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ABSTRACT: To achieve the targets for reducing greenhouse gas emissions by 2020, many Buropean countries
intend to decrense fossit fuel consumption by promoting the use of biomass energy. Due to their renewable nature and
to their densily and physicochemical propertics, which are similar to those of coal, torrefied bioinass pellets scem to
be a promising substitute for this fossil fuel. This sludy aims to evaluate, using eradie-to-plant gate life eycle
assessment, the potential environmental benefit of the production of wood torrefied pellets compared fo wood pellets,
It also studies the possibility of using alternative sources of lignocellulosic biomass for pellet production. Four types
of biomass (fescue, sorghmm, maize and bamboo) were fested and fhelr cnviromnental results at prodection and
transformation stages are contpared with these of wood pellets. A comparisen of the production of ! GJ of energy
from thie four types of lignocellulosic torrefied biomass pellets reveals that torrefaction of wood provides the best
envieonmental performance, This is inainly due to the production of biomass process: the growth of the wood ysed in
this study does not require the use of mineral or organic fertilisers, These inputs reatly increase the environmental
fmpact of agriealtvral biomass, Finally, creasing the lower calorific content of biomass by means of torrefaction
may also be linked to a reduction in the environmental impact of biomass pellet production, depending on the type of
biomass and the impact category. Tor afl the biomass types studied, performance in the global warming Impact
category was improved by (lie torrefaction of the pellets,
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I INTRODUCTION

To achieve the targets for reducing greenhouse gas
emissions by 2020, many European countries intend to
decrease fossil fuel consumption by promoting the use of
biomass energy. Agticultural and forest biomass is a
promising alternative to fossit fuels for producing
clectriclty, heat and fiquid fuels because it can be
exploited renewably, Morcover, biomass is & readily
available local resource which will present local rural
farmers who grow it with an opportunity (o diversify tlieir
agricultural output and sources of jucome. From an
environmental point of view, the use of biomass energy is
expecied fo prevent cHmate change mainly due to its
renewable and carbon-neviral nature [9] [24]. However,
the use of biomass as an energy source also brings about
ecottomic competition between alternative methods of
tesowrce ulilization. This is because resources and
production arens are limited, both in Belgium and
globally. It is therefore necessary to diversify resources,
to adapt the associated economic processes and fo
innovate, This innovation wilt involve proposing new
fuels, created using highly energy-efflolent processes aud
techniques, and combining difterent processing chains
with a view to overatl energy optimisation.

Resulting in the production of a coal-like salid
biofuel with higher energy density end better physical
and combustion properties, torrefaction scems to be a
promising technology [25]. Compared to pelletisation
(84% cnergy conversion efficiency Le, the ratio between
the useful output of an energy conversion maching and
the input, in energy terms) and pyrolysis (64%), which
can also transfonn biomass into energetically dense fuels,
torrefaction (94%) presents the prospect of preatest
efficioncy. When torrefaction and pelletization are
combined, the product has an encrgy content of 22 to 25
GI/TM (fresh matter). This renewable fuel ean be used
in coal-fired power plants withou! major modification of
the process,
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The environmental assessment of a product must take
all stages of ils life cycle into account, The main
objective of LCA is to provide a holistic assessment of
emissions and of the resources needed for & production
system. This evaluation tool makes comparisons possible
between different biomass types used in the production of
torrefied  pellets, wnd provides valusble scientific
iformation 1o the various stakeholders (producers,
consumers, decision-nakers), This is a comparative
approach which mukes it possible to evaluale the
environmental impact of new uses for Hgnocellulosic
biomass and ‘low-carbor’ processes, The potential for
reducing greenhouse gas emissions from the various
ways of generaling energy from biomass can thus be
evaluated with a view to meeting the drastic greentiouse
gas teduction targets set for 2020. This method also
makes it possible fo identify the strengths  and
weaknesses of each stage and each process, and to draw
conclustons which will aid in improving energy and
environmenial efficiency,

2 METHODOCLOGIES

2.1 Environmental Jife cycle assessment

Life oycle nssessment involves surveying and
ovaluating  the  inputs, outputs and  potential
cnvironmental impacts of a system of production
thioughout its life cycle, from raw material acquisition or
generation from natuenl resources to final disposal [6].

The LCA methodology can be used to assess the
environmental burden crcaled by renewable enRergy
production systems at each stage in their life eycle.

There are four phnses in an LCA study: goal and
scope definition, life cycle inventory, impact assessment
and interpretation [6).

Simalro 8.2.3 and the database ecoinvent 3.1 (for
background data) were used to perform this study,
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2.2 Funetional unit, goal and scope definition

The objectives of this cradle-to-gate study were to
assess and compare the environmental impact of torrefied
pellets from five lignocellulosic biomasses in order to
identify new biomass types (i.e. other than wood) for
production. The benefits of torrefied pellets relative to
non-pre-treated pellets were also invesligated. The use of
the pellets (combustion) and the end of life of ashes are
not included in this study
For these analyses, a functional unit of 1 GJ of potential
energy lrom the pellets was used. The quantity of pellets
needed to produce 1 GI was caleulated from the LHV
(lower heating value) ol each biomass type: fescue (F),
sorghum (8}, maize (M), bamboo (B) and wood (W), The
LHVs of pellets and torrefied pellets are different, as is
the LIV of cach biomass type.

Data on the production of wood pellets and the
torrefaction process came from an existing torrefaction
plant in Wallonia.

This study included the harvesting and transportation
of the biomass to the plant and the production of torrefied
pellets (feeding, chipping, storage extraction, drying,
torrefaction, pelletising, pellet feeding, pellet extraction
and ventilation), The transportation to the point of sale,
use and end of life of the pellets were not included. The
system boundaries ended at the plant gate.

2.3 Life cycle inventory

The boundaries of the system studied are shown in
Figure 1. The data used in this study are described below.

Biomass
produ‘llon B -a
end transport

)

is 49.94 t FM/ha at 28.5% DM (i.e. 14.24 { DM/ha), and
the cultivation time is about 7 months. For heavy metal
balances, sorghum’s heavy metal content was based on
the levels described for grain and straw in [19][2].

Based on tests, a yield figure of 17.3 t FM/ha at 80%
DM (i.e. 13.8 kg DM/ha) was used for fescue. The crop’s
cultivation time is 12 months.

For bamboo, a crop roule was determined on the
basis of expert opinion (personal communication,
Temmerman M.). The yields and the quantities of
mineral fertilisers applied were based on the publication
by [3]. The form of mineral fertiliser inputs was based on
[7). A yield of 12,6 | FM/ha/yr (i.e. 6.2 t DM/ha/yr) was
estimated, taking the cfieet of fertiliser inputs into
accounl. A cultivation time of 7 ycars was used.
Mechanisation data were adapted from MECACOST and
TICR projects [15] [22].

For maize, the route described by [26] was used. The
average yield is 51.2 t FM/ha at 33% DM (i.e. 16.91 t
DM/Ma), and the crop cultivation time is 5.5 months.

2.4 Torrefaction

In 2011, there was one torrefaction unit operating in
Wallonia (Belgium). Data on the torrefaction of wood
pellets were obtained from this plant. As the calorific
value of the torrefied pellets produced is 23 GJ/t, 43.478
kg of pellets need to be produced to obtain fuel with a
calorific capacity of 1 GJ.

Tor the other biomass types considered in this study,
data from the plant inventory for the production of
torrefied and non-torrefied pellets were adapted on the
basis of the DM (dry matter) content of the different
biomass types (wood, bamboo, maize, fescue, sorghum)
and their LHV (lower heating value) (Table I).

¥
Feeding Table I: LHVs for torrefied and non-torrefied pellets
Chipging Biomass Biomass  LHYof  LHVof Sources
Storage input non- torrefied
extraction %DM torrefied pellets
i pellets Mifkg
Electricity - r{ Drying ' A‘ | Mlkg DM
1 b 2 Water DM
Heat | | | COand HO, Fescue 80% 19.1 20.8 m
Iu—l 3| Torrefaction > Sorghum 29% 16.1 236 (8]
Maize 3% 16.5 20.8 [10][11]
11. . Bamboo 50% 17.6 21.1 [21]
|Stmh , P Peaetoe Wood  65% 16.25 2 Torrefaction
Pellet feeding (Belgium)
et i3 i
::.,:mon 1 *’—‘ 2.5 Life cycle impact assessment
2.5.1 Field emissions
Generel Nitrogen losses (NH3, NOs., N20) were modeled
Silliies using the models of the IPCC [5] and of the Swiss

Venlilation

Figure 1: System boundarics

In order to describe the specific characteristics of the
crops considered in the project, an inventory of the crop
routes for the various biomass types was carricd out. The
crop routes of sorghum and tall fescue were eslablished
from the results of the Interreg IV A Enerbiom projeet
[27]. The average yield of sorghum produced in Belgium
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research station ART [16]. Heavy metal balances were
based on those of ecoinvent, augmented with data from
the analyses of the CONTASOL project [12] with regard
to nutrient content and metal trace elements in mineral
and organic fertilizers. Phosphorus losses (PO43.) were
also based on the SALCA-P models [14]. Concerning
pesticide emissions, ccoinvent’s position was followed.
‘Ihis postulates that all plant proteetion products end up
in the soil (in agricultural contexts).

Agricultural work process emissions were based on
emission factors from Swiss studies [18][28][4]. They
were adapted on the basis of data such as the fucl
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consumption, working thne, service Ife, nomival and
average power and weight of the machines considered,
derived from the MECACOST project [15].

2.5.2 Torrefaction emisstons

NOx and CO emissions and the water balance were

measured within the plant studied,
The heat reused in the process itsell was disregarded.
Only heat from external sources (a neighboring
cogeneration unit) was modeled. All of the electricity
consunied was considered (o be emitted into the air as
fweal,

‘The environmental impacts of the five biomass types
were expressed fu terms of the functional unit, i.c. the
quantity of torrefied pellets with a calorific capncity of 1
Gl

2.5.3 Impact categories

The impact categorles ivestignted were global
warming (GWP), human toxicity (HTP), terrostrial
acidification (TAP), eutrophieation (EUP), ecotoxieity
(AEP), soil oceupation (ALO), cumulaiive energy
domand (CED) end water consumption (WDP) (Table I).
An  uncerainty analysis based on Monle Carlo
simulations of 1,000 runs was performed as an
uncerlainty analysis,

Table It Categories and methods used

Impaet Tmpact Evaluative method
category eategory
acronyni
GWP Global warming  IPCC 2013 GWP100a
pofential )
HTP Human toxicity  USEtox recommended
potential + factors derived from
our own calewlations
for missing substances
U7y
TAP Terrestrind Country-dependent
acidification characterisation faclors
potemdial for acidification and
terrestrial
eutrophication  based
ol accumulated
exceedance [13]
EUFP Etlrophication  CML-IA baseline
potential
AEP Ecotoxicity USEtox recommended
potential + inderim + factors
derived fiom our own
ealeulations for
missing substances
(1719
ALO Agricubtural ReCiPe midpoint (H)
land ocoupation (%)
CED Cumufative CED  vL.8, except
Energy Demand  enezgy gross ealorific
vatue in biomass,
WDP Water Depletion  ReCiPe midpoint (H)
Potential *
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3 RESULTS

3.1 Compurison of LCA for production of | GJ of
torrefied pelfets

The environmental profiles for the production of 1 GJ

of torrefied pellets from fescue, sorghum, maize, bamboo
and wood are prescated I Figure 2,
These findings indicate that ceriain aspeets of the
pelletization (feeding, storage extraction, peflet feeding,
pellet extraction, general auxiliaries, veatilation) have a
negligible environmental impact (e, <2% of total
inpact) compared to the other processing stages.

In the production of torrefied pellets from biomass,
ilie biomass production phase tends to b & stage with a
high environmental impact (42£33%), with impacts of
39433% for GWP, 514:38% for HTP, 33430% for TAP,
38£34% for EUP, 40+48% for AEP, 37::39% for ALO,
44431% for WDP and 30+22% for CED. For wood,
however, the main production fmpact is in terms of ALO
(88%), whercas for the other impact categories, the
production phase of wood blomass has a much lower
impact than bionwass produced by agriculture.

‘The chipping stage has a low overall environmental

impact, mosily in the GWP (2:1%), WDP (2+1%) and
CED (74:3%) categories,
Drying is the most environmeniafly costly operation
(8+7%) after biomass production. In ferms of Impact
calegories, it accounts for 74:3% of GWP, 6£3% of HTP,
321% of TAP, 442% of EUP, 3£1% of AEP, 17+7% of
ALD, 84£3% of WDP and 17£7% of CED. Given their
low DM rate at harvest, sorghum snd maize need to
undergo more drying, which aflects the environmental
profiles of these fwo biomass types, accomiting for
12£8% and [240% of their lotal impact tespectively, A
potential reduction of the environmental cost of this
operation would be to diminish the luunidity rate at
harvest.

The torrefaction process itself accounts for 5£6% of
ihe total envitonmental profile of the process. it mainly
affects the GWP (3£29%), TAD (116%), EUP (8+49%),
WDP (4£3%) and CED (1248%) categorics. Bamboo,
however, seems to differ from other biomass types at this
stage, having a lower effect across the impact categories
(1£1% vs 5%5% for fescue, 7:7% for sorghum, 84:5% for
maize and 5£5% lor woad).

Lastly, the pelelizing stage nlso has a low impact
(3+3%) on the overall environmental profile of {he
torrofaction process, mainly in the GWP (3£2%), WDP
{(4+2%) and CED (10£4%) categorics,
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Table TIT: Uncerlainty analysis of the LCAs of the production of 1G] of torreficd pellets of fescue (F), sorghum (S), maize
(M), bamboo (B) and wood (W) compared in pairs for different impact categories. Extremely signiticant: ****' p>0.999;
Mighly significant: “**' p=0.99; Significant: *** p=0.95; Not significant: “p value’, p <0.95.
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Figure 2t LCA comparison of the production of 1 GI of torrefied pellets for fescue, sorghum, maize, bamboo and wood.
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The uncertainly analysis (Table HI) allows us to
identify any significant differences, per impact category,
between the different biomass types in the production of
1GY of torrefied pellets. The uncertainty analysis for
GWP indicates thal the environmental profiles of all five
biomass types show exiremely sigaificnnt differences.
Wood appears to have the lowest environmental fmpact,
while fescue has the worst environmental score for this
catcgory.

The results of the uncerdainty analysis are less varied

for HTP. There ave highly significant differences between
fescue and bamboo and between maize and wood, to the
disadvantage of fescue and maize respectively.
Again, some highly significant difterences are found for
the five biomass types. This time, maize has the worst
environmental score, while wood remains o sfrong
performer in the TAP and EUP categories.

Tor ALO, fescue and wood present the worst
environmental pecformance, while there is no significant
difference between maize and sorghum, which have the
lowest environmental impacts for this category.

According to the uncertainty analysis, no significant

difference is observed in terms of WDP. This result,
however, must be strongly gualified, since it is due to a
methodological bias, This is because the new version of
fhe ecoinvent databsse (v3.f) has modified the
ealeulation of wafter balances. In this new version, most
of the processes have balanced water consumption. This
amounts to saying that fhe quantity of water entering the
system is equivalent to the quantity of water leaving it
Incoming  water quanfitics receive a  positive
characterization factor, while outgoing water flows are
given n negative characterization factor. However, the
simylations conducted during the uncertainty analysis
seem unable to take account of the potential correlations
belween the incoming and outgoing water flows. In other
words, depending on the standard deviation attached to
the data, the uncertainty analysis mnay assume a high
value for an incoming water flow and a low value for an
outgoing waler flow even though these two values are
actually correlated for the water balance catoulation (i.c.
if more water enters the system, more water wilk foave).
Despite the large number of processes involving the use
of water in the early stages in our models (electricity
production, fuel production, fertilizer production, efc.),
the uncertainty analysis for water balances as modeled in
ceoitvent v3.I is no longer able to identify any
signifteant difference.
Lastly, wood once again has the best envirommental
profile for CED, whereas there is no observable
difference beiween the Dbiomass types wifh the worst
enviromuental performance in this eategory (maize,
sorglum and fesoue),

This first analysis of the environmemal impacis of
producing 1GJ of torrefied pellels for fescue, sorgham,
maize, bamboo and wood suggests that the
transformation of wood into peliets is the least costly
from an environmental point of view. This superior
perforinance is mainly due o weod’'s method of
production; according o data from the enecobois project
[23], the production of soflwood requires no fertilizers
{organic or mincral). By contrast, analysis of the
environmental impnet of producing [ kg DM of the
different biomass types (Figure 3) shows the significance
of mineral fertilizer in the production phase and of the
emissions linked (o the use of both organic and mineral
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fertitizers. Using biomass derived from more agricultural
production to produce torrefied pellets will generally
have n greater environmental impact than forest biomass,

3.2 Environmental benefit of torrefaction

Another analysis was caeded out in order to weigh

the expected potential energy gain of torrefaction against
its environmental impact. Thus, the production of 1GT of
torrefied pellets was compared with the production of
1GJ of non-torrefied pellots, and an uncertainty analysis
was performed to idenlify any significant differences
between them (Table TV).
I can be seen from this analysis thal for fescue the effect
of {orrefaction is beneficial from an environmental point
of view for the impact categories ALO (-6,2%6), GWP (-
4.4%) and probably WDP (sce previous comments), On
the other hand, torrefaction produces an extremely
significant increase in the impact in the categories TAP
(+22%) and EUP (+7%), and a significant increase in the
impact in the category CED (+2.8%). For sorghum,
torrefaction  produces an  extremely  significant
improvement in the envirommenta! profiles for ALO (-
31%), CED (-12.4%), EUP (-4.5%), GWP (-24.7%) and
potentially WDP, whereas no difference is observed for
AEP (p=0.35) or WP (p=0.39). For maize, the impacts
in the catepories ALO, AEP, CUP, GWP and TAT are
also reduced by torvefaction, by ~17.9%, -17.7%, ~7.4%, -
124% and -12.8% respectively. No differonces are
ebserved for CED (p=0.08) or HTP (p=0.33).

With the exception of HTP (0.300), the torrefaction

process reduces the environmental impact of bambeo for
all impact categories (ALO -16.6%, CED -13.9%, AEP -
16.5%, EUP -14.6%, GWP -159%, TAP -12.8%).
Finally, for wood the torrefaction process has a positive
influence in the categories CED {-40,8%) and GWP (-
46.4%), but increases the enviconnental impact in EUP
(+32.8%) and TAP (+80%).
These results therefore suggest that the increase in the
catorific value of biomass may be accompanied by a
reduction in the environmental impact of producing 1G}
of pellets, depending on the biomass type and the impact
categories considered. The results also show that, for the
biomass types siudied, the torrefaction of the pellcts
produces better environmental performance in all cases in
the GWP enfegory.

As these initial indications are extrapolated from data
obtained from the plant’s process of transforming wood
into torrefied pellets, thefr significance must be qualified.
Different biomass types will probably react differently to
the torrefaction process than wood.
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Table 1V: Comparative LCA results for the production of 1G of hon-torrefied pellels vessus FGI of torrefied pelets (1) for
feseue (F), sorghum (8), sitage maize (M), bamboo (B) and wood {W). In italics: the results of the uncertainty analyses of the

LCAs. Extremely significant: “+#¥' 15>0,999; Hiphly significans; %’ p=0.99; Significant: °¥

value', p <0.95,

p=0.95; Not significant: *p

Biomass Impact
types categories
ALO _ CED _ AEP EUP GWP  HIP TAP  WAP

FvsFT -62 2.8 45 70 A4 AT 22 3.6
pvalue  ¥¥¥ * 0280 *¥r wkE g 3g5 ki 0.490
SvsST 313 -124 252 435 .25 -29.1 3.96 -23.6
P m[ue k& X 2] 0350 #Ek HFE 0‘390 &5k 0.450
MyvsMT -I79 3,53 <177 <14 -12 173 -3.6 7.4
pralue  F¥E 0.08 ¥ BeE &R 0330 bk 0,440
BvsBT -166 -13.9 -165 -I5 -1 -16.5 -13 -16
p ;pa!lfe R £33 3 £ Fixk A%k 0 306 HRFE 0‘438
Wvs WT =54 408 91 328 464 515 80 -46.1
pyalue 005 * D3¢ #**  xEx pogp i 0.490

4  CONCLUSIONS

The eomparison of LCA for production of 1 GJ of
torrefied pellels from different lignocellosic biomass
types suggests that wood is the feast impacting biomass
from nn environmental point of view. This superior
performance is mainly due to wood’s method of
production which requires no fertilisers (organic or
mineral).

The increase in the calorific value of biomass after
torrefaction treatment may be accompanied by a refative
reduction in the enviconmental impact of producing
torrefied pellets, depending on the biomass type and the
impact categories considered.

In all cases, the GWP category demonsirated better
environmental performance when the pellots ere
torrefied,

However, further analysis 1s needed to support these
initlal observations, Indeed, the data wsed to mode! the
production and the transformation  sfages  were
extrapolated from wood torrefaction process and came
from sources representing different scales of data
collection (fieldt tests, laboratory tests, industrial data,
literature, cfc,). These differences create hicertainty
about the results obtalued and if these data enabled
highlighting some trends, cawlion must be exercised o
the interpretations and conclusions that can be drawn
from them,
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