaluate experimentally
pyrolysis product distribution of several samples of waste plastics pyrolysis oils and compare them to the yields
obtain from traditional feedstock. We decided to use a pyrolysis gas chromatography 7, a technique very
sensitive to the feedstock composition and relatively easy to use. But, after some preliminary experiments, we
found that the samples of waste plastics pyrolysis oil seriously influenced the apparatus of pyrolysis gas
chromatography. Specifically, they deactivated significant part of chromatographic columns, which would lead
to future inability of the analytical system to separate individual pyrolysis products and then evaluate their
yields. We assumed, there is a sort of compounds contained in the samples of waste plastics pyrolysis oils, their
presence manifests by the deactivation of chromatographic columns. Assuming that this is caused by the
heaviest part of the sample, we decided to develop a distillation-based method, which would pre-treat the
sample and protect the equipment of pyrolysis chromatography from the observed undesired effects.
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Materials and methods

All the pyrolysis oil samples (AdiOil M. Pedersen - 14/5/20, Pyrolysis condensate - 8/6/20 and CrUD - 31/3/20)
available in this study were acquired by our industrial partner from various industrial companies, who
understandably did not share any details about the technology that produced the samples. Because of that
there is very little known about the samples. Information provided to us was that the samples were already
treated and should only contain negligible amount of impurities. Material origin nor technological settings were
not disclosed.

In order to pre-treat the samples, a three-step distillation method has been suggested. Firstly, the samples are
distilled at atmospheric pressure at 80 °C. Secondly, the pressure is lowered to 50 torr and then distilled at
80 °C. Lastly, the pressure of the system is brought down to 10 torr and the mixture is distilled at 240 °C (with
fraction cuts at 80 °C and 160 °C) or almost to a drought. Because the heavy aromatic hydrocarbons are
detrimental to the gas chromatography capillary columns, the objective is to never distillate to a drought.
Distillation was carried out in a distillation apparatus compiling of a 50 ml distillation flask (half filled with the
sample) in an oil bath with a magnetic stirrer, thermometer (250 °C), condenser, distillation receiver with 3
round bottom flasks allowing to obtain 3 separate distillates, a cooling bath with ethanol and dry ice, and a
vacuum pump.

The apparatus for laboratory study of hydrocarbon pyrolysis is composed of a pyrolysis unit Pyr-4A Shimadzu
and two gas chromatography units GC 17A Shimadzu. The reactor is a micro-pulse tube reactor, which is
180 mm long and has 3 mm wide inside diameter. The reactor was heated up to 815 °C via an electric furnace,
nitrogen gas flow rate was set to 65 ml.min"* and pressure was set to 300 kPa pressure gauge. 0.2 ul of sample
was injected per analysis into the pyrolysis reactor and the composition of the products were determined by a
set of 3 FID detectors. A more detailed description of the method is provided elsewhere (7).

Results and discussion

Pyrolysis gas chromatography experiments were carried out on every single fraction generated by the
distillation except the heaviest vacuum residue. It was found that distillates obtained did not exhibit the
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Figure 1. Ethylene dependency on distilled amount: e AdiOil M. Pedersen - 14/5/20, ® Pyrolysis condensate -
8/6/20 and e CrUD -31/3/20; T =815 °C, p = 4 bar, F = 65 ml.min*

ICCT 2022 | book of proceedings 129



undesired behaviour mentioned above - the deactivation of chromatographic columns. Each pyrolysis product
yield was then examined as a dependency on the distilled amount. That dependency of ethylene is showcased
in figure 1. It is clearly visible that the individual samples waste plastics pyrolysis oils are of a very different
nature. The ethylene yield of CrUD — 31/3/20 is increasing with the distilled amount. In contrast, the samples
AdiOil M. Pedersen — 14/5/20 and Pyrolysis condensate —8/6/20 show a minimum and maximum. These
characteristics are important especially for industrial practices because it provides a certain advantage in
strategy planning. Industrial partner is able based on these data make specific distillation fraction cuts, which
would provide even more valuable yields. For example, ethylene is a desired product of steam cracking and
based on observations made from figure 1 the optimal feedstock for steam-cracking from the sample AdiOil M.
Pedersen — 14/5/20 would be the heavier fraction. In contrary, the desired fraction of Pyrolysis condensate —
8/6/20 would be the lighter one.

Trends in figure 1 also offer the possibility to estimate the missing data of product composition of the
distillation residue.
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Figure 2. Comparison of composition of steam cracking products of waste plastic pyrolysis oils with traditional
feedstock naphtha (PrBi2017); T = 815 °C, p = 4 bar, F = 65 ml.min!
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Distillation residue could not be subject of pyrolysis experiments via gas chromatography. Since the distillation
obviously removed the cause of distillation columns deactivation (probably the presence of the heaviest part of
the sample), it is reasonable to assume that the compounds original causing problems with experiment were
concentrated int the distillation residue. But, their contribution to the composition of steam cracking products
cannot be ignored. Steam cracking product yield of the heaviest part of the sample can be extrapolated from
the trends shown in figure 1. Extrapolated yield of each product of the distillation residues were later
combined via weighted sum with the experiment yields of the rest of the sample. The results are shown in the
figure 2 in comparison to products composition of steam cracking product of traditional feedstock, specifically
primary naphtha. It has been observed that waste plastic pyrolysis oils such as AdiOil M. Pedersen - 14/5/20
and CrUD — 31/3/20 have a similar product distribution as the traditional feedstock. The product yield of
Pyrolysis condensate —8/6/20 is less favourable in lighter products such as ethylene and propylene but
benzene and toluene are still very desirable products. Pyrolysis oil from steam cracking is an undesired product,
thus it can be assumed that CrUD — 31/3/20 might not be advantageous to utilize as a feedstock for steam-
cracking as a whole and specific fraction would be selected from this type of waste plastic pyrolysis oil.

Conclusion

The suggested three-step distillation method proved to be effective in order to protect the gas
chromatography apparatus from any damage. Moreover, it also offered a possibility for a more complex
examination of the samples. Information gained provide a choice of specific fractions, which would be more
valuable as feedstock for industrial steam-cracking. The data also gives the possibility of extrapolation of
product composition of the distillation residue, which could not be analysed with gas chromatography. Lastly, it
was observed that some of the waste plastic pyrolysis oils are in fact a promising feedstock for steam-cracking
compared to traditional feed, such as primary naphtha, while some of them are less promising. And this
highlights even more the needs of experimental evaluation of each candidate feedstock, to select appropriate
variety of them, which could take place in the industrial scale.
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Abstract

Cyclic carbonates are utilizable as green solvents, electrolytes in Li-ion batteries, intermediates for fine chemicals
and monomers for polyesters or polyurethanes production. Cyclic carbonates are available by cycloaddition of
COzinto the epoxide (oxirane) ring. This reaction enables significant utilization of greenhouse carbon dioxide as
the chemical building block. The synthetic pathways for both sustainable epoxides and cyclic carbonates
production are described in this full text. This paper is focused mainly on description of applicable homogeneous
non-metallic catalysts available for described CO2 cycloaddition. The most effective cycloaddition catalysts
contain sources of nucleophile such as onium salt, structural moiety working as hydrogen bond donors and/or
amino group(s) working as epoxide ring activators and CO2 scavengers for smooth COz addition and subsequent
ring closure. In case of terminal oxiranes such as epichlorohydrin, even the flue gas (diluted CO) is applicable for
effective production of appropriate cyclic carbonates.

1. Introduction

CO: capture and utilization (CCU) technologies has been recognized as the cost-effective way to significantly
reduce worldwide greenhouse gas emissions. Due to th