Pre prints.org

Article Not peer-reviewed version

Life Cycle Assessment of Wheat Straw
Pyrolysis With Volatiles Fraction
Chemical Looping Combustion

Teresa Mendiara , Alberto Navajas i , Alberto Abad , Tobias Proll , Mikel Munarriz , Luis M. Gandia,
Francisco Garcia-Labiano, Luis Francisco De Diego Poza

Posted Date: 11 March 2024
doi: 10.20944/preprints202403.0574 v1

Keywords: Biomass pyrolysis; Chemical Looping Combustion; Life Cycle Assessment; Environmental
Impacts; Carbon Footprint

Preprints.org is a free multidiscipline platform providing preprint service that
is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of

(=] Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This is an open access article distributed under the Creative Commons
Attribution License which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.




Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 March 2024 d0i:10.20944/preprints202403.0574.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article

Life Cycle Assessment of Wheat Straw Pyrolysis with
Volatiles Fraction Chemical Looping Combustion

Teresa Mendiara !, Alberto Navajas 23*, Alberto Abad ', Tobias Préll 4, Mikel Munarriz 2,
Luis M. Gandia 23, Francisco Garcia-Labiano ! and Luis F. de Diego !

1 Department of Energy and Environment, Instituto de Carboquimica-ICB-CSIC, Miguel Luesma Castan 4,
50018 Zaragoza, Spain

2 Department of Science, Public University of Navarre, Arrosadia Campus s/n, E-31006 Pamplona, Spain

3 Institute for Advanced Materials and Mathematics (InaMat?), Public University of Navarre, Arrosadia
Campus s/n, E-31006 Pamplona, Spain

4 Institute for Chemical and Energy Engineering, University of Natural Resources and Life Sciences, 1190
Vienna, Austria

* Correspondence: alberto.navajas@unavarra.es; Tel.: +0034 948168444

Abstract: One of the approaches to facilitate negative CO2 emissions is biochar production. Biochar is generated
in the pyrolysis of certain biomasses. In the pyrolysis process, carbon in biomass is turned into a solid, porous,
carbon-rich and stable material that can be captured in the soil from a few decades to several centuries. In
addition to this long-term carbon sequestration role, biochar is also beneficial to soil performance as it helps to
restore soil fertility and improves the retention and diffusion of water and nutrients. This work presents a life
cycle assessment of different pyrolysis approaches for biochar production. Biomass pyrolysis is performed in
a fixed-bed reactor, which operates at a mild temperature (550°C). Biochar is obtained as solid product in the
pyrolysis, but there are also liquid (bio-o0il) and gaseous products (syngas). The pyrolysis gas is partly used to
fulfil the energy demand of the pyrolysis process, which is highly endothermic. In the conventional approach,
CO2 is produced during the combustion of the syngas and emitted to the atmosphere. Another approach to
facilitate COz capture and thus obtain more negative CO:2 emissions in the pyrolysis process is burning the
syngas and bio-oil in a Chemical Looping Combustion unit. In this technology, the oxygen required to burn
the syngas is provided by a solid oxygen carrier circulating between two reactors. In the reduction reactor, the
oxygen carrier is reduced and the syngas oxidized to CO2 and H20, leading to a CO2 concentrated stream once
steam is condensed. In the oxidation reactor, the oxygen carrier is regenerated in air. Life Cycle Assessment
was performed to these two approaches of biomass pyrolysis to evaluate their environmental impact. The
Chemical Looping Combustion approach significantly reduced the value of the global warming potential
climate change indicator. Moreover, the possibility of effectively removing CO: from the atmosphere was also
assessed. In addition to GWP, 16 LCA indicators were also evaluated and their values were found to be similar
to those of the conventional approach.

Keywords: biomass pyrolysis; chemical looping combustion; life cycle assessment; environmental
impacts; carbon footprint

1. Introduction

To reach zero net CO: emissions and limit global warming to 1.5°C following the Paris
Agreement [1] it is necessary to remove and permanently store CO, from the atmosphere. Thus,
carbon dioxide removal technologies are needed. In 2018, the International Panel on Climate Change
officially listed biochar as a negative emissions technology, signaling that it may hold the key to some
of our most pressing environmental challenges [2]. It can be converted into one of the safest, fastest
and most efficient technologies to remove large amounts of CO: from the atmosphere. This is
achieved thanks to the fact that during its production the C from the CO2 that the plants had removed
from the atmosphere through photosynthesis is fixed in a very stable way in the biochar, thus

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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preventing it from being released again into the atmosphere due to the decomposing action of the
microorganisms.

There are many works in literature studying the properties of biochar to enhance CO: uptake,
including physical, chemical, and physicochemical treatments. Following the up-to-date findings, a
balance between the textural (specific surface area and micropore volume) and surface chemical
attributes (basicity, mineral content, various functional groups, non-polarity and hydrophobicity)
should be reached to produce biochar with high CO: uptake capacity, strong selectivity towards CO:
over other gases and stable performance upon multiple cycles of CO: adsorption-desorption [3].
Another aspect to be considered for biochar to be a key factor in the world of sustainability is its
scalability.

One of the ways to obtain biochar is by subjecting biomass residues to a high temperature
process in the absence or low content of oxygen (pyrolysis) [4]. Biochar obtained presents a high
content of very stable organic carbon and high porosity. These properties make biochar a highly
versatile material to be used not only for CO:z capture but applicable in areas as diverse as agriculture,
gardening and landscaping, livestock, water purification, soil recovery and decontamination, and
construction [5].

Together with biochar, the products obtained after biomass pyrolysis are water, oil tar and gases
like hydrogen, methane, carbon dioxide and carbon monoxide. The amount and properties of these
products in different phases depend upon the pyrolysis conditions and the characteristics of the input
biomass. Especially interesting is the bio-oil obtained which is a highly complex mixture of many
oxygenated hydrocarbons. Once upgraded, it could be used as fuel to replace fossil fuels, with the
advantage of its renewability and low NOx and SOx emission [6]. The pyrolysis gases are useful in
heat and power generation, either for the pyrolysis process itself or other processes, including the
conversion into new fuels.

When pyrolysis gases are burned for energy generation CO: may be emitted. These CO:
emissions could be considered as neutral since they are generated from biomass, which is a neutral
fuel. If the combustion of pyrolysis gases implemented CO:2 capture, the biochar production process
would reinforce its potential to achieve negative CO2 emissions. In order to capture this CO, the
combustion of pyrolysis gases could proceed using the Chemical Looping Combustion technology
(CLCQ). It is based on a simple principle, i.e the oxygen required for combustion is supplied by a solid
oxygen carrier circulating between two interconnected reactors where it first transfers the oxygen to
the fuel (fuel reactor) and subsequently reoxidizes (air reactor). Commonly fluidized beds have
proposed for fuel and air reactors although fixed bed has also been tested as an option . CLC avoids
the direct contact between fuel and [7] air and thus facilitating the generation of a concentrated CO:
stream easy to capture (see Figure 1).
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Figure 1. Scheme for the Chemical Looping Combustion process.

The development of an adequate oxygen carrier acquires vital importance for the development
of this technology. Through the las 20 years, different oxygen carriers have developed and tested in
continuous CLC units [8], mostly based on nickel, copper, manganese and iron oxides or
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combinations of them [9]. Not only reactivity and selectivity of the oxygen carriers should be
considered, but also its mechanical properties. The oxygen carrier is one of the main cost for the CLC
technology, thus attrition during operation should be considered for further scale-up of the materials
[10].

The objective of the present work is to evaluate different approaches for biochar production with
combustion of pyrolysis gases and bio-oil for energy production. In the conventional approach, the
pyrolysis gas is partly used to fulfil the energy demand of the pyrolysis process, which is highly
endothermic. In the CLC-approach syngas and bio-oil are burned in a Chemical Looping Combustion
(CLC) system. Life Cycle Assessment (LCA) was performed to these systems to evaluate their
environmental impact [11,12].

2. Methods

This LCA is based on the material and energy flows required by the three systems studied. This
section details scope definition, inventory analysis and impact assessment considered for the systems.

2.1. Scope definition

The LCA presented in this paper follows the recommendations given by the European Platform
on Life Cycle Assessment [13]. Scope and limits of the study include all the process steps outlined in
Figure 2. For the LCA simulation Sphera® LCA for Experts version 10.7 software is used, together
with the databases associated with this software. Regarding time and geographical references,
processes located in Spain are taken into consideration. Otherwise, data from the European Union or
Germany are considered.

LCA limits
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Figure 2. Limits and processes studied in the LCA.

2.1.1. Functional unit and base case

Comparative LCAs were conducted with reference to the Case Iin Figure 3(A). In the three cases
studied 1 kg of wheat straw is pyrolyzed on a Rotary Kiln at 550 °C to obtain the same fraction of
products: 0.62 kg of syngas, 0.06 kg of bio-oil and 0.32 kg of bio-char [14]. Straw pyrolysis energy
requirements calculations data are: 0.55 MJ/kg to pyrolyze dry wheat straw [15] and 7.5 % wheat
straw water content, obtaining an energy requirement of 0.77 MJ/kg. Composition exhaust gases
pyrolysis is: Hz, 13 %v, CO, 34 %v, COz, 24 %v, CHs, 29 %v [14].
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Figure 3. Life Cycle boundaries and inventories for 1 kg wheat straw pyrolysis with: (A) syn-gas and
bio-oil conventional combustion; (B) syn-gas CLC combustion and bio-oil conventional combustion;
(C) syn-gas and bio-oil (volatiles) CLC combustion.

(i) CaseI- Conventional combustion gas fraction
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1 kg of wet wheat straw is pyrolyzed in this first Case, with gas fraction burned by conventional
combustion to supply the heat necessary for pyrolysis (Figure 3(A)). Considering syngas LHV and
the efficiency of the conventional combustion as 95 %, the combustion heat of 0.62 kg will release 8.46
MJ of thermal energy. If 0.77 M]J are used to heat pyrolysis reactor, 7.69 M] of thermal energy will
leave the LCA limits. The environmental impacts of the production of this thermal energy by natural
gas combustion are subtracted in the LCA. Considering stoichiometry combustion, syngas burner
exit gas composition is: 0.95 kg CO», 0.32 kg H20, 8.06*10-3 kg NOx (3/350 kg NOx/kg CO2). Air
necessary for the conventional combustion is 30 % in excess over the stoichiometric [16]. For the bio-
oil conventional combustion, Ci10H1202 has been taken as the bio-oil average composition and its LHV
is 19.0 MJ/kg [17]. As in the case of syngas, 95 % is efficiency combustion, air requirement is 30 % in
excess, COz, H20 are the stoichiometric, and NOx is calculated with the ratio 3/350 kg NOx/kg COs.

(ii) Case II- Gas fraction CLC combustion and bio-oil conventional combustion.

In this case, the wheat straw pyrolysis gas fraction is burned on a CLC reactor instead on a
conventional combustion reactor (Case I). For the CLC combustion, efficiency is reduced to 90% [18],
and, therefore, the heat released is now 8.03 MJ (Figure 3(B)). CLC combustion releases CO: pure
stream that is transported and injected into an underground deposit (0.95 kg) and avoids NOx
emissions. For an oxygen carrier based of copper oxygen (Cul5, 15 %w CuO over ALO:s) it is
necessary 0.025 kg per MWh of syngas burned [19], so 6.2*10% kg of Cul5 are necessary in this study
for gas fraction CLC combustion. The oxygen carrier is synthesized by impregnation of copper nitrate
over AlOs and then calcined at 500 °C. Part of the Cul5 elutriated in CLC reactors is recovered with
a new impregnation with copper nitrate and the other part is sent to the landfill as inert waste.
Detailed description of the oxygen carrier manufacture, its recovery and final treatment can be found
in a work of the authors [20]. To calculate the necessary air, it will be considered that 0.5% in excess
over the stoichiometric [19].

(iii) Case III- Gas fraction and bio-oil CLC combustion.

In this third case, the gas fraction and the bio-oil (volatiles in Figure 3(C)) produced by wheat
straw pyrolysis are combusted by CLC. The combustion efficiency is 90 % and the heat released is
now 8.49 MJ. 0.68 kg of synthesis gas are considered for Cul5 mass calculation. Air necessary for the
CLC combustion is 0.5 % in excess over the stoichiometric. CO:z captured after combustion is the sum
of the released during combustion of synthesis gas fraction and bio-oil calculated in previous sections.

2.1.2. Impact categories

Sphera® LCA for experts version 10.7 enabled calculation of 16 environmental impact indicators
(Ells) following the recommendations made by the European Comission-Joint Research Center [13].
The values obtained for each of these, along with the corresponding units and the method used for
their estimation are presented in Table S1 in Supplemented Material. Selected impacts are grouped
into level “I” (recommended and satisfactory), level “II” (recommended but in need of some
improvements) or level “III” (recommended, but to be applied with caution).

2.2. Life cycle inventory

1.66 kg of wet wheat straw are produced [21] for 1 kg of wheat grain and ECOINVENT database
is used for the simulation of wheat cultivation. CO: captured during wheat growing is considered as
neutral, and only CO: released during cultivation and harvesting by machinery is emitted. Sphera®
LCA for Experts version 10.7 database is used for the simulation of the main inputs and outputs of
these processes. Oxygen carrier manufacture inventory is detailed in [20] and CO: transport and
injection simulation is described in [8] and considered as negative emissions. Carbon content in
biochar is 70 % [14] and CO: captured in biochar is considered as negative emissions. Finally, thermal
energy released in synthetic gas and bio-oil combustion, are considered as avoided by natural gas
combustion and their environmental impacts production are subtracted in LCA.
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3. Results

Figure 4 shows Ells total values for the three cases multiplied by different factors to show the 16
Ells in the same graph. This Figure 4 shows that Case II reduces the environmental impacts from
Case I for 7 environmental indicators (GWP, ODP, RI, POF, AC, EUT, EUM). On the other hand, Case
IT slightly increases the value of RU indicator, and maintains the value of the remaining 8 indicators
(IR, EUF, HTC, HTNC, ECFW, LU, RDM and WU). In Case I1l it can be seen that the same 7 indicators
as Case II decrease with respect to Case I (GWP, ODP, RI, POF, AC, EUT, EUM) but that it does so to
a greater extent than Case II. Case III slightly increases the value of RU indicator and maintains the
value of the remaining 8 indicators (IR, EUF, HTC, HTINC, ECFW, LU, RDM and WU).

kg CO2 eq.*10*!
kg CFC-11 eq.*10*12
Deaths eq.*10*®
kBq U235 eq.*10*2
Mole of H+ eq.*10*3
Mole of N eq.*10*2
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Figure 4. Environmental impact indicators vales multiplied by different factors for the three cases
studied: Case I (blue), Case II (orange), Case III (grey).

Looking into the values of the Ells of the three cases with the contribution of each processes to
the total values it is possible to find reasons for differences in Figure 3. This is what is represented on
Figure 5 with the contribution of the different processes to the total values for the Cases I, II, and III,

Figure 5(A), 5(B) and 5(C), respectively. The numerical values for each case are showed in Tables 52-
S4 of the Supplementary Material.
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Figure 5. Contribution of the different processes to the Ells total values for Case I (A), Case II (B), Case
III (C): CH4 thermal energy equivalence (blue), bio-oil conventional combustion (Cases I and II, gold),
COztransport and injection (Cases II and II, purple), CO:z biochar sequestration (orange), wheat straw
production (green), and syngas conventional combustion (Case I, grey), syngas CLC combustion
(Case II, grey), syngas and bio-oil CLC combustion (Case III, grey). .

GWP value is reduced for Cases II and III due to the transport and injection of CO: after
combustion in CLC. Since in Case Il both the syngas and the bio-oil are burned by CLC, the reduction
in the GWP value is greater. Regarding indicators RI, POF, AC, EUT, EUM, the reduction is due to
the fact that NOx is not emitted in the CLC processes, and since in Case III less NOx is emitted than
in Case II, Ells reductions are greater. ODP indicator lower values for Cases II and III with respect to
Case I are due to they use less air for combustion; air compression is considered to be done with
renewable energy, which causes this indicator to decrease slightly. The reason why renewable energy
increases the ODP indicator is that photovoltaics has a great influence on it [22]. Finally, RU indicator
value increment for Cases II and III with respect to Case I is determined entirely by the fact that the
amount of natural gas saved in the thermal energy emitted in the combustion of syn-gas or bio-oil, is
less pronounced in Cases II and III. The reason of this variation is the efficiency of the combustion
process for CLC that has been considered 90% for conventional combustion is 95%.

It can be concluded in the view of these results that the combustion of the gaseous fraction of
the wheat straw pyrolysis decreases most of the Ells because due to CO2 and NOxavoid emissions;
this decrease is more pronounced when bot gaseous and liquid fractions (volatiles fraction) is burned
by CLC. In the next section, the GWP reduction is going to be studied in detail comparing with the
direct combustion of wheat straw.

3.1. Study of the CO: avoided.

CO: balances of the three different configurations studied in this work are compared with a base
case that is the direct combustion of wheat straw to obtain thermal energy. With conventional fuels
derived from fossils the term CO: avoided it is frequently used to compare plants with and without
carbon capture. In this context, CO: avoided is the emissions per kWh of a plant with CO: capture,
compared to the emissions of a baseline plant that does not capture CO: [23]. However, this
comparison is not useful for energy plants with biomass as fuel because in this case combustion
emissions should be considered as neutral and could lead to wrong conclusions. This is why in this
section the three cases studied are going to be compared in terms of CO: balance instead of CO:
avoided.
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Table 1 shows CO: fluxes for the generation of 17.1 M] of energy for the four energy plants
studied. 17.1 MJ is the energy generated during the direct combustion of 1 kg of wheat straw
considering its LHV as 18.0 MJ/kg [24], carbon content 52.85%w and the efficiency combustion as
95 %.

Table 1. CO2 emissions, captured and avoided for the generation of 17.1 M] of thermal energy by
wheat straw combustion (Biomass combustion) and pyrolysis with gas fraction and bio-oil
conventional combustion (Case I), gas fraction CLC combustion and bio-oil conventional combustion
(Case II), and volatiles fraction CLC combustion (Case III).

Biomass combustion Case I Case II Case III
Biomass amount (kg)  1.00 1.95 2.05 2.06
CO2 emissions (kg)
Production 0.165 0.322 0.338 0.340
Combustion 1.938 2.178 0.332 0.000
CO» captured (kg)
Bio-char 0.00 1.605 1.685 1.696
CLC 0.000 0.000 1.956 2.302
Total emitted (kg) 2.103 2.501 0.670 0.340
Total captured (kg) 0.000 1.605 3.641 3.998
Balance (kg CO2) 2.103 0.896 -2.971 -3.657
Net balance (kg CO2)  0.165 -1.283 -3.303 -3.657

Cases I, II and III need more biomass (1.95, 2.05, and 2.06 kg) to generate 17.1 M] of thermal
energy than biomass direct combustion (1 kg) because energy released in these configurations is the
resultant of syngas and bio-oil pyrolysis fractions burning after heating the rotary kiln (thermal
energy fluxes that leaves the LCA limits in Figures 3(A), 3(B), and 3(C)). CO: emissions during
production is the CO: released in wheat grain cultivation and harvesting machinery using fossil fuels.
However, it can be assumed that this CO2 will be neutral in the close future as this machinery will be
power by electricity. The COzabsorbed by wheat plant by photosynthesis is considered as neutral, as
it is the CO2 emitted in biomass combustion. CO: is captured by two ways: bio-char (Cases I, II and
III) and after CLC combustion (Cases II and II) and considered as negative emissions. Total emitted
and total captured (Table 1) are the sum of the CO2 emissions and captured and are represented in
Figure 6(A) for the base case and the three cases studied in this work. Classic comparison with fossil
fuels between different cases with CO2 capture systems and base case without capture systems could
use the term CO2 avoided, calculated by subtracting the total CO: emissions between Cases I, II, and
II and the base case. However this calculation, as it has been said before, could lead to wrong
conclusions when biomass is used as fuel. In this study, in Figure 6(B) is represented the CO:z emitted
and captured but considering CO2 emissions in combustion as neutral and CO:z captured in biochar
and CLC as negative. It can be seen in this Figure 6(B) that the biomass combustion emissions are
only due to wheat grain cultivation. CO:z captured in bio-char is subtracted from CO: emission during
cultivation (Case I). CO2 captured after CLC combustion are subtracted from CO: fluxes (Cases II and
III) Finally, if CO2 with positive and negative signs are summed, CO2 Net Balances are calculated
(Table 1) that are represented in Figure 6(C). In this figure it is possible to see that the biomass direct
combustion for the production of 17.1 M] of thermal energy has CO: positive emissions of 0.165 kg,
while these emissions have negative value if the wheat straw is pyrolyzed instead of directly burned
and gas and liquid fraction burned to obtain thermal energy. If gas and bio-oil fractions are
conventionally combusted the CO: emissions are negative with a value of -1.283 kg. If gaseous
fraction is burned in by CLC, the CO: is captured and negative emissions grow until a value of -3.30
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kg/17.1 M] generated. If bio-oil is also burned by CLC the negative emissions CO:2 grow until de value

of -3.66 kg.
(A) CO, emitted & captured: classic evaluation
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combustion
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Figure 6. CO: balances for the generation of 17.1 MJ of thermal energy by wheat straw combustion
and pyrolysis with gas fraction and bio-oil conventional combustion (Case I), gas fraction CLC
combustion and bio-oil conventional combustion (Case II), and volatiles fraction CLC combustion
(Case III).

4. Conclusions

Biochar is a negative emissions technology and one of the most efficient technologies to remove
large amounts of CO: from the atmosphere. One of the ways to obtain biochar is by subjecting
biomass residues to a high temperature process in the absence or low content of oxygen (pyrolysis).
When pyrolysis gases are burned for energy generation CO2 may be emitted and could be considered
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as neutral. If these CO2 emissions are captured, the biochar production process would reinforce its
potential to achieve negative CO2 emissions. In this work gas fraction and bio-oil produced by wheat
straw pyrolysis are combusted by Chemical Looping combustion and CO: emitted is underground
stored and considered as negative emissions. LCA comparison is performed to confirm
environmental benefits of this technology comparing with direct combustion of gas fraction and bio-
oil. CLC combustion reduces 7 of the 16 Ells studied mainly due to CO2 and NOx avoided emissions.
Finally, CO2 balance is performed to compare energy production between direct biomass combustion
and pyrolysis with conventional and CLC gas and bio-oil fraction combustions. Higher negative
emissions are obtained when CLC is used as pyrolysis fractions combustion technology, while
biomass direct combustion has positive emissions.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/xxx/s1, Table S1. Environmental Impact Indicators. Table S2- Numerical values of the Ells for
the processes of the Case 1. Table S3- Numerical values of the Ells for the processes of the Case II. Table S4-
Numerical values of the Ells for the processes of the Case III.
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