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In Deliverable 1.7: “Integrated Solution Pathways” full value chain alternative pathways are
defined. These pathways include upstream agricultural methods, energy crop
phytoremediation, midstream conversion to liquid biofuels with fast pyrolysis and
gasification and downstream methods that include post-processing for decontamination
of the biofuel in order to produce a “clean” product ready to be incorporated in catalytic
processes (such as Fischer-Tropsch for gasification, or catalytic upgrading for pyrolysis).

Data from existing biofuel standards do not provide a clear threshold for heavy metal
concentration in liquid biofuels. However, heavy metal thresholds are provided by EN ISO
17225-1:2021 for solid biofuels, and they are herewith adopted also for liquid biofuels. This
value served as the “cornerstone” for forming the alternative value chains formulated
under task T1.7. These value chains will be subjected to the life cycle assessment method
to examine sustainability, which is included in the scope of WP4.

The alternative value chains are grouped according to their decontamination capacity.
Consequently, the first category is defined as the Full Decontamination Capacity - FDC
alternative value chain, and it refers to heavily contaminated biomass feedstock. Pre/post-
treatment processes are assumed to ensure adequate decontamination, towards meeting
the EN ISO 17225/2021 thresholds. The second category, Medium Decontamination
Capacity - MDC alternative value chain, refers to moderately contaminated biomass
feedstock that the core conversion processes alone can remove heavy metals. In addition,
quantification of the four cases was realized (FDC- Pyrolysis, FDC- Gasification, MDC -
Pyrolysis, MDC - Gasification), and contaminant decontamination efficiency was
mentioned in each stage, with the information provided from Deliverable 1.3 and additional
review of existing literature. The quantification stage assisted in the detailed calculation of
the acceptable concentration of each heavy metal in the biomass feedstock.

The results from calculating the “acceptable” contaminant load in each case will set the
system boundaries required for the life cycle assessment and the formation of relevant
sustainability KPIs for the CERESIS project.

National Technical University of Athens 4
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This chapter contains the definition of the alternative value chain scenarios, after
processing and summarizing the information presented in D1.3 and section 2.1 regarding
upstream agricultural activities. The general overview of the value chains defined is
presented in fig. 1.

Field-to-Feedstock Downstream “Clean” Fuel

Decontamination

Upstream Core Processes

Decontamination

« Acid/Alkali
pretreatment —

« Fertilizers;
Pesticides; Other
inputs

+ T1.3 output - « Cyclones, hot gas
filters, electrostatic

precipitators)

« Acceptable HM
concentration
according to EN

1SO 17225-2:2021

Review on HM fate

The goal of the alternative value chain scenarios formulated for the needs of the Life Cycle
Assessment within the framework of WP4 of the CERESIS project is to produce liquid
biofuel that can potentially replace fossil fuels or non-contaminated renewable fuels.
Consequently, it is essential to examine existing standards or legislation that limit the
heavy metal load in liquid biofuel.

More specifically, Directive 2009/30/EC determines the fuel quality specifications of petrol,
diesel, and gas oil. The only heavy metal present in this directive is Pb with a limit of 5 mg/I
and only in the case of petrol (not for diesel). Furthermore, there is no data available for
heavy metal fuel limits for biofuels in the current standards related to the production,
storage, transportation, and use of biofuels (EN590 (biodiesel); EN14214 (FAME); EN228;
EN15736 (bioethanol). There is only one single reference in EN 14214, but it is not relevant
to heavy metals (it refers to limits for Na+K (combined) and Ca+Mg (combined), both sums
being below 5 ppm).

Pulles et al. [1] measured heavy metal concentrations in petrol and diesel fuel from
different gas stations throughout Europe (Table 1). The results showed that heavy metal
load in transport fuels varied over two orders of magnitude; however, they all remained in
the ppb region. According to other literature sources, no general benchmark values have
been set for the maximum acceptable level of inorganic compounds [2], [3], [4]. Lehto et
al. [s] recommended a threshold of <0.10 wt% for the solid content of bio-oil.

Nevertheless, heavy metal thresholds are provided for solid biofuels in EN ISO 17225-2:2021
(Table 2). Among the various solid biofuels referenced in EN ISO 17225-2, wood pellets have
been selected as the most common type of solid biofuel. The most conservative thresholds
are adopted, referring to pellets for small scale use (Table 2). These particular values will
be used for the needs of conceptualizing the alternative value chain pathways. In other
words, this limit will indicate the level of decontamination required (in terms of pre-
treatment and post-treatment) in order to acquire a “clean” product ready to be
incorporated in catalytic processes (such as Fischer-Tropsch for gasification, or catalytic
upgrading for pyrolysis). The concentration units of contaminants for both solid and liquid

National Technical University of Athens 5
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biofuels are herewith considered as “mg/kg” or “ppm” (which are identical). This is
important because the heavy metal uptake of the feedstock might vary significantly,
depending on whether the feedstock type is a hyperaccumulator (a plant that can extract
large amounts of heavy metals) or normal biomass.

Table 1: Average heavy metal concentration in petrol and diesel throughout Europe (ppb)

Heavy Average concentration in Petrol (ppb)  Average concentration in Diesel

Metal (ppb)
As 0.27 <0.05
cd 0.26 <0.025
Cr 5.3 8.7
Cu 4.3 6.3
Hg 7:5 2.4
Ni 2.3 0.12
Pb 1.6 0.4
Se 0.18 <0.05
Zn 33 18

Table 2 Heavy metal requirements for wood pellets for small scale use. Source: EN ISO
17225-1:2021

Heavy metal requirements for wood pellets for small scale use

(mg/kg dry)

Heavy Metal

Cu <10
Pb <10
Hg 0.1
Ni <10
Zn <100

2.1 Agricultural processes

An essential part of the biofuel value chain refers to the preliminary stage of biomass
production, which involves processes related to agricultural activities. The major goals of
these activities are to enhance soil conditions (through e.g. weed extraction and use of
pesticides) [6] and to improve biomass properties and yields (through e.g. the use of
fertilizers) [7]

National Technical University of Athens 6



CERESIS - www.ceresis.eu Deliverable 1.7

The contribution of this value chain stage to the environmental impact is considered
substantial. In a study conducted by Gasol et al. 2008[8], it was shown that in a life cycle
assessment of the Ethiopian mustard bioenergy system, the use of fertilizer has a
significant impact on global warming, freshwater aquatic ecotoxicity, marine aquatic
ecotoxicity, and terrestrial ecotoxicity. In terms of indirect impacts, ammonia production
for use by the fertilizer industry can also be very emissions-intensive in case fossil NG is
used.

Fertilizers can be categorized into two main groups: organic and inorganic. Organic
fertilizers are manure, compost, sewage sludge, and crop residues. These fertilizers were
a core part of traditional farming that allowed the soil to preserve its beneficial qualities
while at the same time providing the necessary nutrients. [9,10]

More specifically, composts can be made from feedstocks such as yard trimmings, food
residuals, separated municipal solid waste, and municipal sewage sludge. In addition, a
compost blanket can be used in biomass plantation, which is a layer of composted material
that is loosely applied. It is then placed on the soil to help with problems such as
stormwater runoff and erosion.[11] Research has also shown that composting is a low-cost
and easily applied solution for soil remediation. Using a compost blanket, inorganic
compounds (heavy metals) can be immobilized in the soil since the chemical composition
can be altered through complexation with organic matter. [12,13]

However, due to the high demand for increased crop yields, modern agriculture has shifted
attention towards mineral fertilizers, mainly nitrogen and phosphorus fertilizers. Many
studies have shown that nitrogen is the primary nutrient that increases crop vyield. [14,15]
Furthermore, it has been confirmed that above-ground biomass is increased with the
addition of nitrogen.[16,17] However, growing concern over the unreasonable use of
nitrogen fertilizers has been reported due to nitrogen deposition in the atmosphere.
Nitrogen deposition can affect the abundance of species and the plant community
composition[18] and decrease biodiversity[19]. Phosphate fertilizers can help promote the
maintenance of nutrients in the soil and enhance soil fertility[20-22]. High amounts of
phosphate (P) and nitrogen (N) can cause eutrophication by soil erosion caused by rain and
wind[7]. Potassium (K) fertilizers can contribute to overall plant function and performance.
NPK (or complete) fertilizers contain all three macronutrients (nitrogen, phosphorus, and
potassium).[23]

Pesticides are essential to crop production since they can ensure pest control and produce
large quantities of food, fiber, etc. Herbicides are a significant subcategory of pesticides,
aiding the management of persistent weeds[24]. Although, research has shown that
pesticides can pollute water sources and are also toxic to humans and ecosystems. For
example, weedkillers such as atrazine can hinder photosynthesis and cause health
problems such as cardiac troubles, neuroepithelium degeneration, muscle worsening, and
human malignancy[25].

In the context of contaminated land, sites with an industrial past can have specific
characteristics that affect the value chain for biofuel production. Land previously used for
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an industrial purpose can often have inadequacies when compared with agricultural lands,
such aslow; organic matter content, water holding capacity, cation exchange capacity, and
microbial function, as well as the presence of organic or inorganic contaminants and low
nutrient concentrations. Importing large quantities of topsoil or clay to create a cap on
contaminated sites to produce biofuel crops is cost prohibitive, as is the rising price of
granular fertilizer [26,27]. An alternative for contaminated land is the use of waste
products with high organic matter content known as organic waste soil amendments
(OWSA), which can be used as both a fertilizer and a soil conditioner and thus are
preferable to the use of only granular fertilizers [28].

Green waste compost (GWC) was applied at a rate of 500 t/ha by Lord et al. to enhance the
growth of the biofuel feedstock crops phalaris arundinacea, miscanthus, and Salix on five
brownfield sites, each with agronomic challenges [29]. Badmoss et al. found increases in
nutrient concentrations, organic matter, and improvements in carbon to-nitrogen ratio
following the amendment of soils from a former industrial site containing heavy metals and
hydrocarbon contamination with GWC and the residue from the drinking water treatment
process at rates of 9o and 180 t/ha [30]. Rodriguez et al. grew white lupin (Lupinus albus)
in soils taken from a historic Pb/Zn mine which were amended with inorganic sugar
production waste, drinking water treatment residue, organic waste from olive mill waste,
and paper mill sludge. They found that all the amendments were capable of significantly
decreasing extractable Pb, Zn, and Cu concentrations and the bioavailability of Pb and Zn
to the lupine plants while also providing necessary growth conditions and plant nutrient
requirements, leading to improved plant biomass [31]

From an LCA perspective, the use of ammonium nitrate fertilizer is connected with the
energy use and CO, emissions from its manufacturing process from methane. In addition,
the soil subsequently emits NOx into the atmosphere. This can be avoided by using organic
wastes instead of ammonium nitrate fertilizers, which also reduces NOxemissions through
soil carbon addition. Another issue that should be considered for life cycle assessment is
indirect land-use change emissions. If agricultural land is used for biomass plantation, then
food crops will be planted on other lands, leading to additional greenhouse gas emissions.
However, in the CERESiS project, non-agricultural land is used since the soil is
contaminated, so there will be no issue with indirect land-use change. However, some
emissions should be expected from perennial crop growth, but this can be minimized with
organic waste carbon addition to the soil.

Two studies focusing on life cycle assessment, one from Peters et al. [32] and the other
from Han et al. [33], included parameters from upstream methods such as fertilizer,
pesticides, herbicides, and water consumption which are all relevant to the agricultural
stage of the biofuel value chains. The former studied a simulation of fast pyrolysis of hybrid
poplar biomass, and the latter a simulation of fast pyrolysis of corn stover. Furthermore,
Espada et al. [6] applied the LCA method for the plant Festuca arundinacea, which
accumulated Pb. In the study, agriculture and cultivation were takeninto account, precisely
the type and amount of fertilizer (N, P,Os, K,0), seeds, and diesel fuel used for labor
machinery.

National Technical University of Athens 8
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2.2 Alternative value chain 1: Sugar to alcohols

According to the information presented in D1.3 and section 2.1 of the present document,

figures 2 and 3 present the value chain 1 “Sugar to alcohols”, considering a normal and a

contaminated feedstock, respectively.
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Figure 2 Alternative value chain 1“Sugar to alcohols”. Non-contaminated feedstock.
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2.3 Alternative value chain 2: Oil crops to biodiesel

According to the information presented in D1.3 and section 2.1 of the present document,
figure 4 presents the value chain 2 “Oil crops to biodiesel”, considering only non-
contaminated feedstock. Unfortunately, as explained in D1.3, there is no information
retrieved regarding the effects or possible adaptations regarding the production of
biodiesel from HM contaminated feedstocks.

Upstream agricultural processes |

T

v
'

Refined vegetable oil

Methanol + Catalyst (NaOH) Transesterification
Post-processing

Figure 4 Alternative value chain 1 “Oil crops to biodiesel”. Non contaminated feedstock.

-

> Glycerol

’ - Biodiesel

2.4 Alternative value chain 3: Biomass to Liquids
(BtL) via gasification

According to the information presented in D1.3 and section 2.1 of the present document,
figures 5 and 6 present the value chain 3 “Biomass to Liquids (BtL) via gasification”,
considering a normal and a contaminated feedstock, respectively. The following figures 7
and 8 refer to the case of Supercritical Water Gasification (SCWG), which is one of the core
CERESIS conversion technologies.
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Figure 5 Alternative value chain 3a “Biomass to Liquids (BtL) via gasification”. Non
contaminated feedstock.
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2.5 Alternative value chain 4: Biomass to Liquids
(BtL) via fast pyrolysis

According to the information presented in D1.3 and section 2.1 of the present document,
figures 9 and 10 present the value chain 4 “Biomass to Liquids (BtL) via fast pyrolysis”,
considering a normal and a contaminated feedstock, respectively.

e ™
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Figure 9 Alternative value chain 4 “Biomass to Liquids (BtL) via fast pyrolysis”. Non
contaminated feedstock.
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Figure 10 Alternative value chain 4 “Biomass to Liquids (BtL) via fast pyrolysis”. Heavy
metal contaminated feedstock.
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According to the level of contaminant load in the biomass feedstock, there can be two
alternative value chain scenarios for acquiring “clean” liquid product ready to be
incorporated in catalytic processes.

In case the feedstock contains a large amount of heavy metal (i.e., if a hyperaccumulator
is planted), then additional processes apart from fast pyrolysis and supercritical water
gasification must be added to the value chain to ensure full decontamination. Relevant
processes facilitating the extraction of heavy metals are presented in D1.3 can be
distinguished to upstream (related to agricultural and cultivation stages and chemical pre-
treatment techniques) and downstream methods. This value chain type shall be named

Full Decontamination Capacity (FDC) alternative value chain scenario (fig.11).

EEEEE——
Core
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Heavily
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Agricultural /
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Upstream
decontamination

(Chemical pre-

processes

* Fast
Pyrolysis
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If a manageable contaminant load has contaminated the feedstock, then the core
processes of fast pyrolysis and gasification will be sufficient to remove heavy metals and
form clean biofuel. Since this value chain contains a moderate level of contamination
compared with the FDC value chain, it will be named Medium Decontamination Capacity
(MDC) alternative value chain scenario (fig. 12).

The level feedstock contamination that decides which of the two types of chains is
applicable is estimated in Section 5 of the present deliverable. These two main categories
are pictured in the figures below:

Core CERESIS
processes
« Fast Pyrolysis
« Supercritical Water Gasification

Moderately
contaminated .

Agricultural /
e e cultivation processes
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For the CERESIS project, two core processes will be utilized: fast pyrolysis and supercritical
water gasification. Each process will correspondingly have two distinct value chains
according to the decontamination capacity. However, no data are currently available on
the ratio of heavy metals still present in the syngas in the case of supercritical water
gasification. Therefore, the present deliverable analyzes the case of conventional
gasification, according to the findings of D1.3.

4.1 Upstream decontamination processes

In general, according to literature, wet pre-treatment processes such as chemical methods
can facilitate decontamination before the pyrolysis process.

Asad et al. [34] studied the effect that pre-treatment methods such as ethanol organosolyv,
soda, and dilute acid pretreatments had on non-woody lignocellulosic (tobacco) and
woody (birch, willow) biomass that was contaminated with trace elements. In the case of
the dilute acid pretreatment, 2% sulfuric acid at a temperature of 170 °C was utilized, and
the results showed that 90% of Mn and Zn were extracted in the water effluent.
Furthermore, the alkali pretreatment with 15% NaOH resulted in the extraction of metals in
the cellulosic pulp in a range of 70-98%. Lastly, the efficiency of organosolv for removing
heavy metals was considered “generally low,” and therefore, it will not be considered in
the alternative value chain scenarios. In another study by Yu et al. [35], the pretreatment
method of leaching was used for agricultural, forestry, and energy crop biomass (rice
straw, wheat straw, corn stover, switchgrass, miscanthus, etc.). The study concluded that
through leaching, the ash content is drastically reduced; however, the extraction of
contaminants leads to fuels with complex properties. From the information above, an
approximate decontamination efficiency of 9o% for pre-treatment is a realistic value for the
Pyrolysis-FDC value chain.

4.2 Core and downstream processes

4.2.1 Pyrolysis - FDC (Full Decontamination Capacity)

An extensive literature review of experiments and simulations of the pyrolysis process was
carried out in Task 1.3. Consequently, in the table below are cases of pyrolysis and their
respective efficiency in removing heavy metals from contaminated biomass.
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Table 3: Removal of heavy metals in pyrolysis

Fraction of

: : Type of .
Experiment Contaminant . contaminant
Pyrolysis
removed
cd 0.657
Han et al., 2018 [36] Slow

Cu 0.735
cd 0.125
Zhong et al., 2016 [37] Zn Slow & Fast 0.956
Pb 0.264
Wiinikka et. al 2015 [4] Zn Fast 0.968
Liu et. al 2012 [38] Cu Fast 0.999
Mullen and Boateng, 2013 [39] Cu Fast 0.993

Ni 1

Pb 0.

Leijenhorst et. al 2016 [3] Fast 399
Zn 0.405

Mn 1

What can be derived from the information above is that the values for the pyrolysis
efficiency vary depending on the method and the contaminant type. For example, Cu can
be removed quite effectively, whereas Cd tends to remain in the bio-oil during the pyrolysis
process. However, in order to acquire a decontamination ratio for each metal species, the
following assumptions will be adopted:

e Literature on fast pyrolysis is more relevant to CERESIS than slow pyrolysis, since
slow pyrolysis is connected to solid biofuel production. Therefore, corresponding
fast pyrolysis data will be preferred.

e Extreme values (>0.995) will be rounded to 0.99.

e Cr is assumed to have the behaviour of Pb, according to relevant literature
references in D1.3.

The decontamination ratio of pyrolysis to be adopted for the most common heavy metal
species are therefore the following:

Cd: 0.167; Pb: 0.333; Cr: 0.333, Zn: 0.95; Ni: 0.99; Cu: 0.99.

Downstream methods for Pyrolysis

After pyrolysis, the downstream processes available can facilitate further decontamination
if needed. The gaseous stream (before condensation of bio-oil) can be treated with
cyclones and hot gas filtration, while the bio-oil can be purified by microfiltration.

Cyclones
Another option for downstream methods is cyclones capable of reducing particle content.
The control efficiency for a conventional cyclone is estimated at 70-90% for PM lager than

National Technical University of Athens 16



CERESIS - www.ceresis.eu Deliverable 1.7

2.5 um [44]. Table 4 also provides corresponding removal efficiency values for
multicyclones.

Table 4 Collection efficiencies (in %) of several particulate control devices. Source: [50]

Control device Removal efficiency (%)
1-3 um 3-10 um
High efficiency ESP 96.5 98.25 99.1 99.5
Multicyclones 11 54 85 95

Hot gas filtration

According to Stals et al. [45], hot gas filtration significantly reduced Zn and Cd. Specifically
for Cd, the amount transferred after the hot gas filter was 3.9, 0.7, 3.6 times lower at 350,
450, and 550 °C, respectively. As for Zn, the transfer was decreased by a factor of 1.0 (350
°C), 2.0 (450 °C), and 2.6 (550 °C). Moreover, it was reported that the concentration of K,
Ca, P, and Si was reduced by a hot gas filter by 97%, 91%, 98%, and 88%, respectively [46].

Microfiltration

This method can remove heavy metal char particles less than 10 um from the bio-oil. [40]
Arevalo et al. [41] reported that microfiltration in wastewater that contained Cu, Zn, and
Cd had removal efficiencies of up to 80%. Moreover, Liu et al. [42] experimented on
removing nanoparticles and heavy-metal ions (Cd, Cr). The results showed that the
rejection ratios for composite microfiltration membranes were 99,3%. Finally, a literature
review for microfiltration in oily wastewater by Behroozi and Ataabdi [43] featured
numerous cases with a removal ratio higher than 95%.

From the information provided by Deliverable 1.2 [40], cyclone and hot gas filtration have
been applied to remove char particles before the condensation of bio-oil. Nevertheless,
these treatment methods are efficient for solid particles greater than 10 um, and
microfiltration is a feasible alternative.

Considering the alternative value chain FDC with pyrolysis, a conservative assumption for
a combination of cyclone/hot gas filter would be a decontamination ratio of 80%. The same
conservative value is considered for the microfiltration.

Upgrading process

Bio-oil is usually incompatible with existing infrastructure, due to its high water and oxygen
content. Processes like catalytic cracking and hydrocracking require the presence of
catalysts that are poisoned from contaminants [47]. According to the literature, which is
shown in Table 5 (adapted from Ma et al. [48]), different contaminants have different
effects on the performance of iron (Fe) and Cobalt (Co) catalysts.
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Table 5 Thresholds (ppm) and level of impact of poisonous substances in Fe and Co

catalysts
Poisonous Iron Catalyst Cobalt Catalyst
substance
ppm impact ppm impact
Nadl 100 slight 50 slight
Kl 20 negligible 100 slight
NaHCO; 40 negligible 1000 none
KHCO, 40 negligible 1000 slight
HCl 20 major 20 moderate
HBr 20 major 20 moderate
HF 20 major - -
NH; 200 none 1 moderate
H,S 0.3 major 1 major
HCN 6 slight - -

The impact of contaminants that poison the catalyst on a moderate to major level have
values in the range of 0.3-20 ppm. However, these contaminants are not heavy metals, and
the literature does not provide sufficient information on catalyst poisoning from heavy
metals. Therefore, for this project’s scope, the heavy metal thresholds of Table 2 will be
assumed for the not upgraded bio-oil entering the relevant catalytic processes. Since all
contamination levels of Table 2 are in the “ppm” order of magnitude, no major problems
would be expected in terms of catalyst contamination.

4.2.2 Pyrolysis - MDC (Medium Decontamination Capacity)

In this case, the feedstock used in the pyrolysis process will be moderately contaminated.
Therefore, the pyrolysis process alone, with the contamination efficiencies presented in
Table 3, should be sufficient for reducing the contaminant load at a satisfactory level in the
biofuel to be considered “clean.”

4.2.3 Gasification - FDC (Full Decontamination Capacity)

In Deliverable 1.3, in a similar fashion to pyrolysis, a couple of cases of decontamination
with gasification were considered. These can be seen in the table below
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Table 6: Removal of heavy metals in gasification

Gasification Contaminant Fraction of contaminant
removed
cd 0.1
Zn 0.75
Syc et al., 2011 [2] Pb 0.82
Cu 0.85
Mn 1
Ni 0.79
cd 0.17
Pudasainee et. al 2013 [49] Pb 0.86
Ni 0.28

The available data (Table 6) show an agreement of the two sources regarding the
decontamination ratios of Cd and Pb, while a difference is observed for Ni. For the case of
Ni, a value close to the most conservative value will be adopted.

Adopted values: Cd: 0.167; Ni: 0.33; Zn: 0.75; Pb: 0.85; Cr: 0.85; Cu: 0.85.

Downstream methods/Upgrading for gasification

In conventional gasification, cyclones and electrostatic precipitators (ESPs) are used to
remove remaining contaminants in the form of particles from the syngas [2], [49]
According to the efficiency data presented in Table 4, the decontamination efficiencies of
80% and 90% will be adopted for cyclones and ESPs, respectively.

4.2.4 Gasification - MDC (Medium Decontamination Capacity)

For this chain, gasification is the only process that removes contaminants from the syngas
since the feedstock used has a medium level of contamination. As mentioned in the
Gasification — FDC value chain, the decontamination efficiency will be assumed according
to section 4.2.3.
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For the calculation of acceptable heavy metals load for the MDC value chains, the following
equation is used

Climit

Cacceptable_MDC = 1
— Q pyrolysis or gasification

For the FDC value chain:

C1

Cacceptable_FDC = , where

1=Cmicrofiitration or ESP

C C Ciimi
C1 — 2 ;Cz — 3 ;C3 — limit

1- Ccyclones 1- apyrolysis or gasification

1- bpre—treatment

Cacceptable mpc: Acceptable contaminant load in feedstock (ppm). The maximum value of
contaminant concentration in the feedstock, that is expected to lead to product heavy
metal concentrations lower than the EN ISO 17225-1:2021 thresholds under the MDC value
chain.

Cacceptable_Foc: Acceptable contaminant load in feedstock (ppm). The maximum value of
contaminant concentration in the feedstock, that is expected to lead to product heavy
metal concentrations lower than the EN ISO 17225-1:2021 thresholds under the FDC value
chain.

Cimit: Adopted limit for contaminant in biofuel for CERESIS according to EN ISO 17225-1:2021
(Table 2).

a: Adopted decontamination for the core processes (percentage of contaminant
removed). See sections 4.2.1and 4.2.3.

b: Adopted pre-treatment (acid/alkali) decontamination (percentage of contaminant
removed). See section 4.1.2.

c: Adopted decontamination of downstream processes for CERESIS (percentage of
contaminant removed). See sections 4.2.1and 4.2.3.

The results are summarized in Table 7. The reference for the HM thresholds that define a
hyperaccumulator feedstock are also presented in column HFT (Hyperaccumulator
Feedstock Thresholds). The results show that the FDC chains are capable of providing a
“clean” output even when fed with a feedstock well above the corresponding HFT.
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Table 7: Acceptable load (Cgcceptanie ) in feedstock for each alternative value chain (ppm).
*Hyperaccumulator feedstock thresholds - HFT (see D1.3, section 2.1)

Pyrolysis Gasification HFT
Cacceptable_MDC Cacceptable_Foc (ppm) Cacceptable mpc | Cacceptable_Foc (PPmM) (ppm)
(ppm) (250%Cacceptable_mpc) (ppm) (=500xCacceptable MDC)
cd 0.6 1.5 x HFTcq 0.6 3 x HFTcq HFTcq 100
Cu 1000 250 x HF Ty 65 32.5 x HF T¢y HFTcy
Ni 1000 250 x HF Ty 15 7.5 x HF Ty HFTy | 1000
Pb 15 3.75 x HF Tpp, 65 32.5 x HF Tpp HF Tep
Zn 2000 50 x HF Tz, 400 20 x HFTzn HFTz, | 10000
Cr 15 3.75 x HFT¢, 65 32.5 x HFT¢ HFTe | 1000
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The objective of this deliverable was to define the full alternative value chain scenarios,
including upstream, midstream, and downstream processes utilized for energy crops
contaminated with heavy metals.

The alternative value chains are formulated according to the contaminant level in the
biomass feedstock. The corresponding acceptable load of the feedstock is estimated, so
as to acquire a “clean” product ready to be incorporated in catalytic processes (such as
Fischer-Tropsch for gasification, or catalytic upgrading for pyrolysis). The acceptable level
of feedstock contamination is defined by the equivalent heavy metal thresholds for solid
biofuels are provided by EN ISO 17225-1:2021. Therefore, the ISO EN values served as the
“cornerstone” for forming the alternative value chains formulated under T1.7.

In order to assume a chain configuration tailored to possible heavy metal loads, two
alternative value chains will be considered for each core process (pyrolysis and
gasification). In the Medium Decontamination Capacity (MDC) group of chains, only the
core process is considered, referring to moderately contaminated biomass feedstocks that
the pyrolysis or gasification processes alone can remove heavy metals down to an
acceptable level. The Full Decontamination Capacity (FDC) group of chains refers to heavily
contaminated biomass feedstock. Upstream and downstream treatment processes are
thus assumed, so as to ensure an adequately decontaminated intermediate product, ready
to be further processed in terms of catalytic upgrading or transformation towards the final
biofuel.

As expected, the FDC value chain allows a more significant amount of heavy metals to be
present in the biomass feedstock compared with the MDC value chain, exceeding the
heavy metal loads typically carried by hyperaccumulating species. More specifically, in the
case of Cd, a heavy metal that tends to stay in the bio-oil after the core processes, with the
addition of a pre-treatment and post-treatment stage, the heavy metal tolerance of the
FDC chain can be increased in the level of achieving utilization of hyperaccumulating
species. Pb input in the FDC chain can exceed the value of 1000 ppm for both core
processes.

However, it must be noted that the approach to conceptualizing the value chains is based
only in a limited amount of available literature data regarding the fate of heavy metals
during the core transformation stages of pyrolysis and gasification. Moreover, the
decontamination efficiencies of upstream and downstream methods have also been
estimated according to literature. Therefore, the final results acquired can only be
considered as estimations and only utilized towards formulating representative value
chains, capable of producing a “clean” output under a variety of heavy metal loads carried
by possible feedstocks.

The value chains herewith formulated will set the system boundaries needed for the life
cycle assessment and the formation of sustainability KPIs for Task 4.3 and 4.4. Additionally,
they will provide supporting information for Task 4.2 for supply chain optimization.
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