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Abstract

In this study, a comparison of olive pomace combuasand gasification through
LCA is carried out in order to point out the enwinmental performance of these
processes of these processes to the electricajyepeyduction.

Olive pomace is a by-product from the olive oilustry. The following blocks have
been assessed: olive production, olive oil extoacfolive pomace generation) and olive
pomace conversion by combustion and gasificatioocgsses, respectively. The
environmental impacts associated with these staigesd-point were assessed. In order
to obtain a complete profile for the compared sdesaan end-point level analysis was
performed as well. Same data for olive productior alive oil extraction were
collected from a Spanish olive mill plant. Thermectical processes were simulated
using Aspen PIf58.8 software. For a complete perspective, therenmiental impact
of each equipment involved in the thermochemicalcpsses such as a crusher,
combustor / gasifier, cyclone and Rankine cycleensaralyzed. Rankine cycle was the
major contributor to all impact categories. Fronvimsnmental and energy point of
view, the combustion scenario is the most viablBoop considering 1 MJ of energy

production as a functional unit.

Keywords: Life cycle assessment, Olive pomace, Gasificattdmbustion
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1. Introduction

The environmental issues of the contemporary wartdmainly caused by the direct
and indirect action of anthropological factors.addition, overpopulation is a current
problem in the world due to its effect on the eamment (Harte, 2007). The
demographic growth is one of the most importaniasshat lead to increased resources
consumption (materials and energy) and the degoadaf the environment (Patten,
2014). Pollutants, such as gases and solid patidlem industries and domestic
activities, have a negative impact on the enviramn(@atten, 2014). On the other hand,
the consumption of the fossil fuels produces greasb gases emissions, which are
responsible for the global warming and climate geafRahman and Miah, 2017).

In recent years, biomass has been ranked amongntis¢ important renewable
energy sources, with the greatest growth potemtitiie future. The use of biomass as a
source of renewable energy has many advantagésdimg that biomass is considered
as "carbon neutral”, being abundant and availableany regions (Abbasi and Abbasi,
2010; Field et al., 2008). It could also reduce ¢hgironmental stress by diminishing
the dependence of the traditional energy sourcédgtaamount of wastes deposited in
landfills and is a raw material for the synthesisddferent products as ethanol and
similar fuels (Abbasi and Abbasi, 2010; Field et 2008).

Olive is mainly cultivated in Mediterranean couegri(Spain, Italy, Greece, etc.) but
also in other countries from America, Africa, andsfalia, where the olive oil is a
product of great economic importance (Salomonelapgdolo, 2012; Tsarouhas et al.,
2015). According to the ESYRC of 2016 (ESYRC, 201%)ain has 2,623,156 ha of
olive groves; 152,345 (5.81%) of these are destitmedable olives. The region of

Castilla-La Mancha in Spain has an area of 415[006f olive groves (ESYRC, 2016),
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producing around 111,392 tons of oil in 2015 / 20d&ich represents 8.2 % of the
national production (1,359,983 tons) (MAPAMA, 2016)

The olive oil industry is a contributor to many e@owmental problems. The
environmental burdens associated with the olivelpecton and the extraction of olive
oil are mainly due to the use of resources, thessions and waste generation
(Niaounakis and Halvadakis, 2006; Roig et al., 2006e olive pomace is the main by-
product resulting in the olive oil extraction stadeeing an important negative impact in
the environment if is not properly disposed or uk®dfuel production, composting or
olive pomace oil extraction.

The main thermochemical conversion processes of bilbenass are pyrolysis,
combustion and gasification. Energy from biomass ¢e directly obtained by
combustion or indirectly obtained through produtttat can be assimilated to fuels
derived from coal and oil (Arena et al., 2015)fdnt, the combustion is the earliest and
the most elementary option for energy recovery flmomass. It involves the complete
matter oxidation, under an excess of oxygen, taiobteat for different purposes (Patel
et al., 2016). Gasification is a partial oxidatiprocess, which is carried out under
oxygen-deficient conditions or in the presence thieo gasifying agents such as air or
steam allowing the transformation of the biomast® igaseous products, mainly
hydrogen and carbon monoxide, but also some cadmmade and light hydrocarbons
(Patel et al., 2016; Syed-Hassan et al., 2017).

Life Cycle Assessment (LCA) refers to the complatele of the product, process or
activity, including the extraction and the procagsof the raw materials, production,
transportation and distribution, use, reuse andtaeaance, recycling and final disposal

of the product (1ISO14040, 2006; Tibor and Feldni£96).
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Several studies on the LCA associated with thentbehemical conversion of waste
generated in the olive industry have been recemported. Intini F. et al. (2011)
investigated the environmental advantages deriveth fthe co-use of the de-oiled
pomace (60 %) and waste wood (40 %) in a real cetidouplant (located in Italy). El
Hanandeh (2015) evaluated the environmental pedoce of five valorization
alternatives: manufacturing briquettes as a salid for house heating, pallets for
domestic water heating, pallets for industrial égil pyrolysis and composting.
Christoforou and Fokaides (2016) evaluated therenmental impact of the olive husk
torrefaction process. Rajaeifar et al. (2016) camgpahe environmental impacts of the
olive pomace oil diesel and conventional petrolaliesel taking into account the main
stages in the life cycle of fuel (feedstock produttfuel processing and combustion of
the fuel).

The main goal of this study is to evaluate theqenfince associated with the energy
production through thermochemical conversion ofpacgic biomass, which in this
study is the olive pomace. In this regard, the aastibn and the gasification processes
are compared to determine the best alternative nianaging the olive pomace.
Additionally, the environmental impact analysisfpemed for each equipment involved

in thermochemical processes were also evaluated.

2. Material and methods

2.1. Goal and scopes

The aim of this study is to compare two thermocluaiprocesses (combustion and
gasification) in terms of environmental performgnasing olive pomace as feed to
obtain energy. In this regard, an LCA methodolagysed to identify the environmental

impact associated with each studied thermocheraalersion process. The life cycle
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assessment was carried out in accordance withrétdecto-gate approach, taking into
account the main involved stages: olive productmive oil extraction, olive pomace
combustion process and olive pomace gasificationgss.

In this study, the LCA was carried out using them&Pro 8 software
(PRéConsultants, 2016). The objective of the olpmmace valorisation through
combustion or gasification processes is to proderoergy. For this reason, 1 MJ of

energy produced was defined as a functional utl).(F

2.2. System boundaries and assumptions

An important component in the biomass-to-energyircgto include the previous
stages to the production of energy in the limithef system, such as the production, the
pre-processing and the biomass transport (GoldSauding, 2011; Nguyen et al., 2013;
Patel et al., 2016; Raynolds et al., 2000). Thisnainly due to the fact that the
environmental impacts of the previous stages affextesults, and, implicitly, the final
decision making. The biomass valorisation consuienethis work was analyzed from
the raw material production (olive production) e itconversion of the olive pomace via
the two thermochemical processes pathways to oldmergy as the final product.
Therefore, the system boundary selected to pertbenti CA of energy production from
olive pomace through the combustion and gasifioatimcesses is presented in Figure
1.

Several hypotheses are to be considered in thalaapproach in order to avoid
overlapping in the making-decision process. Plgnéind tree growth have been omitted
due to the long time in which there is no productimput and output data for one year
(2015) has been considered. The transportatioheoptive to the olive oil extraction

plant and the transportation of the fertilizers basn also considered. It was assumed
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that the olive oil extraction plant and the commmrstand gasification plants are located
in the same place. For this reason, the biomassgaatation in this last case is not
taken into account. The capital goods such as meaghi equipment, and buildings

involved in this analysis, are excluded from theegsment.

2.3. Lifecycleinventory analysis

To perform the environmental assessment, a datactoh from the inputs and
products related to the analyzed processes isregjuihe Life Cycle Inventory (LCI) is
the compilation and quantification phase of allMgo(raw materials, energy and others
goods and services, emissions, waste and prodwattged to the production system
during its entire life cycle (1ISO14040, 2006; ISO44, 1998). The inventory data, such
as the direct inputs and outputs of each stageidenesl in the boundary system, were
collected from a real olive mill plant, the Aspetus® software and the Ecoinvent
database.

In this study, the collection of the main input aodtput data (raw material,
supplement material, final products, waste and soimthe emissions) for the olive
production and the olive oil extraction were obg&irfrom an olive mill planAceites
Garcia de la Crudocated in Castilla-La Mancha (Toledo, Spain). e other hand,
the air, water and soil emissions associated wighalives production stage were taken
from the Ecoinvent 3.4 database (Ecoinvent, 2017).

The combustion and gasification plants were sinedlatising Aspen Plis8.8
software (licensed by Aspen Technology, Inc.) toneste the mass and the energy
balances. Therefore, these simulations providetlusdormation related to emissions,

resources and energy consumption.
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The main inputs and outputs of the agriculturaresi production (block 1), olive oil
extraction (block II), olive pomace combustion @kolllA) and olive pomace

gasification (block I1IB) are shown in Tables 1ad 3, respectively.

2.3.1. Biomass processing (block | and block 1)

Most of the inventory data used for the first twiodks were provided by the real
mill plant. These data were processed in ordeeterchine the corresponding values for
the functional unit (1 MJ energy produced) as iathd in Table 1.

Olives were considered as a final product in thet Stage (olive production — block
), and as a raw material in the second stagegdailvextraction — block Il). Therefore,
the area that is taken into account for this evalnas a plot of 40 ha with an olive
yield of 28,736 kg (as based on a 2015 report datahis study, irrigation is not taken
into account, being the rainwater the only formraogation. For the season considered
in this study, 2,140 iV ha of rainwater has been recorded.

The fertilizers used in the olive production stame supplied by the company
Agrogenia Ltd (Cordoba, Spain). The transportatibthe fertilizers (285 km) is carried
out by a truck belonging to the same company. Tpmieations per year using 9,000 L
of phytosanitary treatment are performed. In thisdy, fertilizers data have been
introduced into SimaPro by using similar produatsentaining N, K, P and others)
available in the Ecoinvent database. The emissieiased to the olive production, such
as heavy metals in water and soil, but also emrmssio the air have been taken from the
Ecoinvent (Ecoinvent, 2017). The amount of diesgtdufor the application of the
fertilizers and their transport from Cordoba to taen is 24.2 L / ha.

The olives collected from the plot are transpott@dhe oil extraction plant using a

truck. The distance from the plot to the oil md#l 19 km. At this stage, the main
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obtained product is the extra virgin olive oil, we&n average yield of 19.14%. Together
with the final product (olive oil), olive pomacdjwe stone and solid waste (leaves, dust
and stones) are produced. Therefore, the amoumttad virgin olive oil, olive pomace,
olive stone and solid residues obtained after tive 0il extraction process, considering
the whole plot (40 ha), are 5.060 kg, 21.000 kg92,kg and 376 kg, respectively. The
operating regime for the oil extraction procesg4sours for 3 months with an installed
electrical power of 78 kW and a water consumptib8&Y nr.

On the other hand, the amount of atmospheric eamsssuch as NQSQ,, CO and
particulate matter (PM), and wastewater generatethé olive oil extraction process,
were also provided by the oil mill plant.

Table 2 shows all the input and output data for ¢hige oil extraction stage,

calculated for 1 MJ of energy produced.

2.3.2. Olive pomace conversion processes

One of the limitations of the Aspen Plus databasthat nonconventional products
(such as biomass) are not included. For this redlerolive pomace used as biomass in
this study has been simulated through its commosisuch as: moisture, fixed carbon,
volatile matter and ash (proximate analysis), carbmxygen, sulphur, hydrogen and
nitrogen (ultimate analysis), and the higher heptialue (HHV) (Table 4). For
simulation purposes, the stream biomass was usetheageed in both processes
(combustion and gasification), which allowed to wem the non-conventional biomass
into conventional components. HCOALGEN was the nhadd¢ected for the enthalpy
calculation. Ideal property method was selecteddbta processing and determination
of the thermodynamic properties in the case offigasion process and Peng-Robinson

property method was selected for the combustion one
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2.3.2.1.0live pomace combustion process (block 111A)

The combustion process was simulated and the fleetsfhagram is shown in Figure
2a. Table 5 shows a brief explanation of each blos&d for the simulation of the
biomass combustion.

It was assumed that after the extraction procegbeoblive oil the initial moisture
content in the olive pomace (54%) was reduced byling for 48 hours. The dried
biomass was transferred to CRUSHER (Crusher), whieraass was crushed to obtain
a particle size of 5 mm. To simulate the combustoocess two different reactors
(COMBUSTOR) were used. The first reactor, DECOMFi@Rd), was used to simulate
the release of volatiles whereas the second reaBldRN (RGibbs), was used to
simulate the combustion of the char formed. Thelpco obtained after the combustion
process was separated into gas and ash in CYCL@ME 2). It was assumed that all
the char obtained in this reactor was 100 % carborally, the energy was obtained by
simulating a Rankine cycle, which was composed afr fblocks: heat exchanger,
turbine, condenser and pump. The Rankine cycleséxl uo obtain electrical energy.
This energy is generated when the pressure of tdemsis reduced. The traditional
Rankine cycle is a thermodynamic cycle that useemas the working fluid, operating
conditions being 506C and 20 bar (Srinophakun et al., 2001). The gaaimdd from
the combustion process was fed to the BOILER (P@aT he resulting steam, at 20 bar
and 500°C, was fed into the TURBINE (Compr) to reduce tlas gressure to 1 bar.
The difference between the inlet and the outlebhaptes is transformed into the outlet
energy from the turbine. The resulted steam is fheessed to CONDENSER (Heater),
where the steam is condensed to become a satliuetand, then, is pumped to 20

bar using PUMP (Pump) before being fed to the boile this study, the isentropic

10
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efficiencies for the turbine and the pump were as=ii to be 85 % and 65 %,

respectively (Liu et al., 2014; Saleh et al., 2007)

2.3.2.2.0live pomace gasification process (block 111B)

The flowsheet diagram of the simulated gasificapoocess is shown in Figure 2b.
Table 5 shows a brief explanation of each bloclduse the simulation of the biomass
gasification.

Taking into consideration the particularities ofe tigasification process, several
assumptions were established,, KLH;, CO, CQ, H,O, NH; HCl and HBHS were
considered as gases evolved during the gasificatimcess. Char is composed of
carbon and ash, where ash is considered to be @0t % of ash conversion was
obtained during gasification. In addition, it wassamed that all the reactions involved
in the gasification process reached the equilibr{itmrmica et al., 2016; Pala et al.,
2017).

The pre-treatment of the biomass in the gasificapimcess is the same as that in the
combustion process. Therefore, the biomass wawedldo air dry for 48 hours and
then crushed (particle size of 5 mm) to obtainraptn conditions for the gasification
process. The resulting stream was fed to react@ @¥P (RYield), which was used to
simulate the release of the volatiles through pagisl process based on the conversion
of the nonconventional biomass into conventionahjgonents. The obtained char (100
% carbon) was split in CHARSEP (Sep 2) and thevad fed to the combustion reactor
BURN (RStoic). The aim of the char combustion wagtrease the temperature of the
bed particles, providing the heat necessary for¢aetion in the gasification chamber.
In addition, the airflow required for the combustivas determined by either using a

calculating block that takes the char burnt inadbmbustion chamber as a reference and

11
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considers an excess of air of 1.12. The remainirga after the splitting in separator
CHARSEP was then fed to reactor GASCONV (RStoicemhthe conversions of
nitrogen, chlorine and sulfur contained in the hbéss into NH, HCl and HS,
respectively, are simulated. Separator GASSEP @ewas used to separate these
gaseous compounds from the mainstream, which wedsirfto reactor GASIF1
(RGibbs). The aim of this block was to simulate tbaction between the biomass char
and the gasifying agent which was introduced im® teactor at 1 bar and 150 °C.
Reactor GASIF2 (RGibbs) was used to adjust thecgagposition. The stream coming
from GASIF2 was mixed with that of GASSEP and GAMMEin mixer GASMIX
(Mixer) to obtain a gas, which was separated inane CHARSEP (Sep 2) into ash and
syngas. Finally, the energy was computed by sitimgaa Rankine cycle, which was

similar to that of the combustion process.

2.4. Impact assessment methodology

SimaPro software is a professional tool to evaluhee environmental impacts of
products, processes and services through theicyitee. It allows to model and analyze
the life cycle of a product or service in a systemand transparent way, following the
recommendations of the ISO 14040 series (1ISO14P@06). The mid-points impacts
are considered a point in the chain of cause ardcteffocusing on unique
environmental problems (e.g.. climate change). €hd-point method analyses the
environmental impact at the end of this chain afseaand effect (Bare et al., 2000). In
the ReCiPe methodology, eighteen mid-point indicatnd three more uncertain end-
point indicators are calculated (Goedkoop et &1Q9). The conversion of mid-points
into end-points simplifies the interpretation oéthCIA results, partly because they are

too many impact categories and have a very abstraahing. In this way, the end-point
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approach provides results with a higher degreatefpretation but greater uncertainty.
On the other hand, the mid-point approach is meliable but does not provide damage
information (Dong and Ng, 2014).

Due to the advantages and disadvantages of theomd-and end-point indicators,
mid-point and end-point methodologies have beenbaoad in this study. In this way,
on the one hand, decisions can be made using nmd-palicators, which are more
certain but, in some cases, may have less releandecision support. On the other
hand, end-point indicators are used, which have lsb®wn to be more relevant and
decisions can be made more easily, but have |lessrag.

In this study, the ReCiPe Mid-point and End-poirerev used to determine the
environmental performance associated with the gngrgduction. Therefore, mid-point
indicators were used to analyze each of the thubsystems presented above, which are
based on different impact categories. Thus, théovahg mid-point impacts were
screened: climate change (CC), ozone depletion ,(@djestrial acidification (TA),
freshwater eutrophication (FE), marine eutrophaat(ME), human toxicity (HT),
photochemical oxidant formation (POF), particulatatter formation (PMF) and fossil
depletion (FD) (Goedkoop et al., 2009).

In addition, for a better understanding, the fipaint indicators were addressed,
analyzing both scenarios (combustion and gasibogtitaking into account the three
stages considered. The following end-point impaetse examined: damage to human
health (HH), damage to ecosystem diversity (ED) dachage to resource availability
(RA).

The main factors that negatively affect the enuviment, due to the production of
energy from biomass, are the emissions generabad #he biomass-to-energy chain. In

this way, the CC are influenced mainly by the GH@hsas CH4, N20O and CO2 (Patel
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et al., 2016). The impact of eutrophication (mararel freshwater) accounts for the
environmental persistence of the emission of N Rrmbntaining nutrients. The impact
values for PMF are due to the particulate matted different gases generated.
Emissions such as SO2, NOx and NH3 (Oreggioni gt24117) affect the impact

categories of TA. Air emissions and heavy metalsictv have direct toxic effects, are
responsible for the HT impact (Goedkoop et al.,D0the values for the FD impact
category are determined by the amount of fossil do@asumed (diesel). On the other
hand, transport and energy consumed are respomsililee impact values of almost all
the selected categories.

The economical allocation for the olive pomace asogproduct must be used,
because it is intended to obtaining energy throaglubsequent process (PCR, 2014)
and considered to reflect better the value of thedycts by granting most of the
impacts to virgin olive oil, which also has the gt unit price (Schau et al., 2016). In
this way, the economic allocation factor for theveloil is 97.2 % (the price for 1 kg of
extra olive oil is € 3.65 / kg); for the olive poog it is 1.7 % (the average price for
olive pomace is € 15 / ton); and, for the olivengtait is 1.1% (the price of olive stone is
€ 90/ ton).

The fact that the normalization results have timeesanit for each category of impact
facilitates the comparison between the impact scafedifferent impact categories
(Norris, 2001; Sleeswijk et al., 2008). On the othand, using the normalization value,
it is possible to identify easily and faster thepant categories with the highest and
lowest contributions that affect the environmenifying the final decision making
(Mayo et al., 2018; Rowley et al., 2012). Due tesih advantages, in this study, the
results have been normalized. As defined in 1ISO444the normalization is a process

to calculate the magnitude of the results of impategory indicators, in relation to

14



336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

certain reference information (1SO14044, 2006). fdwlts for each category of impact
are normalized with respect to average Europearsseoms. For this purpose, the
characterized results of each impact category imidedl by a selected reference value

(Goedkoop et al., 2009; PRéConsultants, 2016).

3. Resultsand discussion

3.1. Environmental assessment of the biomass valorization

The assessed environmental performance of the B®malorization, taking into
account all the evaluated stages and consider@ghtinmalization of the data at the
mid-point level, is shown in Figure 3. Figure 3asplays the results of the main
environmental impacts for the combustion scenaaialyzing the stages of olive
production, olive oil extraction and the combustmncess. In the same way, Figure 3b
shows the main results of the environmental impafttee gasification scenario.

The results obtained showed that for all the amalyzmpact categories the
gasification scenario exhibited higher impact valuat mid-point level, than the
combustion scenario. This fact is mainly due toltlylher amount of olive pomace used
by the gasification process to obtain 1 MJ of epefgompared to that required by the
combustion one.

Figure 3a shows that, in the case of the combusitenario, the extraction stage of
olive oil has the highest impact in almost all Hesessed categories, followed by olive
production and the combustion process. This faatamly related to the consumption
of energy and diesel and the emissions releaseéiffekent trend is observed in the case
of the HT and POF categories. In this case, thebestion process is the one that more
affects them, mainly due to the ash and emissiengmted. On the other hand, Figure

3b shows that the gasification process and thes dilvextraction play the leading role

15
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in the impact categories studied for gasificatieersrio. This fact is related to the
consumption of energy and raw material and the rg¢@@ emissions. Finally, it can be
also observed that the impact associated with alsdigation process is almost twice as
large as that associated with the combustion one.

The emissions (Table 1, 2 and 3) could play an mapb role in different impact
categories (Foteinis and Chatzisymeon, 2016; Wagral Lewandowski, 2017).
Human activities are the main factors that contgbto greenhouse gas emissions,
carbon dioxide, methane, chlorofluorocarbons ancbus oxide and are well known
for their global warming potential (GWP) (Houghtenal., 1992; Zhang et al., 2014),
which is closely related with the CC impact obsdrier the olive production stage.
The higher GHG emission (GHand CQ) observed for the gasification scenario if
compared to that of the combustion one (Table G)dcexplain the higher CC impact of
the first one (Figure 3). Although,R is a greenhouse gas which is about 300 times
worse than C@in terms of the greenhouse effect (G\Wd= 296; GWRo2 = 1) (IPPC,
2006), its presence in traces contributed to alsGWIP in comparison with the larger
CO, emissions. Furthermore, the €and CH are also responsible for the POF impact
category. This impact category and PMF can be alfected by S@ and NQ
emissions (Derwent et al., 1996). On the other h@itl is mainly involved in the OD
impact category.

In this study, the nitrogen-based emissions retedbi#;, NO, and NQ) during
olive production stage (Table 1) were indirectlgpensible for the TA, FE, ME and HT
impacts (Brentrup et al., 2004; Goedkoop et alQ90In this stage, the phosphorus
emissions in water are the main contributors inRBRempact category (Brentrup et al.,
2004). Moreover, the Sand the NQ emissions (Table 2) released during the olive oll

extraction stage influence mainly the TA and ME aoig (Goedkoop et al., 2009). In
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addition, the HT category of impact includes alé ttirect toxic effects of human
emissions. Therefore, the stage that most affduts impact category is related to
thermochemical process (combustion and gasificgtitune to the ash generated and to
the emissions released into the air (Table 3 and'lt@ emissions released during the
first stage (Table 1), which can potentially havetoxic effect are inorganic air
pollutants (NQ and NH), fertilizers and heavy metals (Cd, Pb, Hg, ZnjefBrup et
al., 2004).

The diesel and energy consumption (Table 1, 2 gnar& responsible for the FD
impact category, but they are also linked to theuawlated demand for natural gas,
crude oil and coal, which are necessary for thé&dpacind processes.

In case of the olive oil extraction and thermoclehiprocesses stages, the high
energy demand (Table 2 and 3) contributes sigmfigato most of the impact
categories evaluated (Pattara et al., 2016; Rajaetfal., 2014; Rinaldi et al., 2014).

The olives and the fertilizer transport to theroill plant contribute to the CC impact
category (Koetse and Rietveld, 2009; Zhang et2@l14). Other impact categories that
are affected by transportation are the OD, TA akifF Bnes.

The application of fertilizers during the olive prection stage is responsible to the
value of the HT category (Iribarren et al., 2014eikman et al., 2011; Nayal et al.,
2016; Peters et al., 2015b; Sharpley et al., 199%ma et al., 2015) (Table 1).
Furthermore, the high HT value obtained in the elnil extraction stage could be

attributed to the high values of waste and wastemgegnerated (Table 2).

3.2. Environmental assessment of olive pomace thermochemical conversion
As can be seen in Figures 2a and 2b, the main topesainvolved in the olive

pomace combustion and gasification processes ai@nalss crushing, biomass
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thermochemical conversion (combustion / gasifiegticeparation of the resulting gas
to obtain gas and solid waste (ash) and electrigryduction through the Rankine
Cycle.

Table 7 shows the impact values (normalized) at rthe-point level using the
ReCiPe methodology for each equipment involved hea tombustion process. In
addition, Table 8 shows the aggregated impactar{alized) according to the ReCiPe
Mid-point methodology for each equipment of theifyeation process.

RANKINE CYCLE is the major contributor in all impacategories assessed for
both processes. This result is mainly attributethéoreleased gases (Table 6) but it may
also be due to the energy required for the waterpaperation.

On the other hand, regarding the combustion protessCRUSHER equipment had
impact values quite similar to those of the COMBUWSN and CYCLONE equipment
in almost all the impact categories. However, isvadserved that, in the case of HT
impact, the CYCLONE presented a higher impact wisichld be due to the generation
of ash (0.03 kg). Similar trends were observedHergasification process. In this case,
CRUSHER, GASIFIER and CYCLONE had similar impactues in almost all the
impact categories, except for the HT one, whereatfleamount generated was 0.05 kg
(Table 3).

The results observed for the gasification procesalliimpact categories analysed
and almost for all equipment are higher than twiceeompared to those of the
combustion one. This fact is due to the higher ttyaof olive pomace (0.77 kg for
gasification) and, consequently, other inputs uSeable 3) to obtain 1 MJ of energy
through the gasification process. To obtain theesamergy value, in the case of the

combustion process, the required amount of oliveigae was 0.35 kg. On the other
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hand, this trend was not observed for the CYCLO RMN\E equipment since, as
expected, different emissions released should bsidered (Table 6).

The stages of the process with the least envirotahempact are CRUSHER,
COMBUSTOR and GASIFIER. The impact values were @ssed to the energy
consumption necessary for the operation of CRUSHHER, consumption of the
gasifying agent (gasification process) and, in ¢ase of the combustion process, the
heat released to the atmosphere (Table 3).

Figure 4 shows for both processes the normalizggh@invalues at the mid-point
level using the ReCiPe methodology. In this cabe, following order of impact
magnitude was observed:

e Combustion process: HT >> CC > TA > POF > FD > PMME > FE > OD.

» Gasification process: TA >> PMF > HT > POF > CC EMFD > FE > OD.

Figure 4 shows that the gasification process ptedeat the mid-point level higher
values of all the impact categories than the comnrusone, which is related to the
higher amount of inputs and outputs required far fbrmer process to obtain 1 MJ.
This way, if the combustion process is used for greduction of energy, the
environmental impacts can be reduced if comparetthdee of the gasification one in
the following percentage: 63.9 % for CC, 52.7 % @ip, 88.4 % for TA, 54.2 % for
FE, 94.8 % for ME, 57.2 % for HT, 84.1 % for POR,®% for PMF and 55 % for FD.

As explained above, all the impact values arehaitable primarily to the energy
consumption needed in the combustion and gasibicgtrocesses (Susmozas et al.,
2016), but it is also partly due to the environnaéninpacts of the previous stages
(production of olives and extraction of olive diDPRéConsultants, 2016).

It can be observed in Figure 4 that for the gaaiitn process the impact category

with the highest value (5.29E-4) was TA. This isimhadue to the air emissions
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generated by the energy production process. Amm(Oi®14 kg) is the main emission
that contributes to this impact category, but theegation of S©(0.002 kg) should not
be dismissed (Table 6). Regarding the combustioogss, the value observed for this
impact category (6.14E-5) is given by the generatibNG,, NO and SQ (6.09E-7 kg,
0.003 kg and 0.002 kg, respectively). On the ottaerd, Figure 4 also shows that for the
combustion process the impact category with thbdsgvalue was HT impact, whereas
for the gasification process it was third highesvalue. One of the contributing factors
in the HT category is the amount of ash (Table@e{gioni et al., 2017); other is the
gases released (Table 6).

In addition, the impact values for POF and PMF wassociated with a part of the
species found in the gas released such ag 60, CH, NO,, and NO (Table 6).
Moreover, ME and FE were related to the “hidden’issmons coming from the use of
the electrical energy (Hsu, 2012; Peters et allL5aD On the other hand, NONO and
NH3 (Table 6), detected in the gas released, affatiedutrophication potential. The
GHG emissions, which are related to the use otteetricity, were mainly responsible
for the GWP, which is directly linked to the CC iagb category (Handler et al., 2014;
Zhang et al., 2014; Zhong et al., 2010). Furtheemtitre main gases, detected in the gas
released after the biomass conversion and assoaiatie the impact value for the CC
category, were C&and CH (Table 6).

Moreover, the FD impact category was directly &fddcby the energy consumption
(van Oers and Guinée, 2016), but it could alsodiated to the utilities consumption
(gasifying agent).

This study clearly shows that the combustion predesa more environmentally-

friendly process than the gasification one, obtajniower values in all the impact
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categories. This fact is directly correlated to superior efficiency of the combustion

process if compared to the gasification one.

3.3. Overview of the combustion and gasification scenarios
Figure 5 shows the aggregate impact values of thrabastion and gasification
scenarios, considering all stages (olive productiertraction of olive oil and
thermochemical conversion of olive pomace into gyer This type of graphic
representation contributes to better understancctingparison between scenarios and
facilitates the decision making, taking into acdoonly three categories of global
damage (end-point). The global damages incorpdratenpact categories at the mid-
point level. The Tables SSland SS2 (supportingrimédion) show the characterized
results for combustion and gasification scenargsoaiated with the functional unit (1
MJ of energy produced), taking into account theeofproduction, olive oil extraction,
and combustion / gasification process (ReCiPe ematp In this sense, Figure 5 (a, b)
confirms that the combustion process affects lesallt assessed damages categories
than the gasification one. For both evaluated m®e® the impact category decreases in
the following order: RA> HH > ED (Figure 5b) for the first stages.

It is important to highlight that the first two gis (olive production and olive oil
extraction) considered for the two scenarios am@ctyx the same but the gasification
process requires a larger quantity of inputs foregating 1 MJ.

The main factors that affect the three selectecashpategories (end-point level) are
energy and diesel consumption, the applicationediilizers and the gasifying agent
consumption (gasification scenario) (Table 1, 2 @ahdOther factors contributing to the
values of the three selected categories of dam&gih@ emissions generated during the

whole process, from the production of olives to tomversion of olive pomace into
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energy. In this way, the HH category is mainly eféel by the following emissions:
CO,, CH,, SO, NH3, NOy, N,Oand heavy metals. Furthermore, emissions such as CO
CH4, NO,, NoO and SQ@ are responsible for the impact value in the EDegaty.
Nevertheless, the damage category RA is relatethéoconsumption of resources
(mineral and fossil). In this study, the resourttest contribute to this impact category
are: “energy, from gas, natural”, “energy, from”oitoil, crude”, “gas, natural” and
“coal, hard”.

Summarizing, if all impact categories at the midapoand end-point level are
considered the combustion process is a better roptian the gasification one. The
former process needs less than half of the olivegm® and a lower amount of inputs
and outputs, such as raw materials, utilities, sinis and waste.

From the point of view of the energy efficiencye tbombustion process overcomes
the gasification process. Thus, for the producobri MJ of energy, the combustion
process requires only 0.039 MJ for keeping the atpmr of the equipment whereas the
gasification one requires 0.054 MJ for the sameqse.

In order to improve the environmental performanakernatives can be found to
reduce the environmental impacts. In the caseebtive production stage, agricultural
practices can be modified by using more environalgnfriendly fertilizers. In the
cases of the thermochemical stage, an improveniehé @fficiencies of the equipment,
a reduction of the amount of energy necessaryhoperation of the equipment and an
increase the energy production is required. Intamdiash can be considered as a by-

product which could be sold as either an amendffeoersoil or a fertilizer additive.

Conclusions
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In this study, the olive production, olive oil exttion and olive pomace combustion
/ gasification stages were evaluated through an.LCA

For both assessed scenarios, the highest impaat \al the mid-point level was
found for the gasification scenario. In the casthefformer, the olive oil extraction was
the most critical stage in almost all evaluatedastategories, except the HT and POF
categories which were affected by the combustiatgss. In the case of the latter, the
gasification process mainly affected to the follogvimpact categories: TA, PMF, HT,
and POF.

Rankine Cycle was the major contributor for all aupcategories assessed for the
combustion and gasification processes, which wathéogases released and to the
energy required for the operation of the water pump

The aggregate impact values of global combusti@ahgasification scenarios showed
similar trends. For both evaluated scenarios, tlostmemarkable impact category of
was RA followed by HH and ED.

From the environmental and the energy generationt pd views, the combustion
scenario is a better option than the gasificatioe, alue to the combustion process

needs less amount of the olive pomace to prodidé af energy.
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Table 1 Inputs and outputs of the olive production stagasidering the functional unit of 1 MJ

energy produced from olive pomace valorisation ¢RI

Combustion Gasification
I nputs*
Water nd 9.09E-04 1.98E-03
Phytosanitary (active ingredients) kg 0.002 0.004
Anhydrous ammonia kg 0.67 1.46
Diesel L 0.03 0.06
Rainwater m 1.34 2.9
Outputs*
Olive kg 0.48 1.05
Emissions to air**
NH3 kg 6.38E-04 1.39E-03
CO, kg 0.08 0.18
N2O kg 1.46E-04 3.17E-04
NOy kg 2.28E-04 4.96E-04
H.O m 6.62E-04 1.44E-03
Emissions to water**
Cr kg 2.17E-06 4.72E-06
Cu kg 6.77E-07 1.47E-06
Pb kg 1.68E-07 3.66E-07
Hg kg 6.09E-10 1.33E-09
Ni kg 1.85E-07 4.03E-07
NO3 kg 4.88E-03 0.01
P kg 8.51E-06 1.85E-05
H,0 nt 2.47E-04 5.
Zn kg 1.69E-06 3.68E-06
Emissions to soil**
Cd kg 3.2E-07 6.96E-07
Cr kg 1.18E-06 2.57E-06
Cu kg -5.66E-07 -1.23E-06
Dimethoate kg 1.45E-07 3.15E-07
Pb kg 1.23E-06 2.68E-06
Hg Kg -2.59E-10 -5.64E-10
Ni kg 4.36E-07 9.49E-07
Zn Kg 5.8E-07 1.26E-06

*olive mill plant data; ** Ecoinvent database



Table 2 Inputs and outputs of the olive oil extractioag#, considering the functional unit of 1

MJ energy produced from the olive pomace valomsaBlock I)

Combustion Gasification
I nputs*
Olive kg 0.48 1.05
Water m3 0.002 0.005
Electrical energy MJ 1.37 3
Diesel L 0.02 0.05
Outputs*
Oil virgin kg 0.08 0.18
Olive pomace kg 0.35 0.77
Olive stone kg 0.04 0.08
Waste kg 0.006 0.014
Wastewater kg 0.002 0.005
Emissions to air*
NOx kg 2.09E-05 4.54E-05
SO, kg 3.13E-06 6.82E-06
Cco kg 2.74E-04 5.96E-04
PM kg 1.01E-05 2.19E-05

*olive mill plant data;



Table 3 Inputs and outputs of the combustion and thefigason processes for the olive pomace resultiognf the oil extraction

from olives (FU = 1 MJ energy production) (BlockA and 11l B) (from Aspen Plus® software)

Combustion Gasification

CRUSHER Input  Biomass kg 0.35 CRUSHER Input  Biomass kg 0.77
Energy MJ 0.013 Energy MJ 0.03

Output Biomass kg 0.35 Output Biomass kg 0.77

COMBUSTOR Input Biomass kg 0.35 GASIFIER Input  Biomass kg 0.77
Air kg 2.3 Air kg 2.67
Output Heat MJ 1.68 Gasifying agent  MJ 0.54
Gas + ash kg 2.65 Output Gas + ash kg 3.98
CYCLONE Input Gas + ash kg 2.66CYCLONE Input Gas + ash kg 3.98
Energy MJ 0.02 Energy MJ 0.02

Output Gas kg 2.62 Output Gas kg 3.93

Ash kg 0.03 ash kg 0.05

RANKINE Input Gas kg 2.62 RANKINE Input Gas kg 3.93
CYCLE Energy MJ 0.00¢ CYCLE Energy MJ 0.004
Output Gas kg 2.62 Output Gas kg 3.93

Energy MJ 1 Energy MJ 1




Table 4. Characterization of the olive pomace (ultimatelygsig, proximate analysis and bomb calorimeter)

Ultimate analysis (wt. %)

Proximate analysis (wt. %

HHV (MJ/kg)

C H N S o* Moisture Volatile Ash Fixed
matter carbon*
52.49 6.65 1.51 0.26 31.88 2.12 81.75 7.21 11.04 7521

O*: obtained by the difference of C, H, N, S ant;dSxed carbon*: calculated by the difference st and volatile matter



Table 5. Blocks description used for the simulation of/elpomace combustion and gasification processes

Gasification
Block name Aspen Plug’ Description
name
Dryer Ay To reduce the amount of water.
Flash 2
Combustion Crusher Crusher To crush biomass to a specificgmrize.
Block name Aspen Plug§ Description RYield The first reactor to simulate the volatile
name (DECOMP) matter release.
Dryer RStoic and To reduce the amount of water. Sep2 To separate the amount of char necessary|and
Flash 2 (CHARSEP) reach the gasification temperature.
Crusher Crusher T_o crush biomass to a specific partigle RStoic (BURN) The seconql rector pased on the stoichiomgtry
size. of combustion reaction.
RYield The first reactor to simulate the volatje RStoic To simulate NH, HCI and HO during the
(DECOMP) matter release. (GASCONV) gasification process.
Combustor RGibbs The second rector based on fhe
(BURN) stoichiometry of combustion reaction. Gasifier Sep2 (GASSEP  To separate HHCI and HO.
Cyclone Sep2 To separate ash from the rest Jof RGibbs Biomass char gasifier based on equilibriim
components. (GASIF1) models that minimize the free energy Gibbs.
Heat X, The pump delivers liquid water to the
Cycle Compr, boiler where the water is heated. The stdqam RGibbs Gasifier with the output composition
Rankine Heater and is fed to the turbine to generate power. fhe (GASIF2) adjusted.
Pump condenser is used to cool the steam.
Mixer To mix all the output gas that means dur|ng
(GASMIX) the gasification process
Cyclone Sep2 To separate ash from the rest of coemts.
Heat X The pump delivers liquid water to the boiler
Cycle Compr, where the water is heated. The steam is fed to
Rankine Heater the turbine to generate power. The condenser
Pump is used to cool the steam. T




Table 6. The composition of the gas obtained through tbenbustion and the

gasification processes (from the Aspen Plssftware)

Combustion (kg / h) Gasification (kg / h)
Component Component
Nitrogen 1.76 Nitrogen 2.04
Water 0.21] Water 0.49
Oxygen 0.006 Oxygen 0.067
Nitrogen dioxide 6.09E-7 Sulphur dioxide 0.002
Nitrogen monoxide 0.003Hydrogen 0.049
Sulphur 6.0E-8 Carbon monoxide 0.28
Sulphur dioxide 0.002 Carbon dioxide 0.95
Sulphur trioxide 3.65E-0Y Methane 0.02
Hydrogen 0.0005 Ammonia 0.014
Carbon monoxide 0.04
Carbon dioxide 0.6




Table 7. Impact assessment results (normalised step) @f cttimbustion process,
associated with the functional unit, 1 MJ of enedadpained from the valorization of

olive pomace, taking into account all the equipmesad (ReCiPe mid-point)

CRUSHER COMBUSTOR CYCLONE RANKINE CYCLE

CcC 2.49E-06 2.51E-06 2.73E-06 5.57E-05
oD 6.89E-08 6.95E-08 8.68E-08 9.12E-08
TA 2.27E-06 2.29E-06 2.68E-06 5.42E-05
FE 1.22E-06 1.23E-06 1.38E-06 1.42E-06
ME 2.13E-06 2.15E-06 2.17E-06 2.19E-06
HT 1.58E-06 1.59E-06 6.55E-05 6.57E-05
POF 6.96E-07 7.03E-07 8.36E-07 4.03E-05
PMF 1.31E-06 1.32E-06 1.6E-06 2.54E-05

FD 7.11E-06 7.18E-06 7.67E-06 7.81E-06




Table 8 Impact assessment results (normalised step) ef gidssification process,
associated with the functional unit, 1 MJ of enedadpained from the valorization of

olive pomace, taking into account all the equipmesad (ReCiPe mid-point)

CRUSHER GASIFIER CYCLONE RANKINE CYCLE
CcC 5.47E-06 5.47E-06 5.71E-06 1.59E-04
oD 1.52E-07 1.51E-07 1.69E-07 1.96E-07
TA 4.99E-06 4.99E-06 5.39E-06 1.14E-03
FE 2.68E-06 2.68E-06 2.84E-06 3.27E-06
ME 4.68E-06 4.68E-06 4.71E-06 1.50E-04
HT 3.47E-06 3.47E-06 1.43E-04 1.64E-04
POF 1.53E-06 1.53E-06 1.67E-06 2.62E-04
PMF 2.88E-06 2.88E-06 3.16E-06 3.46E-04

FD 1.56E-05 1.56E-05 1.62E-05 1.86E-05




Figure captions

Figure 1. System boundaries. Block: (I) Olive production) @live oil extraction, (llI

A) Olive pomace combustion and (11l B) Olive pomajaesification

Figure 2. Aspen PIu§ flowsheet simulation: a. Combustion process ar@asification

process.

Figure 3. Normalized environmental impact for a. combustioccerario and b.
gasification scenario, associated with the funetiamit, 1 MJ of energy obtained from
the valorization of olive pomace, taking into acabthe olive production, the olive oil

extraction, and the combustion / gasification pssogeCiPe mid-point)

Figure 4. Normalized environmental impact for a. combustiorocgss and b.
gasification process, associated with the functiomé, 1 MJ of energy obtained from

the valorization of olive pomace (ReCiPe mid-point)

Figure 5. Normalized environmental impact for a. combusticcerario and b.
gasification scenario, associated with the funetiamit, 1 MJ of energy obtained from
the valorization of olive pomace, taking into acebthe olive production, olive oil

extraction, and combustion / gasification procéssdiPe end-point)
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Highlights

LCA methodology for the olive pomace combustion and gasification processes was
performed.

The olive production and the olive oil extraction stages were eval uated.

The combustion process is more environmentally friendly than the gasification one.

Rankine Cycle is the major contributor for al the impact categories assessed.



