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ABSTRACT

Incineration has been adopted by many developeatces as an alternative to treat
municipal solid waste due to its capacity to redineeamount of waste and recover energy.
Waste to energy plants produce two waste streaattorb ashes and fly ashes (FA). FA
are classified as hazardous waste, and they cdrmnatilised or landfilled without prior
treatment. Stabilisation with cement solidificaticn the most used method to treat FA
because it achieves the immobilisation of polluigaatta relatively low cost. However, the
accelerated carbonation of FA, which allows theapsalation of certain mobile metals
under alkaline conditions, has recently been preposs an alternative to the
solidification/stabilisation process. To determite environmental performance of FA
stabilisation and carbonation, a life cycle assesgnfLCA) was conductedThe LCA
results of the carbonation and stabilisation preegeswere compared, and multiple
carbonation scenarios were analysed: carbonatitin different CQ sources (incineration
flue gas and flue gas from the combustion of nhtgaa), and different pressures (1 to 5

bar) and percentages of g@xcess (10%, 55 % and 100 %) in the flue gas retrea
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Stabilisation had higher environmental impacts tleanbonation due mainly to cement
production and consumption. The best operatingitiond of the carbonation process were
found at flue gas pressures between 3 and 5 hace ghe total energy consumption
decreases as the pressure increases. Moreovanvirenmental benefits associated with
the substitution of electricity from the grid mixagte the scenarios based on the combustion
of natural gas perform better than those that lusénicineration gases as a £50urce.

1. Introduction

The unstoppable increase of municipal solid wabt8W) generation in the last decades
reflects the consequences of the production anduroption patterns and the population
growth, which is increasing tremendously at a @ft@.035%yearly (Khandelwal et al.,
2019). In fact, the global MSW generation level2@16 reached 2.01 Gt, and in 2050 this
number could grow to 3.40 Gt. This represents &igdion rate of 0.74 kg per person and
day. However, this global generation rate rangegelyj from 0.11 to 4.54 kilograms kg
per person and day (Kaza et al., 2018). The imprommagement of MSW contributes to
environmental problems since the sector repredaeetiseen 3% and 4% of total global
greenhouse emissions. In addition, the,Grdm landfills and wastewater collectively
accounted for about 90% of waste sector emissiddabd]l and Vilaysouk, 2015).
Therefore, both developed and developing countidee the challenge of sustainably
managing MSW (Halkos and Petrou, 2018). In Eur@biough the European Directive
2018/851 (EC, 2018) is promoting the reduction akte generation and disposal and the
connection of resource use and waste residuals, (A8h6), a great amount of MSW still
ends ups in landfills (Margallo et al., 2018a). Hwer, as Figure 1 displays, the total
amount of MSW landfilled in Europe in the period9592016 has diminished 59%,

whereas waste incineration has grown steadily 50%he same period (EUROSTAT,
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2018). These data can be associated with the grofvilegal restrictions, such as the
Directive on Landfills (EC, 1999), which aims tadtee the amount of MSW landfilled,
and the Waste Framework Directive (EC, 2008), culyeamended by Directive 2018/851
(EC, 2018), which set several targets for recoveegycling and collecting MSW to

minimise environmental impacts.

550

kg MSW treated per capita

0
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®Landfill  ®Incineration  MRecycling Composting = Other

Figure 1. Amount of waste generated at EU-28 level and theusnof waste by treatment
category (EUROSTAT, 2018).

Waste-to-Energy (WLE) technologies (e.g. incinergtigasification, pyrolysis, anaerobic
digestion) are technologies capable of harvestimg énergy content of waste and
transforming it into a secondary energy sourceinaration, which is capable of reducing
the volume of waste by up to 90%, or 75% in weidht et al., 2019), is the most
widespread WtE technology. These types of WtE plandduce two waste streams: bottom
ashes (BA) and fly ashes (FA).

BA constitute the largest fraction (around 80-9086)the residues generated in the
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incineration process (Li et al., 2012; Wongsa et 2017). Between 10 and 35% of the
combusted MSW becomes BA (Vehlow and Seifert, 2Ly et al., 2007), whereas FA
represent between 3 and 5% of the mass of MSWighatinerated (Joseph et al., 2018;
Nam et al.; 2012). Although FA are produced in wdp amount than BA, they are
classified as hazardous waste, since these residllested from the flue gas purification
system contain heavy metals, dioxins and othewutaits (Sun et al., 2016). In a recent
study (BIO by Deloitte, 2015), the impact of di#et classification approaches for hazard
property “HP14” was assessed for incineration F&wei European Waste List code 19 01
13* (FA containing hazardous substances) and 1B40FA other than those mentioned in
19 01 13) (Quina et al., 2018). The main problenFAfis that due to their hazardous
characteristics, they cannot be utilised of evexfiled without prior treatment. Therefore,
the application of a certain treatment may have &pproaches: ensuring that the FA can
be landfilled in non-hazardous landfills or impnogithe possibilities of their valorisation
(Margallo et al., 2018b) with the aim of fosteritige circular economy concept (Margallo
et al., 2015). At present, separation processdsjfsmation/stabilisation (S/S) and thermal
methods are the three main techniques applied éat tFA. Among S/S alternatives,
stabilisation with cement solidification is stilé most widely used, due to its inexpensive
and easy application. During the cement solidifaajprocess, FA and cement are mixed
with water in an appropriate proportion, and theandous content of FA is immobilised
after the cement hydration reaction (Sun et all,620However, the long-term stability of
the cement-solidified FA is not a negligible issiige to the high content (10-20%) of
soluble salts (Li et al., 2018). Moreover, the cetreector is an energy intensive industry
that accounts for roughly 5-8% of global €@missions (Mikulcic et al., 2016). Recent

studies have investigated new FA treatments, ssidadoonation. The low solubility of the
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carbonate compounds produced in the carbonationtioea facilitates the reuse or
deposition of the carbonated FA in non-special fidlad (Grandia et al., 2011).
Furthermore, the carbonated FA could act as asi@. (de Boom et al., 2014). Therefore,
this technology could be a good alternative to karide technical and environmental
drawbacks of other FA treatments. However, the yaiml of the environmental
performance of this treatment is mandatory to hagood description of the advantages
and disadvantages of the system. One of the malspiead techniques for this type of
analyses is the Life Cycle Assessment (LCA) methaglo This tool allows assessing the
inputs, outputs and the potential environmentalaotp and resources used throughout a
product’s life cycle, and it reveals cross-medsués (Margallo et al., 2013; Laso et al.,
2016).

In recent years, several studies have focussed@mpplication of LCA to analyse the
treatment of residues from MSW incineration. Boesthal. (2014) developed an LCA
model of MSW incineration and new technologies rfetal recovery from ash residues.
Other authors have assessed the environmental iraptee management of FA by means
of cement stabilisation (Yin et al. 2018). Alterinas to the disposal of the stabilised FA in
landfill, such as the reuse of FA as bricks andaasalkali in the Waelz process of
steelmaking (Huang and Chuieh, 2015), and the @éidi extraction with integrated zinc
recovery (Huber et al. 2018) have also been anmdlyBarthermore, Huber and Fellner
(2018) and Huang et al. (2018) integrated LCA am@@onomic assessment to evaluate the
valorisation of FA.

On the other hand, the feasibility of the carbaratechnology as a FA treatment has not
been studied to such a great extent, and the tepatrmf FA with the carbonation

technology at large scale has not been reported&estadies have investigated the optimal
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operating conditions for the accelerated carbonatib MSW incineration FA (Li et al.,
2007). Baciocchi et al. (2009) compared differegaction routes for the carbonation of air
pollution control residues of an MSW incineratioarg, and Jianguo et al. (2009) studied
the influence of several operating parameters efdéwrbonation process of the FA from
MSW incineration on the stabilisation of heavy n®etd he leaching properties of MSW
incineration FA were also studied by Boom et ab1(®).

The environmental assessments of carbonation mesefound in the literature are
primarily aimed at the treatment of steelmakingysi@hang et al. assessed the carbon
footprint of the carbonation of different types sttelmaking slag, whereas Xiao et al.
(2014) performed a more comprehensive LCA of aétive carbonation routes. To the best
of the authors knowledge, the environmental assessof the carbonation of FA derived
from the incineration of MSW has only been addrédseMargallo et al. (2018b).

Hence, the technical and environmental aspectshot&bonation are analysed in this
paper. The study includes the experimental setfugpaarbonation process that provides a
representative life cycle inventory. The experinaénésults of carbonation were compared
with previous bibliographic data of FA stabilisatiMargallo et al., 2014a), and the LCA
of both FA treatments was performed in order toppse measures to improve the FA
management sector.

2. METHODOLOGY

This paper evaluates the environmental performahseveral methods to treat FA from a
WLE plant. The work applies the LCA methodology gwsed in the 1ISO 14040 (ISO,
2006) combining the use of bibliographic and expental data. This methodology is
based on a four-phase process: i) definition of god scope; ii) life cycle inventory; iii)

life cycle impact assessment and iv) interpretatidargallo et al., 2014b).
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2.1.Goal and scope

Goal and scope definition is one of the most imgodriphases of the LCA methodology,
because the choices made at this stage influercerttire study (De Marco et al., 2017).
The goal of this study is to evaluate the treatnodrffA from a WLE plant located in the
Cantabria Region (North of Spain). Spain has l1lOneration plants, four incinerators
located in the Northeast (Catalonia), three inNleeth and Northwest (Cantabria, Galicia
and Basque Country), one in Madrid, one in the &&edslands, and one in Melilla. Most
WILE plants are located in the North of Spain du¢ghtlimited availability of land in this
area, and the amount of landfill leachate thateisegated because of the intensive rainfall.
In particular, in Cantabria an average of 113,33& tMMSW are incinerated per year,
generating around 4,500 t of ashes (Margallo epall2).

The analysis was structured in three blocks: i)ahalysis of FA carbonation at different
pressures and G@xcess in flue gas, ii) the assessment of FA ceatiimn using different
CO; sources and iii) the comparison of FA carbona#ind stabilisation. To determine the
dimensions of the carbonation reactor (on which ghergy consumption of the process
depends), the following scenarios were studied?d ®5 % and 100 % excess of £i0
the flue gas at the outlet of the reactor, and Jag pressures of 1 to 5 bar. The comparison
of FA carbonation and stabilisation has to be nmaae=d on the same reference unit. The
combustion process of natural gas is consideredcara qf the life cycle of the FA
carbonation and thus, the environmental impactstedl to the generated electricity are
considered a secondary system function.

2.1.1 Function and functional unit

The system function is to treat the hazardous wgeterated in a WLE plant. Therefore, the

functional unit (FU) should reflect this functioAccording to Lundie and Peters (2005),
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the FU is the definition of the functional outpuisthe product system, which provides a
reference to which the inputs and outputs can ke Most LCA studies have been
related to the manufacture of products and thusHbeusually makes reference to the
amount of product. However, in the study of wastmagement systems, the function is
not to produce anything, but to provide the seratkandling waste in a given area (White
et al., 1997). In this type of studies the most can FU is the amount of waste produced
in a specified year and geographical area. Indase, the amount of FA produced in 2014
in Cantabria, 4,655 t (GOBCANT, 2016), was sele@sdhe FU in order to compare the
environmental performance of the solidification aadbonation treatments.

2.1.2 System description and boundaries

Figure 2 depicts the three scenarios based on matiba (scenario a.1 and a.2) and
stabilisation (scenario b). The analysis includeal incineration process and the treatment
and end-of-life of the FA. The WLE plant is a commsubsystem in all the scenarios, and
thus, it could be neglected in a comparative amalyslowever, due to the use of the flue
gas generated in the combustion process as aso@ce in scenario a.2, the impacts
associated with the WEE plant were analysed inthinee scenarios. Based on a previous
study of the authors (Margallo et al., 2014a), ¢cbenbustion and flue gas treatment were
considered as a single subsystem. The consumpficiuets (natural gas or diesel),
ancillary materials, and reagents, as well as theuat of MSW treated, are the main
inputs of the process, whereas the outputs indibdesnergy produced and the waste and
air emissions generated. BA are subjected to a etegseparation that recovers c.a. 10%
of material as scrap, and the remaining inert gagent to a landfill. The production of
steel with scrap is outside of the system boundaRegarding the FA treatment, a detailed

description of both scenarios is provided below:
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Scenario a: FA carbonation. Accelerated carbonation improves the chemicgbgnties of
alkaline waste and allows it to be used for newugtdal purposes or disposed of in non-
special landfills. With this process, heavy metedsinot be removed, but they can be
separated and/or stabilised within other matric8saiidia et al., 2011). Carbonation
involves the dissolution of COIn water at initially alkaline conditions. This uses a
decrease in the pH of the leachate, and calcitprécipitate until the material is in
equilibrium with CQ, because of the change in the solubility of thetatse The
carbonation mechanism is often described as at éetgo-step process including a prior
CO, absorption in water, followed by the carbonatieaation in aqueous medium (Rendek
et al., 2006). The life cycle inventory of the aambtion process was derived from the
experiments performed at laboratory scale. The raxeatal setup consisted of a 2 L
jacketed glass reactor with an agitation speedsofpdn and operated at ZD and 1 atm.
Pure CQ was bubbled through the upper part of the vesgakh contained 100 g of FA
from a Spanish WEE plant with a 44.34% CaO cont&hé carbonation experiments were
carried out for different liquid to solid ratios/@) varying between 3 and 8 L-kgrhe pH
was continuously monitored; it was initially abod2, and it dropped below 7. The
stabilisation of the pH, which took approximatelyy inutes, indicated that the reaction
was over. The carbonated FA were subsequently aeljéo vacuum filtration and dried in
an oven at 105C. Leaching tests were performed on the samplec@ordance with
European Standard EN 12457-4 (EN, 2002). The dadodontent in the leachate was
guantified following ISO 9297 (ISO, 1989), based bfohr's method, whereas the
concentration of lead and zinc in the leachate m@asured by means of atomic absorption
spectrophotometry. On the other hand, a thermogyetvic analysis determined the amount

of CQO; retained in the carbonated FA. The results, cadpih Appendix A, show that the
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L/S ratio that led to the minimization of the chite, lead and zinc content in the leachate is
6 L-kg'. Higher L/S ratios might hamper the diffusion o®Lin the liquid, and lower
ratios may not provide enough water for the reguamount of C@to dissolve, given its
low solubility. Thus, the system was modeled fas /S ratio. This scenario includes FA
carbonation, a filter press to reduce the amounvaier in the ashes, the treatment of the
effluent and the disposal of the carbonated asHes.generation and consumption of £LO
and water are the main inputs of the carbonatioecgss. Based on the €€burce we can
distinguish between scenario a.1 and a.2. In thendg CQ is obtained from the
combustion of natural gas, which generates eléttriy scenario a.2, COrom the flue
gases of MSW combustion is used as raw materidyciag consumption of natural gas
with respect to scenario a.l.

Scenario b: FA stabilisation. In this process, the hazardous components of MB&V
immobilised in a solid matrix. That is, they areypically adsorbed or encapsulated, or a
change in the physicochemical form of the pollutemtnponents occurs (Margallo et al.,
2015). The FA stabilisation scenario includes th&aetion and transportation of raw
materials to the solidification process. It emplaysnixture of water (23.08 %), cement

(17.75 %), and ashes (59.17 %). The stabilisedurexs sent to a landfill.
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Figure 2. System boundaries of scenario a.1l: FA carbonatiased on natural gas
combustion, scenario a.2: FA carbonation basedhemuse of WLE flue gases, and scenario

b: FA stabilisation.

2.1.3 Allocations
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Most industrial systems are multifunctional systetmst is, they comprise processes in
which several products and co-products or servacesgenerated. According to the LCA
methodology, allocating the environmental burdemsaosystem between its multiple
functions should be avoided by i) dividing the ymibcess into two or more sub-processes
(which cannot be applied to this case study) oexjpanding the system to include the
additional functions related to the co-product€12006).

This last method, which was applied in this stuybased on the subtraction of the
environmental impacts of the secondary system iomdrom the overall environmental
impacts of the system (Thomassen et al., 2008).

On the one hand, MSW incineration involves wastattnent and energy and steam
production, providing the system with two additibhanctions. This problem was handled
through system expansion by subtracting the funadiothe alternative system (energy and
steam production) from the system under studyhis $tudy, the Spanish electric power
mix and the production of steam from natural gaduied in the thinkstep databases
(thinkstep, 2017) were selected as the subsystapkaced in the system expansion
(Margallo et al., 2014a). According to the Thinkstdatabases, the contribution of each
energy source to the Spanish grid mix (compiledmpendix B) is valid for years 2013-
2019.

On the other hand, the combustion process of najagis considered part of the life cycle
of FA carbonation. Thus, the environmental impaetated to the generated electricity (the
secondary system function) are subtracted from sygtem, allowing the comparison
between FA carbonation and FA stabilisation. Sitheecombustion of natural gas can be
coupled to a turbine that generates electricitis assumed that i) the generated electricity

substitutes the same amount of electricity fromSpanish grid mix (average value) and ii)

12



10

11

12

13

14

15

16

17

18

19

20

the generated electricity substituted the enerdginbd from natural combustion. A strong
connection exists between the selected LCA appraachthe choice of how to treat co-
products. There are two LCA approaches: attribatidtCA (ALCA) and consequential
LCA (CLCA). In this study, ALCA perspective was seled since it describes physical
(pollution and resource) flows within a chosen sgs{Thomassen et al., 2008), assuming
that the analysed system does not affect its emwviemt (Bala et al., 2015).

24 Lifecycleinventory and modelling

The life cycle inventory is one of the most effodrsuming steps, and consists on the
collection and interpretation of the data neces$aryhe environmental assessment of the
observed system (lannone et al., 2014). In the o&$-A stabilisation, input and output
data are based on a bibliographic source. In boghagios the wastewater treatment plant
was modelled assuming a primary and secondaryniezdf and the inert landfill was
modelled based on the previous works of Margall@let(2014a). Secondary data were
taken from the databases of Think step (Think s&4,7) and Ecoinvent (Ecoinvent,

2016).

Table 1. Life cycle inventory of scenario b: FA stabiligati

Flows Amount  Units Data source
Inputs Fly ashes 1.00 t FA
Cement 0.30 t/tFA Biellen et al. (2014)
Water 389 I/ t FA Biellen et al. (2014)
Outputs Stabilised ashe:1.69 t/tFA Biellen et al. (2014)

To estimate the life cycle inventory of the carlttora process, we must take into account
that this is a multi-stage process (Velts et @11), based on a complex gas-liquid-solid

reaction mechanism (Ji et al., 2018). Nonethelsgveral studies suggest that the

13
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dissolution and diffusion of CQn the liquid phase is the slowest step (He et24106),
and therefore it controls the kinetics of the cadimn reaction (Pan et al., 2013; Pan et al.,
2015). Hence, the proposed model considers thaC@emass transfer rate to the liquid

phase equals its reaction rate.

To estimate thek aco, coefficient (the product of the GOnass transfer coefficient in
water and the interfacial area of the system) tlssrbalance of the reacted £®as
formulated (Equation 1). The G@nass transfer rate to the liquid phasg (s proportional
to the difference between the gCquilibrium concentration Cf;) and the CQ@
concentration in the liquid phas€)( as described in Equation 2. Since it is assutmadall
the CQ that is transferred to the liquid phase reacts, @i concentration in the liquid
phase at the reactor outlet is 0 mdl: [The model considers a continuous stirred tank
reactor with perfect mixing, in which the G@oncentration at the reactor outlet is the same
as the CQ concentration in the liquid inside the reactoe.,iC =0 mol-L* Ceq IS
calculated with Henry's Law (Equation 3), whichtetathatC,, is directly proportional to

the CQ patrtial pressure in the gas phase.

Feop =170V}, (Eqg. 1)
rr = kpacoz - (Ceq - C) (Eq. 2)
Ceqzkh'PT'y (Eq. 3)

Solving these three equations with the values afrifle constantt;,, the flowrate of CQ
that is transferred to the liquid phase and reégts (estimated from the experimental
results), the parameters of the experimental sghevolume of liquid in the reactdf;,
the gas pressum®- and the molar fraction of GOn the gas stream at the reactor outlet

all of which are compiled in Appendix B, it was elehined that the value &f,ac,, under

14



10

11

12

13

14

15

16

17

18

19

20

the experimental conditions is 0.00343 s

Mass transfer coefficients depend mainly on thengetoy of the system, the properties of
the fluids (CQ and water in this case), and their dynamics (Malgd Westerterp, 2013).
Assuming that these characteristics and the irtdiatfarea of the system remain constant,

the estimated value @&f ac,, can be used to scale up the process.

Therefore, solving these equations ¥pr the volume of the carbonation reactor required to
carbonate the FA generated yearly in Cantabriacaésuilated for different gas pressures
and compositions, as shown in Appendix B. The sydt@s been modeled for pressures
from 1 to 5 bar and different percentages ot @€cess in the flue gas: 10, 50 and 100%.
The variation of these parameters was proposedsiesa the sensitivity of the LCA results
to the electricity consumption for agitation andmgression purposes. Increasing the
pressure of the gas stream and its, €CQmposition accelerates the kinetics of the pmaces
which reduces the required reactor volume and thesagitation power. On the contrary,
raising the pressure of the gas stream increagesldctricity consumed to compress the
gas, whereas a higher g@ontent in the gas stream decreases the gas feoara as a
consequence, the compression energy. The equati@hparameters needed to calculate
the agitation and compression energy are detaied\ppendix B. Table 2 shows a
summary of the life cycle inventory of carbonation a pressure of 5 bar and 55 % excess

of CO, in the flue gas.

Table 2. Life cycle inventory of carbonation (5 bar / 55¢%cess of Cin the flue gas)

Flows Amount Units
Inputs Fly ashes 1.00 t FA
Energy
Compression2.40E-02 kwh/ t FA
Stirring 281 kwh/ t FA

15
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Natural ga 241 kg/tFA
Water 6,000 I/ t FA

Outputs Treated ashes 7.17 t/tFA

2.5 Lifecycleimpact assessment

The life cycle impact assessment stage was cordlwetth the LCA software GaBi 6
(Thinkstep, 2017). The impacts analysed in thisltare divided in demand for natural
resources (materials, water and energy) and emmeatal impacts (climate change,
acidification, human toxicity and eutrophicationjhese impact categories have been
chosen because i) quantifying the consumption a@firabresources allows identifying
strategies to minimise resource consumption, ilale change and acidification potential
are pressing issues nowadays, iii) human toxicibteptial takes into account the
detrimental consequences of the processes on theystem, which are the reason FA
cannot be directly landfilled, and iv) eutrophicati potential allows us to measure the
impact on water resources.

For climate change, the IPCC method was applie€@P2013), whereas for human
toxicity potential, acidification potential and epphication potential, the CML method
(Guineé et al., 2001) was used. The demand forrywabergy and resources was based on

the environmental sustainability assessment (E®&gldped by Margallo et al. (2014c).

3. RESULTSAND DISCUSSION

In this section, the contribution of each subsystenthe studied impact categories is
analysed and the LCA results of the three scenaaiescompared. The LCA of the
carbonation scenarios was performed considerinfjubegas pressure and géxcess that
minimise the energy requirement, after assessiagnffuence of the operating parameters

on the energy consumption.
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Figure 3 depicts the climate change impacts fdedght values of pressure in the flue gas
(from 1.0 to 5.0 bar) and percentages of excess(0®b, 55% and 100%). Each point in

Figure 3 reflects a different reactor volume.
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Figure 3. Climate change impact (kg G@q.) with the variation of pressure and excess
CO; in the flue gas.
When the pressure increases, a higher equilibriomecentration is obtained and therefore,
the required reactor dimensions are smaller, thaliameter and height are reduced. The
stirring power depends on the agitator diameter tisl is conditioned by the reactor
diameter, which is raised to the fifth (as showrknuation A3 of Appendix B). Thus, as
the flue gas pressure increases, less energyugeddor agitation. The total energy of the
carbonation process is equal to the sum of theggrrequired for compression and stirring,
being the latter significantly higher than the femnAs a consequence, the total energy
consumption decreases as the flue gas pressueasas. Thus, the environmental impacts
of the carbonation process decrease as the pressuzases (Margallo et al., 2018b).
As shown in Figure 3, the best conditions were et for a pressure of 5 bar, whereas a
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similar impact (due to the similar required reactaes) was observed for the 55% and
100% CQ excess. For the 10% excess, the reactor dimenafernsoticeably higher.

3.1 FA carbonation based on natural gas combugt8uenarioa.1)

Taking the analysis of the operating conditions iatcount, a pressure of 5 bar and a 55%
of CO, excess in the flue gas were selected to studydheonation scenarios. Figure 4

evaluates the environmental impact categories #rckrbonation based on the use of

natural gas as a G@ource.

Incineration M Carbonation process M Filter press Landfill

80%

60%
40%

20%

ER MR WR AP EP HTP cc
-20%

-40%
-60%
-80%
-100%

ER: Energy resources [M1]; MR: Material resources (kg); WR: Water resources (kg);
AP: Acidification Potential [kg 50,-eq.]; EP: Eutrophication Potential [kg Phosphote-
eq.]; HTP: Human Toxicity Potential fkg DCB-eq.]; CC: Climate change (CC) [kg CO-eq.]

Figure 4. Contribution (%) of all the stages (incineraticarbonation, filter press, landfill
and wastewater treatment) to the impact categdoesFA carbonation based on the
combustion of natural gas.

The results include the impacts from the incineratprocess, carbonation, filter press,
landfilling and wastewater treatment. MSW combustias a contribution from 88.5% to
99.8% in the categories of materials resources (MRfrophication potential (EP), human

toxicity potential (HTP) and climate change (CC)isl is due to the emission of
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greenhouse gases, especially,@i® CC),and toxic substances, mainly dioxins and furans
(in HTP), as well as the release of ammonia, phogsh phosphate and nitrogen to water
and nitrogen oxides and nitrous oxide to the amgartment (in EP). On the other hand,
the WLE plant produces energy and steam, whiclacoordance with the applied system
boundary expansion method, replace the equivaleuat of energy from the Spanish
grid mix and the consumption of water required tloe generation of energy from other
sources. Since the amount of energy and waterrexljin this scenario is lower than the
amount of energy and water being displaced, negatiues are obtained for the MR and
ER categories. The carbonation process has theedtighfluence, c.a. 66.6% in the
category of acidification potential (AP), due t@ temission of acidifying substances, such
as SQ, HCI and HF, in the generation and consumptioreradrgy. This process is also
significant, but to a lesser extent, in the consuwnpof natural resources, and in the
categories of EP and HTP, ranging from 5.5% to%l.5

The impact of the filter press, the landfilling aesh, and the wastewater treatment is
negligible in comparison to the contribution of @mbustion process. If the combustion
process is excluded from the system boundaries(&i§), the consumption of electricity
in the carbonation produces the highest impacltewed by the combustion of natural gas
for CO, generation.

In particular, the consumption of energy has imp&am 22.0% to 99.0% in most of the
categories, whereas the carbonation process hasas igfluence in the consumption of
materials. The contributions of the landfill ane tivastewater treatment are below 1% and
thus, these impacts can be neglected. The negatlues are associated with the avoided
burden of natural gas, whose combustion producesgygrthat is an extra function of the

system.
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ER: Energy resources [MI]; MR: Material resources (kg); WR: Water resources [kg);
AP: Acidification Potential [kg 50.-eq.]; EP: Eutrophication Potentiol [kg Phosphate-
eq.J; HTP: Human Toxicity Potential [kg DCB-eq.]; CC: Qlimate change (CC) fkg COz-eq.]

Figure 5. Evaluation of FA carbonation based on the combusif natural gas excluding
the incineration process.

On the other hand, the allocation procedure hasntimence on the results; Figure 6
compares the environmental performance of the systansidering two alternatives: that
the energy generated in the natural gas combuptimeess substitutes electricity from the
Spanish grid mix or electricity derived from thendoustion of natural gas. The allocation
based on natural gas has a greater impact thasuthstitution of electricity from the grid
mix, therefore a larger environmental benefit isiaged with the second allocation method

in most of the impact categories.
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EP [kgPhosphate-eq.]*1.0% AP [kg S0,-eq]*1.0°

Figure 6. Comparison of FA carbonation based on the comtnusif natural gas using
different allocation strategies for energy prodmeti substitution of electricity from the
combustion of natural gas and electricity from 8gpanish grid mix.

3.2 FA carbonation based on the use of WtE fluegéScenario a.2)

Figure 7.a shows the contribution of incineratioatbonation, filter press, landfilling and
wastewater treatment to the studied impact categawhen the flue gases from the WtE
plant are used as a G6&burce for the selected operating conditions oaband 55% C®
excess in the flue gas.

As in Scenario a.1, MSW combustion has the higbastribution to most of the categories
in Scenario a.2, only in the category of acidificat potential the carbonation process
provides 65.5% of the impact due to the emissioacadifying substances in the generation
and consumption of electricity. Likewise, since #wergy generated in the incineration
process is assumed to replace other sources ofyeneegative ER and MR values are

obtained in Scenario 2. The main difference regaytlhe source of CQs observed in the
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category of climate change; Scenario a2 has low&mipacts than Scenario al.

If the analysis excludes MSW combustion, the cormgion of electricity in the
carbonation produces the highest impacts in mosthef categories (Figure 7b), with
contributions between 22.2% in MR to 99.3% in ERIdAionally, the carbonation process

presented a notable contribution to the CC catedoeyto the emission of GO

a) b) m Carbonation process m Electricity
Incineration B Carbenation process Water m Filter press
W Filter press m Landfill and wastewater treatment m Landfill and wastewater treatment

100% — - - 100% = — — — — — —
30% 90%
60% 80%
20% 0%
0% 50%
0% | - — 50
ER MR WR ap EP HTP cc 40%
20%
30%
40% 0%
60% 10
-80% 0%
ER MR WR ap Ep HTP cc

-100%

®

=

ER: Energy resources [Mi]; MR: Material resources {kg); WR: Water resources (kg); AP: Acidification Potential {kg S0,-eq.]; EP: Eutrophication Potential [kg Phosphate-eq. ;
HTP: Human Toxicity Potential kg DCB-eq.]; €C: Climate change (CC) fkg CO,eq.]

Figure 7. Contribution (%) of a) all the stages (incineraticcarbonation, filter press,
landfill and wastewater treatment) and b) all tteges excluding the incineration process
for FA carbonation based use of the flue gases M8V combustion.

3.3 Stabilisation process (Scenario b)

Figure 8a shows that in the stabilisation scendhie,largest contributor to all the impact
categories except AP is the incineration processhé AP category, the use of water and

the production and consumption of cement is regptenfor 63.8% of the total impact.
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ER: Energy resources [MJ]; MR: Material resources (kg); WR: Woter resources (kg); AP: Acidification Potential kg 50;-eq.|; EP: Eutrophication Potential kg Phosphate-eq. |;
HTP: Human Toxicity Potential (kg DCB-eq.]; CC: Climate change [CC) [kg CO-eq.]

Figure 8. Contribution (%) of a) all the stages (incineraticstabilisation, landfill and
wastewater treatment) and b) all the stages exwuthie incineration process for FA
stabilisation.

Figure 8b analyses the results excluding combusti#h stabilisation has three stages
(stabilisation, cement production and water treatinelhe stabilisation stage does not
contribute to any of the impact categories, becatuseassumed that the process is based
solely on the mixing of the materials, and enegpat required. The demand for water in
the stabilisation scenario has a contribution 6B82% to the studied categories, with the
highest contribution in the consumption of natuesources and eutrophication categories.
Cement production, which is a highly energy demaggiirocess, has the greatest impact in
human toxicity (57%), and a contribution of arouBf% to the climate change and
acidification impact categories.

3.4 Comparison of FA treatments (Scenario b)

Figure 9.a compares the results (which have beemaised multiplying them by the
negative powers of 10 shown in the figure) of thiee¢ scenarios under study: carbonation
based on the combustion of natural gas (Scenalflip.@rbonation based on the use of flue

gases from the WtE plant (Scenario a.2) and ssalbitin (Scenario b). Figure 9.b only
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includes Scenario a.1 and Scenario a.2.
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Figure 9. Normalised LCA results. a) Comparison of FA calddmn (Scenario a.1 and

a.2) and stabilisation (Scenario b), and b) consparbf carbonation scenarios a.1 and a.2.

It can be clearly seen that stabilisation has higim@acts than carbonation in most of the
categories mainly because of the reduction of igion and the C@capture in the ash.
Only in the ER category, carbonation has greatgrach than stabilisation due to the
electricity consumption for agitation and compresgpurposes.

The source of CQused for the carbonation process also had a mgnifinfluence on the
results (Figure 9b). Scenario a.1 and Scenarisl@ofved similar values for the categories
of MR, EP and HTP; whereas for ER and WR, the d€e® from the MSW combustion
presented a higher impact. This happens becauseothbustion of natural gas, which
generates the CQOthat is subsequently used in the carbonation gsycalso produces
energy that is assumed to displace electricity ftbm Spanish grid mix. This avoided
burden has a significant influence on the consuwmptf energy and water; that is why

these impact categories are meaningfully reduced.
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4. CONCLUSIONS

The accelerated carbonation of the FA generatedhén incineration of MSW is an
innovative technology with the potential to capt@®, and simultaneously immobilise the
pollutants contained in the FA. Nevertheless, pieothe implementation of the accelerated
carbonation process within a MSW management sysisnsustainability implications
must be assessed.

The analysis of the operating conditions of thebocaation process revealed that the low
solubility of CQ, in water is the main factor that hinders the legsgale implementation of
the process. Large reactor volumes, associated avitbteworthy energy consumption in
the stirring process, are required to overcomddhesolubility of CQ. Since the energy
required for stirring and the agitator diametetdal an exponential relationship, placing
several smaller reactors in parallel could be dermétive to a single large reactor that
should be studied in detail. On the other handgimsing the pressure of the gas stream that
is fed to the reactor accelerates the kinetichefreaction and consequently decreases the
reactor volume, at the expense of on an increaskeirtompression energy. It was found
that the overall energy consumption of the carkiongbrocess is minimised at the upper
bound of the range of flue gas pressures studied.

The LCA results, subject to the assumptions madedrallocation procedure, revealed that
FA carbonation had lower impacts than stabilisationthe studied impact categories,
except for the consumption of energy resources,swoption of raw materials,
acidification, eutrophication, human toxicity, acldnate change.

Therefore, if further research succeeds in minimgsthe energy consumption of the

carbonation process, it could become a more sadti®nalternative to stabilisation,

25



10

11

12

13

14

15

16

17

18

19

20

21

22

23

allowing waste managers to use one waste streanil(gn gas generated in the incineration
process)to treat FA, another waste stream generated same process.

Nonetheless, the feasibility of the carbonationcpss cannot be established until an
economic analysis guarantees its profitability; glong economic metrics to the developed
LCA model of the system will be essential to helpste managers make informed

decisions.
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LCA performed to evaluate the environmental performance of fly ash treatments

Fly ash stabilization is a less favourable alternative compared to carbonation

Energy consumption in carbonation decreases as pressure of the flue gas increases
Best operational conditions of carbonation for 3 to 5 bar and a 55% excess of CO,
The CO, source in the carbonation has a high influence in the environmental impacts



