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ABSTRACT

Significant efforts have been direct towards deprlg environmentally sustainable and
economically beneficial treatment of olive mill wes. Recently, hydrothermal carbonization
(HTC) has been shown to be a potentially benefagpgroach for the treatment of olive mill
wastes. When considering the use of HTC to tresgehvastes, however, it is critical that its
environmental implications be evaluated and subeetijyucompared to other commonly used
treatment approaches. In this study, the envirotahénpacts associated with using HTC to
treat olive mill wastes were evaluated and comp#reerobic composting, anaerobic digestion,
and incineration using life cycle assessment. Resudicate that HTC coupled with subsequent
energy recovery from the combustion of the gendraygrochar results in net environmental
benefits and that the energy offsets derived frieatecity production from hydrochar
combustion are critical to achieving these savihgaddition, results indicate that HTC process
water discharge significantly influences systemimmmental impacts, indicating that research
investigating treatment alternatives is neededn@és in carbonization temperature and
hydrochar moisture content also influence systewir@mmental impact, suggesting that both are
important when considering possible industrial apions. In comparison with current
management approaches, alternatives using HTC ame emvironmental advantageous than
composting and anaerobic digestion. However, teeofi$ITC is not as environmentally
advantageous as incineration with energy recovecalbise 45-35% of the energy contained in
the olive mill waste is lost during HTC. Howevdrthe electricity recovery efficiency from
incineration increases to greater than 30%, the@@mwental impacts associated with HTC and
subsequent energy generation are equal to or le&edirect TPOWM incineration with energy

recovery. It is recommended that future researfdrteffocus on the evaluation of appropriate



39

40

41

42

43

44

45

and environmentally beneficial HTC process wateatiment approaches and methods to

improve the energetic retention efficiencies oflilgdrochar.

Keywords: LCA, hydrothermal carbonization, energy, olive mithste disposal treatments,

EASETECH
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1. Introduction

Current olive oil production processes involve a{phase centrifugation system that results in
the generation of a large mass of a semisolid wastam referred to as two-phase olive mill
waste (TPOMW). TPOMW consists of olive pulp, a ddagable amount of water (> 65%), and

a variety of organic compounds (e.g., carbohydrgtexeins, lipids, aromatic compounds). This
waste stream has been reported to be phytotoxibasntheen shown to adversely impact
microbial activity (Alburquerque et al., 2004), essitating treatment prior to its discharge to the
environment (MME, 2000). Therefore, significantaets have been direct towards developing
environmentally sustainable and economically bers@flT POMW treatment/management

approaches (e.g., Vlyssides et al., 2004; Tortbsh,2012).

In Spain, the largest olive oil producing countsgth biological (e.g., aerobic composting (AC),
anaerobic digestion (AD)) and thermal treatmentesses (e.g., incineration) are used to
manage this waste, as illustrated in Figure 1. Ed@these processes results in the generation of
value-added products (e.g., biogas, heat, powgromace oil) that increase system
sustainability and/or economic viability. Howev#rese processes are plagued with significant
operational challenges. Biological degradation BOMW by microorganisms is complicated by
its acidic pH and high polyphenol concentrationisi(i@no et al., 2016), and thermal treatment
approaches are generally inefficient because offiigite moisture content and low energy density

of the waste (Van Loo and Koppejan, 2008).

An innovative wet thermal treatment approach thay mileviate many of these challenges is

hydrothermal carbonization (HTC). HTC occurs aatigkly low temperatures and under
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autogenous pressures in closed systems (Libra @0dl1l). Because HTC requires moisture,
TPOMWs are better suited for conversion via HTGhtbther dry thermal conversion
technigues. Benavente et al. (2015) report that HTTCPOMW requires significantly less
energy than that associated with dry thermal ca@ioerapproaches. In addition, HTC of
TPOMW results in the generation of energy-richdsthat have properties equivalent to
subbituminous/bituminous coals. Additional inforimatassociated with the HTC process and
the HTC of TPOMWSs can be found elsewhere (FunkeZaedler, 2010; Libra et al., 2011;

Benavente et al., 2015).

When considering the use of HTC to treat TPOMW& dritical that its environmental
implications be evaluated and subsequently comparether commonly used treatment
approaches. Such information is currently unkndwut,necessary to ensure environmentally
responsible treatment process selection. The parpbthis work is to use life cycle assessment
(LCA) to determine the environmental impacts assed with TPOMW treatment using HTC,
and to compare these impacts with those assoaiatedurrently used biological and thermal
treatment approaches. The specific objectivesisivbrk are to: (1) evaluate the environmental
impacts of the current TPOMW management approa¢Besyaluate the environmental impacts
associated with HTC of TPOMW combined with the sgoent combustion of the hydrochar
for energy production, (3) understand how key pa&tens associated with each treatment
approach (e.g., energy recovery efficiencies, hglao moisture content) influence system
environmental impacts, and (4) provide recommendatfor process selection from an

environmental perspective.
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2. Materials and methods

2.1. Goal and scope definition

The goal of this study is to use results from am\ltG@ compare environmental impacts
associated with the HTC of TPOMW with those asgediavith AC, AD, and incineration of
TPOMW. This study considers the consumption angifoduction of materials and energy, as
well as pollutant emissions generated over theeshte cycle of each treatment approach.
Avoided production and combustion of primary fu@sal and natural gas) due to energy
generation from TPOMW are also included. Upstreanecgsses, such as waste collection and
transport, are not considered in this study becaus@ssumed that these values are the same for
all management alternatives. The functional unthef study is defined as the treatment of 1 kg
of fresh TPOMW. The physico-chemical propertieshef TPOMW modeled in this work taken
from Benavente et al. (2015) and are describedbielSI-1 in the supplementary information

(Sl).

2.2. Life Cycle Assessment (LCA)

2.2.1. Modelling approach

LCA modeling was performed using the EnvironmeAsgessment System for Environmental
Technologies software (EASETECH, version 2.0.0nass-flow based LCA tool developed by
researchers at the Technical University of Denn@arkvaluate the environmental impact of
waste management processes (Clavreul et al., 2BASETECH was chosen for use in this
study because it has been used extensively for Iingdeaste-related processes, similar to those
commonly used as TPOMW management approachesifeiggration, AC, AD, HTC). All

input waste material fractions are specified imtiof elemental composition (e.g., carbon,
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hydrogen, etc.) and fraction-specific propertieg.(enoisture and energy content, etc.), and are
tracked through the system. Additional details esded with EASTECH and its use in

modeling waste management systems can be founshadse (e.g., Clavreul et al., 2014).

2.2.2. Description of scenarios and data inventory

Six TPOMW treatment approaches were modeled anldatea, as illustrated in Figures 2 and
3. These scenarios encompass different biologiakiaermal treatment approaches currently
practiced in Spain, as well as a scenario in WHITIC is used. Three different biological
scenarios were modeled (Figure 2), including: @tfemposting of TPOMW with other
agricultural wastes (B.1), (2) anaerobic digestbthe TPOMW with subsequent aerobic
composting of the digestate (B.2), and (3) anaerdigiestion of TPOMW pre-treated using
catalytic oxidation following the Fenton-like pr@&seto maximize anaerobic degradation, with
subsequent composting of the digestate (B.3). 8pelatails associated with each process,
including process material and energy needs anctipeal parameters, can be found in the

supporting information (see section 1.1).

Three thermal TPOMW treatment scenarios were atsdeted (Figure 3), including: (1)
TPOMW incineration with energy recovery (T.1), étraction of pomace oil from the

TPOMW, followed waste incineration with energy reeoy (T.2), and (3) HTC of TPOMW

with subsequent incineration of hydrochar with gyeecovery (T.3). Specific details associated
with each process, including process material aedgy needs and operational parameters, can

be found in the supporting information (see secli®).
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Inventory data associated with these scenarios &rgrer calculated from experimental results
or collected from previously published data sourgeduding life cycle inventory studies,
scientific literature describing experimental sagjiand/or Ecoinvent databases. Specific details
associated with each management strategy and ntliextvidual assumptions are described in

the supporting information (see discussion in secti).

2.2.3. Impact categories

Nine of the International Reference Life Cycle D&tstem (ILCD)-recommended impact
categories were evaluated and compared in this,vasrkhown in Table 1. Each method is
described in Hauschild et al. (2012). These categavere chosen because they are
environmentally relevant and internationally aceegh accordance with ISO 14040:2006 (ISO

2006). Normalization and weighting of the impactrevnot performed in this study.

2.2.4. Senditivity analysis and model simulations

Sensitivity analyses (SA) were conducted to asicehtaw parameters associated with the HTC

of TPOMW that represent information that is eitberrently unknown or may change from
application to application influence overall systenvironmental impact. Tables 2 and 3 present
a summary of the model simulations conducted aag#rameters modified in each simulation.
Several model simulations varying the hydrocharstuwe content (%) (SA1) and the energy
yield (%) (SA2) of the hydrochar were performeditmlerstand their influence on the
environmental impacts caused by scenarios in WHIEG is practiced. To quantify results from
these scenarios, sensitivity ratios (SRs), defagethe percent change of the result divided by the

percent change of the parameter, were subsequeitiylated for each parameter varied. SRs
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were used to quantify how the uncertainty assodiaiéh those parameters may contribute to

each impact category.

Simulations were also conducted to understand horeases in energy recovery efficiencies
may influence the LCA of the TPOMW thermal managetntieeatments. Data associated with a
potential future biowaste incinerator reported bygbluth et al. (2007) were used to model and
simulate potential future scenarios (labeled asH).XTable 4 summarizes the energy recovery
efficiencies and the electricity consumption of Hiewaste incineration in the base case
(reference value) and the future perspective (n@we). Since simulating the future perspective
involves the variation of several parameters, &selits obtained were only compared with those
obtained in the base case, and no sensitivitysatere determined. Additional model
simulations were performed to illustrate how chagghe heat and electricity production
efficiencies of the future biowaste incinerator @#and SA4) may affect overall results to

understand the impact of each process.

3. Results and discussion

3.1. LCA analysis of currently used technologies

LCA results for each evaluated impact category@ased with all modeled waste treatment
approaches are reported in Figures 4-6. A positingact potential indicates a burden to the
environment (negative environmental effects), whileegative potential indicates environmental

emissions savings (positive environmental effects).

3.1.1. Biological treatment approaches
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Results indicate that all biologically based treatitnscenarios (B.1, B.2, and B.3) result in a net
cost to the environment for all evaluated impatégaries, except for FEP (Figures 4-6). The net
environmental savings associated with the FEP itngategory results almost entirely (99-
100%) from benefits associated with using the cashpe a fertilizer (Figure 5). Using
composted organics in this manner ultimately reduloe need for mineral fertilizer production,
and thus the need for mining virgin phosphoruscilalso imparts a positive impact on the
GWP and POF categories (Figure 4 and 5). Conwengsing composted organics as a fertilizer
results in ammonia emissions to the atmosphereativety contributing to the AP, TEP and
MEP environmental impacts. Furthermore, heavy natassions (mainly zinc and copper,
which are present in the TPOMW, see Table SI-hénSlI) resulting from land application of the
compost ultimately increase the HT-NC and ET emmmental potentials. These results suggest
that when utilizing biological processes to treROMW, additional treatment of the composted
digestates may be required before land applicalimestigating such treatment appears
advantageous because of the high potential foremwiental savings associated with reducing

the requirement for virgin mineral fertilizer.

Energy recovery from generated biogas also reptesesignificant environmental benefit
(scenarios B.2 and B.3, Figures 2 and 4-6). Theggnmecovered from biogas conversion in a
CHP engine offsets emissions associated with ted fer non-renewable energy production.
When recovering energy in scenario B.2 (Figure &guctions in HT-NC (94%), HT-C (93%),
ET (89%), MEP (58%), TEP (16%) and GWP (11%) imgsutentials result when compared

with scenario B.1. These reductions resulting fearargy recovery represent the greatest benefit

for all impact potentials, except for GWP and FBBing the composted digestate in place of

10
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mineral fertilizers results in the greatest redutinf the GWP and FEP impact potentials. Not
surprisingly, all energy-related benefits signifidg increase when the TPOMW is catalytically
oxidized through the Fenton process (scenario t8.8pprove its biodegradability. This increase
in energy-related benefits is illustrated by greateluctions in the HT-C (95%), MEP (76%),
TEP (58%), AP (56%), POF (43%) and GWP (29%) impaténtials associated with scenario
B.3 when compared to scenario B.1. Scenario B.#&ésglihe lowest burden among the
biological treatments because of the higher el@ttrproduction from the biogas combustion,
although a net cost to the environment remainsr&ly¢éhese results indicate that when
selecting biological treatment approaches, itiigcat that the biogas be collected and used for

energy to decrease system environmental burden.

A significant cost to the environment associatethwhe anaerobic digestion of TPOMW and
subsequent aerobic composting of the digestatdated to process energy needs. Each process
requires the use of diesel and/or coal-based aigtresulting in NQ and SQ emissions

which increase process environmental burden. Tostdthilization stage during the composting
process is another source of emissions (e.g., ammmoethane, and nitrous oxide) that
contributes to process environmental burdeny B SQ emissions contribute to the total POF
impact potential of scenarios B.2 and B.3. Thesg &l@issions also contribute to the AP and
TEP impact potentials. Ammonia emissions are thie m@mponent of the TEP impact category,
and methane and nitrous oxide ultimately contrihatde environmental costs in the GWP and

POF categories.

3.1.2 Thermal Treatment Approaches

11
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When using traditional thermal treatment approa¢besnarios T.1 and T.2), drying of fresh
TPOMW in a rotary dryer and pomace oil extractiesult in costs to the environment (Figures
4-6). TPOMW drying occurs in both scenarios anddngan environmental cost to all impact
categories, with GWP most affected due to the largeunt of energy required to dry the waste
stream. The environmental costs associated withepenil extraction (scenario T.2) also
largely result from energy consumption. In additibexane emissions as a result of the pomace
oil extraction process contribute to the GWP, ABPTET and POF impact potentials. The
majority of this impact is due to actual hexanes=iains, which result from residual hexane
found in the exhausted TPOMW. The majority of tl@Hmpact potential is caused by these
hexane emissions. Hexane manufacturing (e.g., heptexane and aliphatic, alkane and cyclic
hydrocarbons) also contributes to the environmentphct of this process. Only 1% of the POF
impact potential is associated with gas emissiesslting from hexane manufacturing. Hexane
manufacturing also contributes to the GWP, AP, Bd 8EP impact potentials. The GWP
category is increased because of the energy rebunmanufacture hexane, while the process
specific emissions associated with the manufaajysiocess (e.g., heptane, hexane, aliphatic,

alkane, and cyclic hydrocarbons) influence the BEPand TEP potentials.

A net environmental savings associated with alldotgategories, except for FEP, results when
incinerating TPOMW with energy recovery (scenarid)TEnvironmental costs associated with
incineration are mainly attributed to the pollutantissions (e.g., non-methane volatile organic
compounds, NMVOC), particulates, sulfur dioxided amtrogen oxides) and material
requirements (e.g., natural resources and chemisals in the gas cleaning). However, the

environmental benefits associated with substitutiogl-based electricity with energy recovered

12
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from the incineration of the TPOMW (Figures 4-6)weigh these costs. The environmental
costs associated with the FEP impact are relatédtetphosphorus content in the TPOMW,
which is emitted to the water compartment. Sineepthosphorus content is not degraded during
waste drying or pomace oil extraction, the influet phosphorus to FEP category is the same

in scenarios T.1 and T.2.

It should be noted that although pomace oil eximaatontributes to system environmental costs,
recovery of this value-added product representst@ngtial economic benefit that is not
accounted for in this LCA. In addition, it is impant to note that the environmental costs
associated with pomace oil extraction are offsethieypenefits associated with energy recovery.

Therefore, if pomace oil is extracted, it is calithat energy recovery occurs.

3.1.3. Comparison between currently used biologiodl thermal treatment approaches

Overall, thermal treatment of TPOMW results in reidg the climate change (GWP), ecosystem
quality (except for FEP), and human toxicity (Figsi4-6) impact potentials. Conversely,
biological treatment approaches result in enviromiadecosts to these impact potentials, except
for FEP (Figures 4-6). Environmentally favorablsuks are achieved when using a thermal
treatment approach because of the significant enmiental credits obtained from electricity
production and its subsequent replacement of casdd electricity. These results suggest that
energy generation and subsequent recovery isatribeensure environmental savings associated
with the climate change, the ecosystem toxicity dx@dhuman toxicity potentials of the

scenarios studied occur.

13
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3.2. LCA analysis of Hydrothermal Carbonization

3.2.1. Environmental impact of hydrothermal carkzation and influence of carbonization
reaction temperature

When using HTC to treat TPOMW, an overall environtaésavings results, except for the ET
and FEP impact categories (Figures 4-6). Environal@osts associated with the HTC process
itself are a result of electricity requirements #gdid and gas-phase emissions. The HTC
process at all evaluated temperatures (200, 22625@C) contributes most significantly to the
FEP and ET impact categories because of liquidgbasharge to the environment (Figure 6).
Liquid-phase nutrient emissions to the surface mwagresent 100% of the FEP impact potential,
while liquid-phase metal emissions (zinc and coppessent in the TPOMW, see Table SI-1 in
the Sl) represent the largest influence (99%) enEh impact category. Released liquid-phase
zinc also imparts a contribution to the HT-NC imipaatential (24-33%). It should be noted that
although in these scenarios the HTC-liquid wastreatted before its discharge, such treatment
will be required to meet regulatory discharge lsnBerge et al. (2015) reported that if 90% of
the liquid-phase contaminants are removed, the@mviental impact associated with HTC can
be significantly reduced. The gas-phase emississsceated with HTC are mostly composed of
biogenic carbon dioxide (88-93%, vol.), and thusxdbrepresent a significant environmental
impact. However, a more extensive evaluation ofgesse composition associated with HTC is

needed.

The electricity required to run the HTC procesgespnts only a small contribution to the

overall environmental impacts, contributing to G&/P (8.3%), HT-C (2.1%), POF (3.0%), AP

(4.4%) and TEP (2.0%) impact categories. It is ingott to note that the environmental impacts

14
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caused by the HTC process itself may change whaimgeup the HTC and mechanical
dewatering processes due to changes in requirerogrgaxiliary equipment requiring diesel oil,

electricity, and/or chemicals, all of which were considered in this study.

As carbonization temperature increases, the enviemal costs of the HTC process increases
(Figures 4-6). Changes in reaction temperatureanite energy requirements for reactor heating
and volume of discharged HTC process water (seteT2k). When increasing the reaction
temperature from 200°C to 250°C, impact potenéiatociated with the HTC process increase,

although they remain insignificant on overall enovimental impact.

Hydrochar drying, which is represented in the nptiyer category in Figures 4-6, following
carbonization represents a small environmental anfgaeach scenario and, importantly,
presents a significantly lower contribution to thmpact categories than that of TPOMW drying

in scenarios T.1 and T.2. This reduction in impastlts because the moisture content of the
solid (hydrochar) following HTC is lower than thegsociated with raw TPOMW (Tables SI-1
and SlI-2). As HTC reaction temperature increasescontribution of hydrochar drying
decreases because hydrochar hydrophobicity ingeagbconsequently less moisture is retained
in the solids. The environmental impact associatiga hydrochar drying decreases by almost
80% in all impact categories when increasing th&€H@&action temperature from 200°C to

250°C.

Similar to energy recovery in the biological andrthal treatment approaches discussed

previously, the energy recovered from hydrocharlmastion represents an important and

15
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significant environmental savings; the GWP (-81.5Pb)-C (-96.0%), HT-NC (-76.6%), POF (-
92.9%), AP (-91.0%), TEP (-96.3%), and MEP (-96.28p)act categories (Figures 4-6) are
influenced. These savings are significant enougivescome the aforementioned burdens
attributed to the HTC process (e.g., energy consiomand gas emissions, excluding liquid
emissions) and hydrochar drying, indicating thatehergy offsets associated with electricity
production from hydrochar combustion play an imaottole in the environmental implications
of the HTC process. The percent of energy initiplgsent in the TPOMW that is recovered in
the hydrochar, which is dependent on both hydroehargy content and mass yield, reaches a
maximum at 225°C (Table 2 in the SI, Benaventé.£2@15) and, as a consequence, greater
environmental benefits are obtained at this temperaApproximately 4% and 18% more
electricity are produced from the hydrochar gereetatt 228C than that at 200°C and 250°C,
respectively. Therefore, scenario T.3.225 exhii¢slowest overall impact potentials in all
categories, except for ET. The large impact assetiaith the ET category remains because

liquid emissions remain significant.

3.2.2. Comparison between scenarios with HTC ahératurrently used treatment approaches
A ranked comparison of all evaluated scenariosficevaluated impact categories is presented
in Table 5. Results from scenarios in which HT@ssd to overcome the technical challenges
biological and thermal treatment approaches padieate that environmental savings in the
GWP impact potential occur; however, such savimgat as significant as those obtained with
traditional thermal treatment approaches (scerafiaand T.2). This finding results because the
energy content of the hydrochar is approximateh88% smaller than that associated with dried

TPOMW, which results in the recovery of less enefgghould be noted, however, that the HTC
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of TPOMW and subsequent incineration of the hydaocioes result in a net environmental
benefit, and is shown to be more environmental aggeous than any of the biological
treatments analyzed from a climate change persedio significant differences are observed
between HTC of TPOMW and subsequent incineraticth@hydrochar (scenarios T.1 and T.2)

regarding the impact categories associated withamuioxicity (HT-C, HT-NC, and POF).

When comparing the ecosystem quality impact paemntscenarios T.1 and T.2 remain more
environmentally advantageous (Figures 4 and 5) theuscenarios with HTC. Greater FEP,
MEP, and ET emissions savings result in scenaribsiid T.2 because of greater electricity
production. In addition, HTC of TPOMW representsuaden to the ecosystem quality due to the
HTC liquid-phase discharge to surface waters. Wdoenpared with biological treatment
approaches, it is found that the ET impact poténfithe HTC scenarios is lower than that

determined for scenarios B.1, B.2, and B.3.

Most environmental costs associated with the iatiggn of the HTC process within a TPOMW
treatment scheme are related to the liquid phasdhdige to the environment. As previously
stated, adequate treatment of the HTC liquid betsrdischarge may significantly decrease the
magnitude of these impact potentials. Wirth and Mher(2013) showed that anaerobic digestion
was a suitable process to treat HTC wastewaterspiidperties of the HTC process water
obtained from TPOMW carbonization are similar te groperties of olive mill wastewaters
(OMWW). Therefore, it is expected that anaerobgedtion may also be effective for the
treatment of wastewaters produced from TPOMW cadadion. Treatment processes that have

been found to be useful in treating OMWW may aleabed to treat this liquid stream (e.g., Aly
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et al., 2014; Sponza and Oztekin et al., 20143.important to note that emissions associated
with HTC process water treatment will also conttéoto the system environmental impact.
However, results from previous studies suggestttieste processes may cause significantly less

environmental impacts than the direct dischargd € wastewaters (Hong et al., 2010).

The reduction in energy contained in the solid gt TC is another other key factor affecting
the global energy efficiency, and consequentlyeimdronmental savings associated with
scenarios T.3.200-250. Although the HTC technolisgyore energetically advantageous and
ultimately alleviates some operational and econarhallenges associated with current thermal
treatment processes, the amount of energy produmecthe combustion of the hydrochar is
lower than that produced from the direct combustibthe TPOMW. Research focusing on
maximizing solids yields and hydrochar energy cotstés needed to potentially reduce this

difference.

Overall, these results suggest that thermal treataqgroaches (traditional and with HTC) out-
perform biologically based approaches. It shoultdted that several LCA simulations were
conducted to evaluate the importance of variousgeegmeters associated with biological
treatment approaches, as described in the supplameénformation (Section 2, Table SlI-4,
Figures SI-1 and SI-4). However, even when valoeghiese key parameters were chosen to
minimize system environmental impacts, scenarids B.2, and B.3 remain less favorable than

thermal treatment approaches with and without HTC.

3.3. Sengitivity analyses
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3.3.1. Influence of the energy recovery efficiency during thermal treatment

Simulations were conducted to assess how changagengy-related parameters associated with
incineration may influence system environmentalastpFirst, gross electric and thermal energy
efficiencies were modified according to values esponding with a potential future biowaste
incinerator (Jungbluth et al., 2007). In these faitscenarios, the thermal energy efficiency is
projected to greatly increase because some adaliti@at energy can be generated from the flue
gas by means of a heat pump and lowering of tleedas temperature after condensation.

However, electric efficiencies are projected toyaslightly increase.

The individual impact potentials resulting fromgifiuture scenario analysis are presented in
Figure 7, and indicate that changes in the effaesassociated with electricity and heat
generation impart a significant influence on alpawt categories associated with these thermal
management approaches. As the total energy eftigigincrease, the overall impact potentials
decrease because greater emission offsets araedbfaom the larger electrical and thermal
energy production. The GWP impact potentials adeiced by 70-83% in all scenarios studied.
This change in energy efficiency also results imegponding reductions in environmental

impact potentials related to human toxicity andsystem quality.

When comparing the results from the future scesdfiol.F, T.2.F, T.3.200.F, T.3.225.F,
T.3.250.F) with their corresponding base case smn@r.1, T.2, T.3.200, T.3.225, T.3.250),
interesting observations associated with elecyraitd heat production/requirements result
(Table 4). For each base case scenario, the heduiged is less than total heat consumption (as

reflected by negative net heat production valubgrefore, an industrial furnace operated with
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432

433

434

435

436

natural gas is required. When HTC is implementesk heat is required for TPOMW drying and
as a consequence, heating energy savings resdtsyden the heat produced from the
hydrochar is lower than that produced from the TR@K&s seen in Table 4). This ultimately
reduces the environmental impacts associated h&laaxiliary natural gas-based heat supply.
When considering the future perspective, howeukscanarios result in net heat production that
can be used for beneficial purposes at/nearbyatibties; 28% and 10% of the heat produced
could be exported for other uses if practicing sc@s T.1.F and T.2.F, respectively, while 14%,

21% and 29% of excess heat is produced in scenhBa’00, T.3.225 and T.3.250, respectively.

In instances in which the excess heat producedotd®used, it would be more beneficial to
produce larger amounts of electricity than heato Tmodel simulations were conducted to
evaluate how decreasing heat production while asing electricity production influence overall
impact potentials. In the first analysis (SA3), tieat recovery efficiency corresponding to the
future biowaste incinerator was decreased so thigttbe amount of heat required in each
scenario is generated, as illustrated in Tablesd34aIn the second analysis (SA4), the heat
recovery efficiency used in analysis SA3 was couipléh the electricity recovery efficiency
equivalent to the future biowaste incinerator,fa® in Table 3. Results from these analyses
are illustrated in Figures 7 and 8 and indicat¢ ¢hanges in heat and electricity recovery
efficiencies do not have the same effect on thérenmental impact results. A reduction in the
heat recovery efficiency imparts a smaller influeoa the environmental impact of the thermal
treatments than the same increase in the elegtresbvery efficiency. Decreases in the heat
generation efficiency (SA3) lead to a slight redurciof all the environmental impacts, with

GWP being the most affected impact potential (Feguf and 8). However, when increasing the
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electricity recovery efficiency (SA4), the assoethenvironmental impacts are greatly reduced,
indicating that these environmental savings areers@nificant. These results are not surprising,
as offsetting emissions associated with coal-bassdricity are likely greater than the offsetting
emissions associated with natural gas and heatdition, it is also observed that the
environmental impacts associated with scenaricafhd.scenarios with HTC are equivalent when
the electricity production efficiency is increasadth the exception of the ET impact potential,
which is associated with the HTC-liquid emissionisis result is significant and suggests that
when electricity efficiencies are high, HTC is like¢he preferred approach, noting that using
HTC to treat TPOMW alleviates some of the operatiamallenges associated with TPOMW

incineration.

3.3.2. Influence of hydrochar properties. moisture and energy content

There is a significant amount of uncertainty assteci with hydrochar moisture content
following liquid drainage. This is an important pareter because it impacts the amount of
energy required for hydrochar drying and can vaeatly depending on the mechanical
dewatering technology employed (i.e., filter pressecentrifuges). Therefore, a sensitivity
analysis was performed to understand the influeftsdrochar moisture content on the overall
environmental impacts of scenarios T.3.200, T.3&2&bT.3.250. Results from this analysis are
illustrated in Figure 8a and indicate that incredasehydrochar moisture content negatively
affect system environmental impacts for all impaategories that are influenced by liquid-phase
emissions (ET, MEP, and HT-NC). Increases in hyldaoenoisture content result in lower
liquid-phase discharges, imparting a positive é¢fecthe environmental impacts associated with

the ET, MEP, and HT-NC categories. Additionallysuks from this analysis indicate that
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system environmental impact is not very sensitiveltanges in the electricity required for liquid
evaporation. These results are important when densig possible industrial applications, as the

dewatering process should consider both energyawndonmental implications.

Another analysis was conducted to determine theepéage of energy initially present in the
TPOMW that needs to be recovered in the hydroahardtch the GWP impact potential results
obtained when incinerating the TPOMW. Results ftbia analysis indicate that the minimum
amount of energy recovered from the initial TPOMWHhe hydrochar needs to be 91% for
scenarios T.3.200 and T.3.225 and 86% for scefaBi@50. These differences result because of
the improvement of the dewatering properties ofttydrochar with increasing temperature. If
achieving these energy recoveries during HTC isiptes HTC of TPOMW and subsequent
incineration of the hydrochar would be as environtakbeneficial as direct incineration of
TPOMW, with the added advantage of overcoming fierational and economic limitations
associated with the currently used processes. Tieestis suggest that research focusing on

improving hydrochar energy content and solids wétdm HTC would be advantageous.

4. Conclusions

LCA was used to conduct a system level analysietermine the environmental impacts
associated with currently used TPOMW managemenbappes and to compare them with the
impacts associated with the use of HTC to treaf®@®@MW. Results indicate that the largest
environmental impacts arise from the biologicahtnreent of TPOMW. The most
environmentally friendly TPOMW management optiolséenario T.1, which includes waste

drying and incineration, followed by scenario Twaich involves drying, pomace oil extraction,
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and incineration. It is important to note, howe\that despite having greater environmental
benefits, these alternatives pose some operatmebéconomic challenges caused by the high
moisture content of the TPOMW. The benefit of udHigC to overcome these challenges is not
reflected in this LCA. Additional analyses in whibbnefits associated with these operational

and economic challenges are considered also ndsgldonducted.

Results from this work also indicate that the hyldeomal carbonization of TPOMW followed

by hydrochar combustion with energy recovery rasulinet environmental savings for all

impact categories with the exception of FEP andw#Tich are mainly attributed to the untreated
HTC process water discharge to the environmentrduipg the fraction of energy initially
present in the TPOMW that remains in the hydroamak treating the liquid emissions from the
HTC process will result in reducing system enviremtal impact, resulting in scenarios with
HTC being as environmentally beneficial as curteetmal treatment approaches. Thus, it is
recommended that future research efforts focusiemvaluation of appropriate and
environmentally beneficial HTC process water treaitrapproaches and methods to improve the

energy retention efficiencies of the hydrochar.
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Abbreviation list

TPOMW — Two Phase Olive Mill Waste
AC — Aerobic Composting

AD - Anaerobic Composting

HTC — Hydrothermal carbonization

LCA — Life Cycle Analysis

B —Biological treatment

T — Thermal Treatment

GWP - Global Warming Potential

AP —Terrestrial Acidification

TEP —Terrestrial eutrophication

HT-C — Human Toxicity, Carcinogenic
HT-NC — Human Toxicity, Non-Carcinogenic
POF —Photochemical Oxidant Formation
MEP — Marine Eutrophication

FEP —Fresh water Eutrophication

ET — Ecotoxicity

SA —Sensitivity Analysis

SR —Sensitivity Ratio

CHP — Combine Heat and Power engine
COD - Chemical Oxygen Demand

TOC — Total Organic Carbon
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Table 1. Impact categories used in the impact asssd.

Impact category Method Abbreviation Unit/kg
Climate change IPCC 2007 (Forster et al., 2007)) RGW kg CO2-eq.
Human toxicity, cancer USEtox (Rosembaum et al., 2008) HT-C GTU
effect
g'f‘f‘e”;?” toxicity, non-cancer ;geoy (Rosembaum et al., 2008) HT-NC GTU
Photochemical ozone ReCiPe midpoint (Van Zelm et al.,
formation 2008) FoF kg NMVOC-eq.

. e Accumulated exceedance (Seppala et
Terrestrial acidification al., 2006: Posch et al., 2008) AP AE

. I Accumulated exceedance (Seppala et
Terrestrial eutrophication al., 2006: Posch et al., 2008) TEP AE
Freshwater eutrophication ReCiPe midpoint (Strefijal., 2009) FEP kg P-eq.
Marine eutrophication ReCiPe midpoint (Struijs let 2009) MEP kg N-eq.
Freshwater ecotoxicity USEtox (Rosembaum et aD820 ET CTY

& CTU,: comparative toxic unit for humans.
® CTU.: comparative toxic unit for ecosystem.

¢ AE: accumulated exceedance (keq).
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Table 2. Summary of model simulations conducteASETECH.

Scenario Label Description
COMPOSTING B.1 Base case
B.2 Base case
ANAEROBIC DIGESTION .
B.3 Base case with pretreatment of TPOMW
T.1 Base case
INCINERATION WITH T.1.F Future perspective
ENERGY RECOVERY T.1.F.SA3 Lower heat production
T.1.F.SA4 Larger electricity production
SECOND EXTRACTION OF T2 Base case
POMACE OIL AND T.2.F Future perspective
INCINERATION WITH T.1.F.SA3 Lower heat production
ENERGY RECOVERY T.1.F.SA4 Larger electricity production
T.3.200 Base case (HTC 200°C)
T.3.225 Base case (HTC 225°C)
T.3.250 Base case (HTC 250°C)
T.3.200.SA1 +25% hydrochar moisture (HTC 200°C)
T.3.225.SA1 +25% hydrochar moisture (HTC 225°C)
T.3.250.SA1 +25% hydrochar moisture (HTC 250°C)
T.3.200.SA2 Change in HTC-char energy yield (HTO%5)
EL(I;RF((B)\I? ggggg%gENNT T.3.225.SA2 Change in HTC-char energy yield (HTG%Z2
T.3.250.SA2 Change in HTC-char energy yield (HTO%ZH
T.3.200.F Future perspective (HTC 200°C)
T.3.225.F.SA3 Change Heat eff. (HTC 225°C)
T.3.250.F.SA3 Change Heat eff. (HTC 250°C)
T.3.200.F.SA4 Change Electricity eff. (HTC 200°C)
T.3.225.F.SA4 Change Electricity eff. (HTC 225°C)
T.3.250.F.SA4 Change Electricity eff. (HTC 250°C)
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Table 3. Parameters modified in the models simutatconducted.

Label Parameter Reference Value NewVaIuePercent change

(%)
SAl HTC-char moisture at 200 °C (%) 60 75 +25
HTC-char moisture at 225 °C (%) 55 69 +25
HTC-char moisture at 250 °C (%) 27 34 +25
SA2 HTC-char energy vield at 200 °C (%) 65 91 +40
HTC-char energy vield at 225 °C (%) 68 91 +35
HTC-char energy vield at 250 °C (%) 55 86 +55
F Future perspective*
Gross electric energy efficiency (%) 13 17 +31
Gross thermal energy efficiency (%) 26 56 +115
Gross total efficiency (%) 39 73 +87
Electricity consumption (kWh/kg) 0.144 0.100 31-
SA3 Heat recovery efficiency, Heat eff (%)
T.1.F (%) 56 40 -29
T.2.F (%) 56 50 -11
T.3.200.F (%) 56 43 -23
T.3.225.F (%) 56 40 -29
T.3.250.F (%) 56 36 -36
SA4 Electricity recovery efficiency, Elect eff [$o
T.1.F (%) 17 33 +94
T.2.F (%) 17 23 +35
T.3.200.F (%) 17 30 +76
T.3.225.F (%) 17 33 +94
T.3.250.F (%) 17 37 +118
New values from:
@ Arbitrary values.

b Energy recovery determined to make HTC as berkfisi the best case scenario.

% Jungbluth et al., 2007

9" Heat recovery efficiency determined to cover thatlequirements of the scenaritefined asreakeven heat
requirement (%) (see Table 9).

*Electricity recovery efficiency determined: (Ele&ff)rer vaue(%0) + @Heat effyas (%).
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669

670 Table 4. Summary of energy requirements and ern@guction in thermal treatment
671 approaches (with and without HTC).

672
Current Perspective T.1 T.2 T.3.200 T.3.225 T.3.250
Energy available from the combustion of the waste

7.44 6.31 4.85 5.03 4.12
(MJ/kg OMWin)
Electricity production (kwh/kg OMWin) 0.27 0.82 0.63 U065 0.54
Total electricity consumption (kwh/kg OMWin) 0.05 0.05 008 0.03 0.02
Net electricity production (kwh/kg OMWin) 0.22 0.78 L\ 0.63 0.51
Heat production (MJ/kg OMWin) 1.9 161 g4 129 1.05
Total heat consumption (MJ/kg OMWin) 3 3K 21 201 147
Net heat production (MJ/kg OMWin) 1.1 -1°86 -0.86 -0.72 -0.42
Breakeven heat requirement (%)* 40 50 43 40 36
Future Perspective T.1.F T.2.F T.3.200.F T.3.225.F T.3.250.F
Energy available from the combustion of the waste
7.44 6.31 4.85 5.03 4.12

(MJ/kg OMWin)
Electricity production (kwh/kg OMWin) 0.55 1.07 11 1.14 0.93
Total electricity consumption (kwh/kg OMWin) 0.03 0.04 0.02 0.02 0.02
Net electricity production (kwh/kg OMWin) 0.31 1.04 1.08 112 0.92
Heat production (MJ/kg OMWin) 4.19 3.55 2.44 2.53 2.08
Total heat consumption (MJ/kg OMWin) 3 3.17 2.1 2.01 1.47
Net heat production (MJ/kg OMWin) 1.19 0.38 0.35 0.53 061
Breakeven heat requirement (%)* 40 50 43 40 36
* Breakeven heat requirement (%) = (Total heat aomsion/energy available from the combustion ofwlaste)*100

673
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Table 5. Ranking of the alternatives.

Order of
Env. Impact GWP HT-C HT-NC POF AP TEP FEP MEP ET
Best 1 T1() T.1() T1() T1() T1() T10) BQ) T10) T10)
3 T.3.225() T.3.225()T.3.225(-) T.3.200(-) T.3.225(-) T.3.225() B.1()  T.3.225(-) T.3.200 (+)
4 T.3200() T.3.200(-) T.3.200(-) T.2.250(-) T.3.200(-) T.3.200(-) T.1()  T.3.200() T.3.225(+)
5 T.2250() T.2250()T2250() T2() T.2250()T2250() T2(+)  T.2250(-) T.3.250(+)
6 B.3(+) B.3 (+) B.3 (+) B.3 (+) B.3 (+) B3(+) T&R5(+) B3(#) B.1(+)
\Z 7 B2(+) B.2 (+) B.2 (+) B.1(+) B.2 (+) B.2(+)  TZ00 (+) B.2 (+) B.3 (+)
Worst 8 B.1(+) B.1(+) B.1(+) B.2 (+) B.1(+) Bl(+) T&O(+) Bl(+) B.2 (+)

The annotation in parentheses indicates whetherahtibution associated with the scenario is pasior negative
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688 Figure 1. Currently used approaches for manageafeffPOMW in Spain (adapted from MME,
689 2000), including the proposed use of HTC as a @aéitment technique.
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Figure 7. Differences in net climate change (GV¢ensystem quality (AP, TEP, MEP, ET) and
human toxicity (POF, HT-C, HT-NC) impact potentidise to changes in heat (SA3) and
electricity (SA4) production efficiencies.
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Highlight 1: Environmental impacts associated with TPOMW treatment is evaluated
using LCA

Highlight 2: Thermal treatment of TPOMW is more environmentally advantageous
than biological treatment

Highlight 3: Energy recovery is critical in reducing system environmental impact

Highlight 4: Incineration with energy recovery has a lower impact than HTC, but
operational challengesremain

Highlight 5: Increase hydrochar energy recovery efficiency and treat liquid emissions
to reduce impact



