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ABSTRACT

Animal by-products consist in parts of animals or products of animal origin not
intended for human consumption. The recovery and treatment of this kind of waste is
a challenging problem due to their high volume and heterogeneous nature. In this
sense, previous studies have shown that hydrothermal liquefaction (HTL) can be a
viable technology for transforming these wastes into a valuable biofuel. In this paper
a comparative preliminary analysis of costs and resource consumption (water and
energy) between HTL and pyrolysis for this type of by-products has been performed.
The results indicate that HTL with aqueous phase recycled is the most favorable
treatment. Additionally, a life cycle assessment (LCA) has been developed for the
selected option, including the combustion of the liquid biofuel obtained. Gas
combustion, HTL gas phase, aqueous phase, solid fraction and electricity demanded
have been the five burdens analyzed to evaluate the corresponding environmental
impacts and damage categories at different levels. Thus, at the aggregated endpoint

level the analysis indicates that the use of the biofuel obtained from HTL produces a
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strong reduction in the CO, emissions per kWh of electricity produced comparing

with fossil fuel.
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1. INTRODUCTION

Regarding biomass waste, animal by-products (ABPs) are a heterogeneous type of
waste that covers a wide spectrum of origins, from slaughterhouse refuses to house
garbage. It is important to remark that the water content of this type of residues is

high (between 40-70%"2).

By-products included in this group are considered hazardous when they come from
ill animals or viscera (categories 1 and 2), being the landfill or co-combustion their
last ending. In the case of non-risk wastes, as the ones analysed in the present
paper, coming from non-commercial residues in production plants or
slaughterhouses (category 3) the usual treatment technology is the rendering
process, where the raw material is heated up to 406 K at 3 bars of pressure.
Examples of this kind of non-risk wastes are meat out of specifications and rejected
by producers, skins, hooves, horns, carcases, etc. that have passed the
corresponding inspections and show no signs of disease communicable to humans

or animals. The typical results of their treatment are on one hand, the fat recovery
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and on another, the processed animal protein and bones useful for animal

consumption.

The international interest in exploring other types of valorization, such as the
extraction of high value oils, protein recovery and production of liquid biofuels® has
increased. This paper is centred in the third of these aspects. Traditionally, the
biomass used as source of liquid fuels has been lignocellulosic biomass and the
thermal process which leads to this goal is the pyrolysis. More recently, the
hydrothermal liquefaction (HTL) process has been reconsidered to be used with high
water content biomass, being microalgae culture one of the raw materials more
widely studied. To the best of our knowledge, few pyrolysis and HTL studies using
ABPs can be found. As example, some references analyse samples of bones and
meat residues*® as well as cattle manure’. In all the cases, different operating
conditions are analysed to reach the maximum biofuel yield. However, aspects such
as the environmental problems derived from the massive use of fossil fuels, the high
volume of ABPs generated annually (over 20 million tons in the European Union?8)

and the development of integrated systems such as biorefineries to obtain products
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and energy force to study new ways of inertization, treatment and valorization of
ABPs as well as the feasibility of using them as new source of chemicals and

renewable energy.

In this context, pyrolysis and hydrothermal liquefaction process (HTL) would be two
technically feasible alternatives for the thermal conversion of these wastes and the
generation of liquid fuels, since combustion process produces energy released
directly in the process, gasification optimizes gas fraction and biochemical
treatments are more appropriated to produce biogas and derivatives from

fermentation.

Pyrolysis and HTL show significant differences in the operational conditions and in
the fraction yields generated. In the case of pyrolysis, the process temperature to
optimize the liquid biofuel fraction is around 773 K at 1 bar of pressure, obtaining
also a significant gas yield. One of the disadvantages of this methodology is the
necessity of drying the sample before the process, which involves high energy
consumption (around 66% of the total energy requirements). HTL process avoids the

initial drying step, since this technology uses water under sub-critical conditions as
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extractive and reactive environment. This technique works at low temperature but,
on the contrary, it needs high pressure. Under these conditions, a solid fraction and
two liquid phases are generated (aqueous and organic phases), being the gas

volume obtained very low.

The review of the literature on HTL processes compared to other thermal ones®18,
such as pyrolysis, highlights the necessity of performing individual analyses for each
system, since the differences in the raw materials used, the boundaries of the
system analyzed and the operating conditions studied make difficult the extraction of
general conclusions. Thus, for example, some authors'” indicated that HTL is better
option than pyrolysis for the bio-oil production from oil palm empty fruit bunch.
However, other researchers'3 considered that a dry step and combustion process of
olive mill waste is a more environmentally friendly valorization than the hydrothermal
carbonization process. According to literature'®, the catalytic hydrothermal
gasification of aqueous phase obtained in the HTL of algal biomass gives better
results than its re-use in the pond growth. Consequently, the first objective of the

present work is to compare three possible scenarios of HTL -i.e.: i) 80 % initial water
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content, ii) 60 % initial water content and iii) water recycling- with pyrolysis and to
select the most favorable option from the point of view of water and energy
consumption. Then to develop a Life Cycle Assessment (LCA) of the selected option
in order to characterize the process from the point of view of its environmental

impact and influence on climate change.

2. EXPERIMENTAL SECTION

The experimental data (yields and composition) used in this paper are based on
experimental results obtained at lab scale in two different systems: fluidized bed
reactor for pyrolysis and batch reactor for HTL process. This second system was
used in a wide study, whose results were useful to select the optimal operating
conditions of an ABP HTL process'® and to build a HTL pilot plant, with a screw

reactor, for this type of material.

2.1.Material

The raw material used is ABP (category 3), supplied by a local rendering company
and composed by raw waste from porcine and bovine origin, with a moisture

percentage of 43%. The material was ground until a mesh size of 0.710 mm.
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2.2.Experimental system

2.2.1. Pyrolysis system. The reactor used is a vertical reactor (71 x 5.8 cm) heated
by a cylindrical oven, with a feed hopper at the top, a carrier gas (N,) entry at the
bottom and a lateral exit for the volatiles. This exit is connected to a collecting line
with two glass traps to condense the volatiles evolved and a tedlar bag to collect the

gas fraction. Solid residue remains in the reactor until its discharge.

Before starting the experiment, about 2 g of dried raw material were placed in the
feed hopper purged with N, the reactor was heated up to 525°C and the carrier gas
(N2) flow was adjusted to 700 ml/min. At this moment, the sample is dropped into the
reactor and the volatiles evolved began to be collected. More details of this system

can be found elsewhere?0.

2.2.2. HTL system. A cylindrical reactor (8.5 x 4.5 cm) electrically heated and
prepared to withstand high pressure was used. During the experiment, the reactor
was sealed and the outlet valves closed to keep the pressure inside. When the run is

finished, the valves are opened and gas and liquid fractions coming from the reactor
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were collected in the traps (liquid phases) and tedlar bag (gas fraction). Solids

remain in the reactor until its discharge.

Before starting the experiment around 80 g of sample (raw material + distilled water)
were placed in the reactor which was purged, sealed and pressurised at 28 bar. The
reactor was heated up to 250°C. Due to the temperature, the vapour pressure of the
water in the reactor and the gas fraction generated, the pressure inside the reactor
increased up to around 100 bar. When the run was finished, the reactor was cooled
down and pressure decreased simultaneously. Outlet valves were then opened and
the products obtained were collected. More details of this system can be found

elsewhere’d.

In order to study the recycling of the aqueous phase in the process, four consecutive
experiments were performed where the aqueous phase of each one was added in

the following run, instead of using fresh water each time.

Table 1 shows the operational parameters selected in the pyrolysis and HTL
processes studied. The processes studied as well as the operating conditions used

have been selected to maximize the organic phase (biofuel) obtained.
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Table 1. Operational parameters of thermal processes studied.

HTL Pyrolysis

Water content in the reactor (%) 60 // 80 0

P raw material (atm) 1 1

T raw material (°C) 25 120 (after drying)
T reactor (°C) 250 525

P reactor (atm) 100 1
Residence time of solids (min) 29 10
Pre-treatments grinding grinding + drying

2.3. Analytical methods

The fractions obtained were measured and their yields were calculated. Different

analyses were performed to characterize them:

Gas fraction was analyzed by gas chromatography, GC-FID for hydrocarbons and

GC-FID with methanizer for carbon oxides. Liquid phases were analyzed by gas

chromatography with mass spectrometry (GC-MS). For the analysis, the organic

phase was diluted in n-hexane and the aqueous phase in isopropanol. For

quantification of gas and liquid compounds,

concentration were injected.
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A thermogravimetric analysis (TG/DTG) was also performed to characterize the solid

and liquid fractions. The analysis was developed in the temperature range 25-800°C

at 10°Cmin-', under inert atmosphere (Ny).

More details of the analysis conditions can be found elsewhere?1?

2.4.Experimental results

Table 2 shows the yields of the different fractions obtained in both systems.

Table 2. Yield of fractions obtained.

HTL Pyrolysis
(% wiw, dry-basis) | (% w/w, dry-basis)
Gas 1.1 18.4
Biofuel 58.2 53.4
Aqueous 19.6 -
phase
Solid 15.4 28.1

Supporting Information (Appendix 1).

Information about the components of the gas and liquid fractions obtained in the HTL
process and identified by gas chromatography as well as the water/organics/solids

ratios deduced for each fraction from the TG/DTG results has been included in the
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3. COMPARATIVE ANALYSIS. SELECTION OF ALTERNATIVES

oNOYTULT D WN =

The initial study to select the best alternative for thermal recycling of ABPs has been
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developed according to the following steps:
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- Definition of the processes to be studied
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- Comparison of the external services consumption
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- Comparison of the total annualized costs
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The study presented scales the experimental results previously obtained up to a
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continuous process at industrial scale, considering a raw material flow of 5000 kg/h
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of ABPs. A plant with this capacity could treat the waste generated in a standard city
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of medium-size, with a population of 300.000 inhabitants.
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3.1.Process description
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Figures 1 and 2 show the scheme of the thermal processes selected. Figure 1
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corresponds to the one whose core is the HTL technology and Figure 2 corresponds
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to the pyrolysis technology. Blocks and lines in black represent basic elements in the
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processes, while the optional ones are remarked in blue dotted lines.
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In the HTL process, a screw reactor is proposed since this type of reactor facilitates
the flow of wet heterogeneous solids. In the pyrolysis process, an inert fluidized bed
reactor has been selected, which facilitates the heat transfer to the sample and it is a

very common reactor used in pyrolysis processes of dry samples?.

In addition to using different reactors, Figures 1 and 2 show also some significant
differences between both processes. On one hand, the fact of working at high
pressure in the HTL technology forces to a semi batch discharge of the products in
the system. The collection lines and tanks of the different fractions must be
duplicated in order to keep the pressure inside the reactor while products are
discharged. On the other hand, as commented on previously, pyrolysis process
requires a feed drying step to remove the initial sample humidity. If this previous step
were omitted, the corresponding energy to evaporate the water should be anyway

supplied the fluidized bed reactor.

Additionally, the pyrolysis process needs an additional flow of inert gas that works as
carrier and fluidizing gas. The best option considered has been to produce N, in situ

from air in an auxiliary plant?2 (the oxygen produced could also be sold).
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As commented on before, the HTL process needs the presence of water as
extractive solvent. In the case of ABPs, it has been experimentally tested that when
the humidity of the raw material is around 40%, the water content in the sample is
not enough for carrying out the HTL process satisfactorily'®. This fact is due to the
formation of foams that makes difficult the scale-up of the process, being necessary
the increase of the water ratio. From data found in literature, a water content of 80%
was initially fixed?3. However, it has been experimentally checked that the ABP HTL

process is technically viable and easy to handle with water content above 60%1°.

The operational parameters selected in the HTL and pyrolysis processes as well as
data. related to yields and flows necessary for developing this study were those
obtained in batch reactors and scaled-up for a feed mass flow of 5000 kg/h

(Appendix 2 in Supporting Information).

In both processes, three fractions are formed: gas, liquid and solid. In the case of
HTL, the liquid fraction presents two phases: aqueous and organic. Except the
aqueous phase (obviously with high water content), the rest of fractions are

susceptible of being burnt. For this reason, it is expected that both processes lead to
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a similar energy recovery rates, consequently this aspect not allowing by itself

prioritizing one process over another.

oNOYTULT D WN =

13 3.2.External service consumptions

17 Water and energy are the external resources more highly consumed in both
2 processes, as it is deduced from Figures 1 and 2. A balance of these items has been
24 performed to obtain a first vision about which one of these processes can be more
28 interesting. Calculations have been performed according to the following

31 considerations:

Mill and mixer: energy demanded has been estimated from data obtained from

39 commercial information about industrial mills24 and mixers?25.

Dryer: energy calculated considering sensible heat of the raw material and

47 vaporization latent heat of water.

Pump: energy calculated considering the pressure increment in the pump (efficiency

55 estimated = 85%).
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Reactor: energy calculated considering sensible heat of the feed and its pyrolysis
enthalpy (400 kJ/kg?6) for the pyrolysis process. In the HTL system, the heat
requirements have been calculated as the heat needed for heating the sample as

well as the water and the HTL enthalpy.

Energy needed for biomass feeder (for the pyrolysis case): a screw has been
selected to transport the feed into the pyrolysis reactor. The value of the energy
consumed is very low comparing with the energy consumed in the reactor. Thus, it

has been included in the reactor value.

Gas supply system (for the pyrolysis case): a blower has been selected, since the
pressure drop estimated is lower than 1 bar. The energy consumed has been

included with that of the N, production plant.

Condenser and nitrogen production (for the pyrolysis case): a cooling tower is also
needed to cool down the cooling water used as refrigerant. The flow of water fed as

refrigerant has been estimated as the one evaporated in the cooling tower.

Appendix 3 (Supporting Information Section) shows the calculations performed to

estimate the values of the water and energy consumption in both processes. Table 3
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shows these values. As can be observed, the consumption of both resources in the

HTLA (working with a water content of 80%) is higher than that in the pyrolysis

process, due to the large flow of additional water used in the HTL system and

consequently, the large amount of energy required to increase its temperature and

pressure. Moreover, the HTL equipment cost will also be more expensive than that

of pyrolysis, due to the high pressures that it must support. Therefore, with these

considerations, the initial choice would be undoubtedly the pyrolysis process.

Table 3. Water and energy consumptions in HTL and pyrolysis processes referred to
a feed flowrate of 5000 kg/h of ABPs.

Flowrate Item Pyrolysis HTLA HTL® HTLC
Water added --- 9250 2074 0

Water Condenser 1409 --- --- ---

(ka/h) N, plant 555 --- - ---
production
TOTAL 1964 9250 2074 0
Mill 69 69 69 69
Mixer --- 3 3 3
Dryer 1651 - - -
Pump (high --- 46 23 16

Energy | pressure)

(kWh/h) | Reactor 702 3147 1272 839
N, plant 270 - - -
production
Pump for aqueous - - - 3
phase recycling
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TOTAL 2692 3265 1367 930

However, as was commented on previously, it was experimentally checked that ABP
HTL process could be also developed with a water content of 60%. Table 3 includes
the resources (water and energy) consumption corresponding to this percentage of
water content (HTLB). As can be seen, under this condition, the water consumption is

comparable to that of pyrolysis, the energy value being lower.

In order to minimize service consumption, a third scenario has been included in the
comparison, where the aqueous phase formed in the HTL process is recycled into
the reactor, avoiding the input of fresh water into the system (except the own
humidity of the initial raw material) and purging out only the required aqueous phase
amount to avoid any accumulation. According to the experimental results obtained®,
the recycled aqueous phase HTL process, with a water content of 60% in the system
is viable. Under these circumstances, the biocrude yield diminishes around 15%
respect to the run with fresh water and the recycled aqueous phase is saturated in
organic compounds with a mass fraction of around 18%. The reduction of the

biocrude is not a handicap vs. the advantage of reducing water and energy
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consumption. In other cases, with a different raw material, the presence of specific
organics in the aqueous phase recycled improves the biocrude yield, as it has been
previously shown working with lignocellulosic biomass?’. Table 3 also includes the
values corresponding to this scenario (HTLC). As it is observed, this option is much

more beneficial than the previous ones.

According to these results, it seems evident that, from the point of view of the
consumption of the resources most directly affected by the thermal processes
studied, the best thermal treatment for obtaining biofuel from this type of ABP
residues is the HTL process with recycling of aqueous phase. Therefore, and in
order to confirm these results an economic analysis must be done, as next step, to
know if the alternative selected is the most economical one or, on the contrary, its

cost is less favorable than that of pyrolysis.

3.3. Total annualized cost analysis

The economic analysis of the pyrolysis process as well as the HTL with aqueous
phase recycled has been performed. The total annualized cost (TAC) calculated

comprises the annualized capital costs (ACC) of the equipment (including the cost of
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the reactor, heat exchanges, mill and pumps, etc.) and the annual operational costs

(AOC) associated (eq 1):

Equipmet Equipmet

TAC = Z (Acc; + AoC;) = Z (CCj-erf +40G) (1)
j J

in which crfrepresents the capital recovery factor?® according to eq 2:

ir(L+ir)"

f = dxi =1 (2)

where /ris the fractional interest rate per year (10%) and n is the number of useful

years of the unit junder consideration (considered in general 8 years).

The capital costs of the equipments (CCj) have been estimated by applying scale
factors to the costs of the experimental pilot plant developed. The operational costs
for both systems have been estimated considering the services used in each
process and the energy and water prices for industrial consumers in Spain (0.1098

€/kWh and 0.00192 €/kg, respectively?%-30).

The cost values estimated are shown in Table 4. As can be seen, the capital cost of
the system needed is higher in the case of the HTL process due to the high-pressure

equipment required in this technology, as commented on before. However, when
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capital costs are annualized and added to operational costs, the weight of the capital

costs are minimised and the TAC of the HTL configuration, with recycled aqueous

phase, to obtain biofuel from ABPs is around 42% of the one corresponding to the

pyrolysis process, showing its great potential.

Table 4. Cost comparison of the HTL and pyrolysis processes.

HTLC Pyrolysis
Equipment capacity costs (€) capacity costs (€)
Mill+ mixer 1.4 m3 97000 2.7 m?3 60000
Pump (high pressure) 5000 kg/h 270000 - -
Pump (aqueous phase recycling) 3748 kg/h 125000 - -
Dryer - - 2.7 m3 60000
Reactor 22m3 450000 3m? 330000
Condenser - - 12 m? 30000
High-pressure container for product (2 | 2.6 m3/unit| 160000 - -
units)
High-pressure container for aqueous phase 0.54 50000 - -
(2 units) m3/unit
Container for liquid fraction (2 units) - - 1 m3/unit 10000
Container for solid fraction (2 units) - - 0.5 m3/unit 5000
Auxiliary plant (N>) - - 108 30000

kgNz/h

Valves, pipes, instrumentation and control - 150000 - 15000
CAPITAL COSTS (€) 1302000 540000
OPERATIONAL COSTS (€/h) 102.0 299.4
TOTAL ANNUALIZED COSTS (€lyear) 1059700 2496768

4. LIFE CYCLE ASSESSMENT METHODOLOGY
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According to the previous analysis, HTL with recycled aqueous phase is the most

beneficial process to obtain bio-fuel from ABPs, from an economic as well as from

the consumption of services, such as water and energy, point of view. To complete

this analysis, the Life cycle assessment3! (LCA) of the HTL with recycled aqueous

phase has been carried out. According to the standards3233, the LCA includes the

following steps:

scope definition of the study defining the corresponding boundaries of the

system,

- determination of the life cycle inventory (LCI) with all the inlet and outlet

streams of the system (environmental burdens),

- life cycle impact assessment (LCIA) to transform the previous burdens into

environmental impacts, and

interpretation of the results obtained.
Thus, this analysis will allow to develop a detailed study of the damage categories
and environmental impacts associated to this process and also to determine what

aspect(s) should be improved to become the process more sustainable.
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4.1.Model and System boundary

The functional unit used in this work to build the LCA model has been 1 metric ton of

ABP to be processed. The system boundary of this study covers the configuration of

the HTL process shown in Figure 3, including the aqueous phase recycling and the

combustion of the obtained products.

As was commented on previously, although the biofuel is the most interesting

fraction in this process, solids and gas fraction are also susceptible of being burnt.

The major calorific value is obviously shown by the biofuel (around 35 MJ/kg) which

is also the major fraction. Solids show a very low calorific value (around 2 MJ/kg)

because of its high percentage of ash. The yield of the gas fraction generated is very

low, mainly formed by CO,, and its energy use is not interesting. However, its

combustion could be beneficial to reduce the environmental impacts of its emission.

exhaust gas exhaust gas

Alternative 1 Alternative 2

gas gas
@ o]
ABPs biofuel o ABPs biofuel o
REACTOR i = *  REACTOR =
m m
= =

aqueous phase solids aqueous phase solids

1 purge ) ‘pulgc

ash
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exhaust gas
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ash
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Figure 3. System boundaries diagrams for the alternatives studied

Therefore, three different alternatives have been proposed and analysed by the LCA:
case 1) combustion of the biofuel, considering the solids and the HTL gas fraction as
waste; case 2) combustion of the biofuel and solids as fuels, and the emission of

HTL gas fraction; case 3) combustion of the biofuel, solids and HTL gas fraction.

4.2.Life cycle inventory (LCI) analysis

Five burdens have been selected to develop the analysis of the LCI: HTL gas phase,
combustion gases, aqueous phase, solids and electricity. Table 5 shows the total
load assigned to each burden for each one of the three alternatives considered
referred to the functional unit used in the present LCA. Appendix 4 (see Supporting
information) details the components of the mass flows emitted in each case as well

as the energy recovered from the combustion of the fuels. From the energy point of
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view, the combustion of solids increases the energy recovery in 3.4%, while the

oNOYTULT D WN =

value of HTL gas combustion is not significant. The effect of the initial raw material

11 considered as a waste, and its transportation have been neglected. Taking into

14 account the time scale used in this analysis and the general lifetime of the

18 infrastructures, their contribution to the LCA has been also neglected.

22 Table 5. Life Cycle Inventory referred to the functional unit used (1 metric ton of
24 ABP).

26 Biofuel Biofuel+solids | Biofuel+solids+gas
27 Burden
28 combustion | combustion combustion
30 HTL Gas phase (kg) 12.1 12.1 11.9

31 Combustion gases (kg) 1525.4 2154.2 2154.6
33 Aqueous phase (purge) 365.2 365.2 365.2

35 (kg)
37 Solid (kg) 214.5 42.2 (ash) 42.2 (ash)
Electricity demanded 185.9 185.9 185.9

40 (KWh)

44 As can be seen, the gas fraction in Appendix 4 (Table A4.1) includes components
from two different origins: components coming from the HTL gas fraction and
51 combustion gases coming from the combustion of the fuels produced. The flow of

combustion gases has been calculated from the elemental analysis of each fraction,
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considering the formation of CO,, H,O, NO and NO, (last two compounds in 95:5

ratio34) in the combustion reactions.

The energy consumption includes the items commented on previously and shown in

Table 3.

4 3. Life cycle impact assessment (LCIA)

The ReCiPe methodology3® has been used to transform the burdens of the LCI into
environmental impact indicators. The mid-point level with a hierarchism perspective
(H) has been initially selected. Eighteen impact subcategories were used in this
analysis: terrestrial acidification (TAP), terrestrial ecotoxicity (TETP), freshwater
eutrophication (FEP), freshwater ecotoxicity (FETP), marine eutrophication (MEP),
marine ecotoxicity (METP), agricultural land occupation (ALOP), urban land
occupation (ULOP), natural land transformation (NLTP), climate change (GWP),
human toxicity (HTP), photochemical oxidant formation (POFP), ozone depletion
(ODP), particulate matter formation (PMFP), ionising radiation (IRP), fossil depletion
(FDP), metal depletion (MDP) and water depletion (WDP). The midpoint level allows

comparing the contribution of each burden of the LCI (combustion gas, HTL gas
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phase, aqueous phase, solid fraction and energy) at each impact subcategory with a
lower uncertainty®. Thus, the model developed includes the effect of the different
burdens described previously in Tables 5 and Appendix 4 in proportion to their
magnitude in mass or energy units. The corresponding environmental impact

associated to the impact subcategory k is calculated as follows (eq 3):

Burdens
Environmental Impact Indicator(k) = z (IFyx + LCL,) (3)
14
where LCJ, corresponds to the burden p of the life cycle inventory and /F,, is the

impact factor of this burden p for the impact subcategory 4.

The hierarchism (H) perspective has been selected instead of the individualist (I) or
egalitarian (E) due to perspective H is based on the most common policy principles
with regards to time frame and other issues (e.g. 100 years for climate change or
terrestrial acidification). On the other hand, perspective | is based on the short-term
interest (e.g. 20 years time horizon for climate change or terrestrial acidification) and
perspective E is the most precautionary perspective (long-term interest, e.g. 500

years for climate change or terrestrial acidification).
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The impact factors applied in the analysis have been taken from the Ecoinvent Data
Base?” by using the allocation model at the point of substitution, and the updated
ReCiPe characterization factors®® for the case of the direct emissions to the
atmosphere. Table A4.2. (see Supporting Information. Appendix 4) lists the

compounds detected experimentally and the substitute ones used in this LCIA.

In order to facilitate the interpretation of the environmental damage relevance, the
ReCiPe metric also allows working at the end point level. This level of analysis
aggregates the different impact subcategories on three main impact or damage
categories in arbitrary units: human health, ecosystem diversity and resource
availability. In this sense, the ReCiPe Endpoint (H,A) level, i.e. by using the
hierarchist (H) perspective and the average (A) weighting, has also been used to

characterise the HTL process.

5. LCA RESULTS AND DISCUSSION

5.1.Mid-point level analysis (individual subcategories)

Figure 4 shows, for the three alternatives studied, the contribution of each one of the

LCI burdens at each one of the mid-point level impact subcategories analysed.
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According to Figure 4, the impact caused by the HTL gases is negligible,
independently of the impact category analysed, which is logical due to the low
percentage of gas fraction generated in the process. As can be seen, electricity
(energy consumption) mainly affects 8 subcategories: water, metal, fossil and ozone
depletion, urban and agricultural land occupation, natural land transformation and
ionising radiation. Gases resulting from the combustion are the main contribution in 5
subcategories: particulate matter formation, photochemical oxidant, human toxicity,
climate change and terrestrial acidification. Obviously, these impacts are not due to
the HTL process, but to the use of the fuels obtained. The maximum value of HTL
gas phase/combustion gas ratio is 1.1% in the climate change subcategory. In the
case of the climate change, if the CO, emissions from the gas stream are considered
as biogenic CO, due to the fact that came from a biomass waste, and therefore as a
neutral in the LCA, the corresponding contribution should be eliminated. In this case,
the main contribution in climate change would be the energy consumption with a
99.89%. Otherwise, its contributions are 7% or 4.8% depending on the waste

combustion.
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If the aqueous phase purge were spilled out without any control, it would mainly
affect the marine eutrophication and the marine, freshwater and terrestrial
ecotoxicity. However, it must be taken into account that this phase is not a waste but
could be a source of added value compounds, such as glycerine, or could potentially
be used as a fertilizer (high water percentage with nitrogen-containing compounds)
after the treatment needed. Thus for example, the use of lignocellulosic biofuel as
fertilizer3® as well as the aqueous phase resulting from fermentation processes*® has

been reported previously.

The main impact of the solids is on the freshwater eutrophication due to the
presence of phosphorous in the ash, which is present independently of the solid
treatment (combustion or not). Therefore, its discharge should be controlled to avoid

any damage to the environment.

As is observed, the three alternatives led to very similar results and in none of the 18
impact subcategories studied, the combustion of the three fractions presents benefits
compared to the combustion of only the liquid fuel. On the contrary, those five impact

subcategories more affected by combustion gases show lower values when solids
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and HTL gas fraction are not burnt without appreciating any increase in the impact

caused by these emissions. Only the marine eutrophication subcategory shows

slight differences among the alternatives in the impact caused by the solids, due to

the nitrogen content poured when this fraction is not burnt. In this case, the impact

reduction of the combustion gases in alternative 1 is compensated by the impact

increase of the solids, leading the three alternatives to similar results.

According to this analysis, the most environmentally friendly option seems to be the

alternative where only biocrude is burnt since the combustion gases produce lower

impact and no increase of the impact generated by the other burdens is detected.
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Figure 4. Contribution of the LCI burdens to the mid-point level impact subcategories

analysed.

A more detailed analysis was performed by comparing the individual contribution of
the components of the five LCI burdens by using a heat map. As an example, the
map corresponding to the first alternative, where only the liquid biofuel was burnt, is
presented in Figure 5. This figure allows visualising easily which components show
the highest effect on each impact subcategory (in red colour). As can be seen, and
as it was expected, in the group of combustion gases, CO, (#4) stands out for its
impact on the subcategory climate change while NO (#1) stands out in other 4
subcategories: terrestrial acidification, human toxicity, photochemical oxidant
formation and particulate matter formation. In the aqueous phase, 3 organic
compounds (1,4-diaza-2,5-dioxobicycle[4.3.0]Jnonane (#35), 2-methyl-9-
hydroxyphenalenone (#46) and cholest-5-en-3-ol(3.beta.) (49)) together with the
presence of nitrogen (#50) standing out among others. The phosphorous content in

the solid ash (#52) is also remarkable.
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Thus, while Figure 4 analyses the impacts of the five burdens studied, Figure 5
breaks these burdens down into 53 components, which allows us to know what
components generated in the process show the greatest negative impact on the

environment.

In addition, Figure 6 compares the values of the global warning potential per kWh of
energy produced from different sources. The data have been obtained from
Ecoinvent Data Base 3.4, using the impact category ‘climate change’ with
methodology ReCiPe at Midpoint (H) level. The figure includes the values
corresponding to the cases analysed in this paper. Due to the differences in the
boundaries of the analyses, the comparison cannot be considered as totally accurate
but it gives us a rough vision. As can be seen, the impact of the HTL process studied
is closer to photovoltaic more than biogas, natural gas or municipal waste

incineration, and obviously further than the fossil fuels.
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Figure 5. Heatmap of the contribution of the different compounds of the LCI (listed in
Appendix 4) to the impact subcategories, in the case of the HTL process considering
only the biofuel combustion (darker colors in the heatmap represent greater
impacts).

Legend: TA: terrestrial acidification, TET: terrestrial ecofoxicity, FE. freshwater eutrophication, FET:
freshwater ecotoxicity, ME: marine eutrophication, MET: marine ecotoxicity, ALO: agricultural land
occupation, ULO: urban land occupation, NLT: natural land fransformation, CC: climafe change, HT:
human toxicity, POF: photochemical oxidant formation, OD: ozone depletion, PMF: particulate matter

formation, IR. ionising radiation, FD. fossil depletion, MD. metal depletion, WD: water depletion.
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5.2.End point level analysis (aggregated categories)

37 Figure 7 evaluates the damage caused on the environment by the processes
studied, according to the end-point level (H) analysis. This figure compares the
44 results obtained for the three alternatives studied. As can be seen, there are not
differences by burning 2 or 3 fractions, which means that the combustion of HTL
51 gases hardly affects the environmental analysis since this phase is mainly formed by
CO,. According to these results, the three alternatives affect the resource depletion

58 at the same level while the alternative of burning only the liquid biofuel presents
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lower impacts on the human health and ecosystem quality categories. Table 6 shows

the contribution (arbitrary points) of each burden at the three main damage

categories. As was deduced from the mid-point level analysis, differences between

alternatives only affect combustion gases (both values presented in the table).
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Figure 7. Endpoint level analysis (H,A). Arbitrary points -normalized and weighted by

using the recommended average (A) weights.

Table 6. Contribution of each burden at the endpoint damage categories

Resource Human Ecosystem
depletion health quality
97.3 (case1) 194 (case1)
Combustion gas - 163.5 (cass2-3 0g 1 (case2-3
HTL gas phase - 0.34 0.21
Aqueous phase (purge) - 2.72 0.92
Solid - - 0.41
Electricity 3.05 3.58 1.80
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6. CONCLUSIONS

The objective proposed at the beginning of this work has been confirmed. The
comparison of two thermochemical processes, pyrolysis and hydrothermal
liquefaction, as alternatives for obtaining biofuel from animal by-products has been
carried out. The selection of hydrothermal liquefaction process with a water content
of around 60% and recycling the aqueous phase is the most favourable option. This
configuration avoids the drying step of the pyrolysis and reduces the water
consumption of the basic HTL process, which implies the reduction of the total

energy demanded.

The life cycle assessment of the alternative selected has been developed using the
ReCiPe 2008 methodology. The combustion of the fuel fractions obtained (liquid
biofuel, solid and gas fractions) has been included in the assessment. Five
environmental burdens: combustion gases, HTL gas phase, aqueous phase (purge),
solid fraction and electricity consumption have been analysed. Regarding at the
midpoint level, which analyses individually 18 damage subcategories, the electricity

demanded mainly impacts on 8 subcategories associated with land occupation and
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transformation, resource depletion and radiation. Combustion gases affect 5 damage
subcategories and they are the main contribution at 2 of the aggregated endpoint
damage categories: human health and ecosystem quality. Obviously, these gases
are not generated in the HTL process but in the combustion of the fuels produced.
Since the energy recovered by the combustion of HTL gas or solid fractions is low,
no benefits are obtained with the combustion of these fractions. In order to improve
the sustainability of the process, the use of subproducts must be studied, especially
nitrogen and phosphorous content in solids and the use of aqueous phase purge .
as fertilizer or source of added value compounds taking into account its content on

glycerine and other interesting compounds.
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Supporting Information

In Appendix 1, experimental data obtained in the HTL process with aqueous phase
recycled have been presented. In Appendix 2, the scale-up of the mass flow of the
streams involved in the HTL process with aqueous phase recycled as well as in the

pyrolysis process have been shown. Appendix 3 shows the calculation of energy and
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water consumptions in the process studied referred to a feed flowrate of 5000 kg/h of
ABPs. Additionally, Appendix 4 details the LCI burdens for the different alternatives
analyzed, and includes all the experimental compounds detected and the substitute

ones used in the LCIA.
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