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Abstract

Energy-driven biorefineries can be designed considering biotechnological and thermochemical conversion pathways. Nevertheless,
energy and environmental comparisons are necessary to establish the best way to upgrade lignocellulosic biomass and set the
requirements of these processes in different scenarios. This paper aims to evaluate experimentally a biorefinery producing energy
vectors using coffee-cut stems (CCS) as feedstock. The obtained yields were the basis for energy and environmental analysis, in two
different biorefinery scenarios: (i) production of bioethanol and biogas and (ii) production of syngas and electricity. The energy
results indicated that the overall energy efficiency calculated in the first scenario was only 9.15%. Meanwhile, the second biorefinery
configuration based on thermochemical routes presented an energy efficiency value of 70.89%. This difference was attributed to the
higher consumption of utilities in the biorefinery based on biotechnological routes. The environmental results showed that the
impact category of climate change for the first biorefinery (i.e., 0.0193 kg CO, eq./MJ) had a lower value than that of the second
process (i.e., 0.2377 kg CO, eq./MJ). Thus, the biorefinery based on the biotechnological route presented a better environmental
performance. Additionally, the results for both biorefineries allowed concluding that the inclusion of by-products and co-products in
the calculation of the environmental analysis can dramatically affect the results.

Keywords Anaerobic digestion - Agricultural waste upgrading - Biomass gasification - Energy evaluation - Energy-driven
biorefineries - Life-cycle assessment

Introduction

Renewable energy has been used as an alternative to mitigate
the environmental impact caused by the excessive use of fossil
fuels in the last years (Ahmed et al. 2012). Indeed, renewable
energy has supplied 11% of the energy demand in the world
since 2017 (REN21. 2018). Different energy sources such as
sunlight, wind, hydropower, and biomass have been
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researched as an alternative to produce reliable, affordable,
and clean energy (i.e., to guarantee energy security). Solar
and wind energy generation systems are the most studied re-
newable energy production pathways in different countries.
For instance, the conversion efficiency of photovoltaic panels
is affected by the system temperature. Thus, phase change
materials have been considered as an alternative to holding
the temperature in the desired range (Hussain et al. 2017).
On the other hand, wind turbines are improved using mechan-
ical and aerodynamic concepts to reduce the cost of the gen-
erated energy (Ferguson 2008). Nevertheless, these ways to
produce renewable energy require large areas, which could
not be available in different countries. Besides, solar and wind
energy systems have not received the same level of develop-
ment in the world (Junginger et al. 2014). Therefore, the re-
search based on biomass, as an energy source, is essential to
support the implementation of renewable energy systems in
other regions such as Africa, Oceania, and South America.
Biomass has been considered as one of the most important
alternatives to produce clean energy in the world. This
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renewable resource has been used to supply the energy needs
of the industrial, transport, building, and residential sectors
through the implementation of large- and small-scale applica-
tions (Cardona Alzate et al. 2018). In this way, biomass has
been used to produce either heat or energy vectors (e.g.,
bioethanol, biogas, and syngas) (Solarte-Toro et al. 2018;
Smuga-Kogut et al. 2019). Biomass is applied to produce
direct heat (82.28%), biogas (15.60%), and liquid biofuels
(2.12%) in the world (Eurostat 2017). Nevertheless, these
shares vary depending on geopolitical and technological de-
velopment aspects in each region and country. On the other
hand, biomass can be classified regarding the source/origin as
first-generation, second-generation, and third-generation raw
materials (Moncada et al. 2014). From these categories,
second-generation biomass can be preferred as feedstock in
energy conversion processes to avoid the disjunction between
food and energy security linked to the use of first-generation
biomass (i.e., edible crops) (Koizumi 2015). Moreover,
second-generation biomass can be upgraded through the im-
plementation of biochemical and thermochemical processes to
obtain different products able to be used in energy-driven or
product-driven applications (Aristizabal-Marulanda et al.
2019; Ho et al. 2019).

Bioethanol and biogas are energy products used today
widely in urban transport, heating and industry (Kaparaju
et al. 2009). These products are obtained through alcoholic
fermentation and anaerobic digestion of the cellulose and
hemicellulose content of second-generation biomass
(Deublein and Steinhauser 2010; Requejo et al. 2012).
Bioethanol production has been researched and implemented
considering different perspectives such as operation mode
(e.g., batch, semi-batch, and continuous) (Santos et al.
2015), technologies (e.g., extractive fermentation and simul-
taneous saccharification and fermentation) (Palacios-Bereche
et al. 2014), inhibitors concentration (e.g., furfural and
hydroxymethylfurfural), and kinetics (Jarbezki 1992). This
energy vector shares part of the total energy demand in the
transport sector through blends with gasoline. Biogas is an
alternative fuel to produce heat and power using cogeneration
systems (Wellinger et al. 2013; Kapoor et al. 2019). Biogas is
a mixture of gases composed mainly of methane (CH4) and
carbon dioxide (CO,). Aspects such as inoculum to substrate
ratio, carbon to nitrogen ratio, volatile matter concentration,
pH, and substrate alkalinity are the main parameters evaluated
by different researchers to maximize the yields and methane
content (Angelidaki et al. 2009).

Regarding thermochemical conversion of second-
generation biomass, high temperatures, low residence times,
and different thermal degradation environments are the main
characteristics of this process (Brown 2011). The thermo-
chemical conversion routes are pyrolysis, combustion, and
gasification. Pyrolysis includes the thermal degradation of
biomass at 300 °C in a non-oxidizing atmosphere (i.e.,

nitrogen). Moreover, this process can be classified in slow
and fast pyrolysis depending on the heating rate of the process.
The main products of this process are biochar (slow pyrolysis)
and bio-oil (fast pyrolysis) (Alvarez et al. 2018; Weber and
Quicker 2018). In contrast to biomass pyrolysis, biomass
combustion produces direct energy in an oxidizing atmo-
sphere (e.g., air, oxygen) through the recovery of the thermal
energy available in the biomass source. This process involves
temperatures higher than 800 °C and low-pressures (Zhang
et al. 2010). Finally, the gasification process is defined as the
partial oxidation of biomass to produce a mixture of gases
called syngas, which is composed of hydrogen (H,), carbon
monoxide (CO) and other compounds like methane (CH,4) and
carbon dioxide (CO,) (Molino et al. 2016). Syngas composi-
tion varies as a function of the oxidizing agent (i.e., steam,
oxygen, and air), feedstock, gasifier design, and process tem-
peratures. Besides, char and ash are produced in this process,
which can be used as a soil improver and concrete additive
(Pels and Nie 2005; Fryda and Visser 2015). Biomass com-
bustion is the most applied technology in the industry.
Nevertheless, the use of pyrolysis and gasification has been
increased over the years. Indeed, several gasification facilities
are operating around the world (GSTC 2019). From these
facilities, 10% are using second-generation biomass as raw
material.

Second-generation raw materials such as sugarcane ba-
gasse, rice husk, corn cobs, olive tree pruning, and switchgrass
can be used to produce both bioethanol and biogas (Contreras
et al. 2012; Quintero et al. 2013; Simo et al. 2016; Sritrakul
et al. 2017). Nevertheless, yields and productivities are affect-
ed by the operating conditions of the production process as
well as biological variables associated with the microorgan-
ism. On the other hand, thermochemical processes have been
used to upgrade numerous raw materials such as oil palm
fronds, sugarcane bagasse, woods, rice husk, and sawdust
(Ahmed and Gupta 2012; Yoon et al. 2012; Guangul et al.
2014). In the Colombian context, coffee is one of the most
important crops due to the coffee productive chain supporting
the creation of jobs in the agricultural and industrial sectors.
Coffee contributes with an important share of the national
gross domestic product (GDP). Even so, this crop generates
different agricultural residues such as coffee husk (CH), coffee
pulp (CP), and coffee-cut stems (CCS), which can be
upgraded to produce several products via biochemical and
thermochemical conversion (Solarte-Toro et al. 2020). CCS
obtained periodically after coffee tree renewal are considered
as a potential feedstock for many processing routes based on
the high content of natural biopolymers such as glucan, xylan,
mannan, arabinan, and galactan, which can be converted into
soluble Cg and Cs sugars (Triana et al. 2011). Moreover, CCS
are produced at high rates in the field (i.e., 0.6 kg per kg of
coffee cherry processed). In fact, the production rate of CCS
was 60 t/h in 2017 (MinAgricultura 2017). For these reasons,
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a special interest has been focused on the use of CCS as feed-
stock in different biorefinery configurations in the Colombian
context.

Different biorefinery configurations to upgrade CCS have
been reported in the open literature (Aristizabal et al. 2015).
Nevertheless, indicators related to energy efficiency, carbon
conversion efficiency, and self-generation are not reported for
biochemical and thermochemical energy-driven biorefineries
based on this residue. Besides, a comprehensive environmen-
tal analysis of biorefinery systems using CCS as raw material
using the life-cycle assessment (LCA) methodology has not
been described in the open literature. In this way, the present
study aims to compare, based on experimental data, the
upgrading of CCS via biotechnological and thermochemical
conversion pathways considering energy and environmental
indicators.

Materials and methods
Raw material characterization

CCS were obtained from a farm placed at Salamina,
Caldas, Colombia (N 5° 22’ 19.56" O 75° 29" 45.718").
The physicochemical characterization of this raw material
was done using the National Renewable Energy
Laboratories (NREL) standards to determine the extrac-
tives content. On the other hand, the Technical
Association of the Pulp and Paper Industry (TAPPI) meth-
odologies were applied to find the cellulose, hemicellu-
lose, acid-insoluble lignin, and acid-soluble lignin con-
tent. Aristizabal-Marulanda et al. (2019) has reported the
detailed protocol and standards to perform the characteri-
zation based on the abovementioned international proce-
dures. Moreover, the proximate analysis to determine the
volatile matter (VM) and fixed carbon (FC) contents of
CCS was performed following ASTM standards. Table 1
presents all the methods applied to perform the complete
characterization of CCS. Finally, the carbon (C), hydrogen
(H), and oxygen (O) content of the raw materials, as well
as the high heating value (HHV), were determined using
the empirical correlation proposed by Nhuchhen and
Abdul Salam (2012).

Configurations of CCS biorefinery

In this study, two energy-driven biorefineries (biorefineries
designed mainly for obtaining energy vectors) were proposed.
The first biorefinery is addressed to produce bioethanol and
biogas. Meanwhile, the second biorefinery is focused on the
production of syngas and electricity. The complete flowsheet
of'both biorefineries is presented in Fig. 1. A detailed descrip-
tion of each one of the stages involved in the proposed
biorefineries is described in the following subsections.

Energy-driven biorefinery based on biotechnological
conversion routes

This biorefinery produces bioethanol and biogas. The first
stages correspond to the particle size reduction of the raw
material. CCS were sun-dried and cut in slices of 0.3—-0.5 cm
of width and 1.0-3.0 cm of diameter using a bandsaw (DeWalt
DW?731) in the first particle size reduction stage I (see Fig. 1).
Then, the obtained slices were dried in a convective oven
(Thermo Precision model 6545) at 40 °C for 24 h. The slices
of CCS obtained in the first particle size reduction stage were
milled until reaching a particle size between 0.425 mm
(40 U.S. mesh size) and 0.250 mm (60 U.S. mesh size) using
a knife mill (Thomas Model 4 Wiley® Mill) in the particle
size reduction stage II. A re-milling process was necessary to
acquire sufficient material at the desired particle size. Finally,
the milled CCS obtained in the second particle size reduction
stage were divided into two fractions to perform the chemical
characterization process and the production of bioethanol and
biogas.

Dilute acid pretreatment is one of the most common and
efficient methods to pretreat lignocellulosic biomass (Solarte-
Toro et al. 2019a). This pretreatment is focused on dissolving
the hemicellulose content of biomass resources. Moreover, the
dilute acid pretreatment method increases the enzymatic di-
gestibility of different raw materials improving the overall
bioethanol and biogas yields (Demiray et al. 2019).
Moreover, the effect of the dilute acid pretreatment on the
physicochemical properties and the overall sugars yields for
the specific case of CCS has already been reported (Solarte-
Toro et al. 2020). Thus, the dilute acid pretreatment was se-
lected as the pretreatment stage in the biorefinery based on

Table 1 Methods applied to

determine the complete Raw material constituent

Methodology/standard Reference

characterization of CCS
Moisture

Extractives

Cellulose, hemicellulose, lignin
Ash

VM

ASTME 871 — 82
NREL/TP-510-42619
T 249-85

ASTM D 1102
ASTME 872 - 82

(ASTM E871-82 2019)
A. Sluiter et al. (2008)
(T 249:1985 1985)
(ASTM E870-82 2019)
(ASTM E872-82 2013)
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Particle size reduction I
0.5-1cm
Particle size reduction II
(0.425 and 0.250mm)

Analysis

Glucose, xylose and furans C5 sugar

Dilute-acid hydrolysis

Chemical characterization
Washed

Analysis
Glucose and xylose

Enzymatic hydrolysis

C6 sugar
Chemical characterization

furans

Chemical characterization
Moisture, extractives, cellulose, hemicellulose,
lignin, ashes and furans
Proximate analysis
Volatile matter, fixed carbon, ash

Elemental analysis y
Carbon, hydrogen, oxygen and HHV

'—P( Solid ) Moisture, cellulose, hemicellulose, lignin and
furans

b Coffee cut stems
Particle size reduction I
(0.5-1cm)

A

|

ying

SYNGAS

v
Gasification |—>

Moisture, cellulose, hemicellulose, lignin and BIOETHANOL

—b| Fermentation l

Syngas

> Anaerobic digestion l

Analysis

BIOGAS CO, CO;, Hy CHy, 0; and calorific value

ELECTRICITY

Fig. 1 Flowsheet of the experimental CCS biorefineries. a Energy-driven biorefinery based on biotechnological conversion pathways. b Energy-driven

biorefinery based on thermochemical conversion pathways

biotechnological routes. A sample of 25 g was mixed with
sulfuric acid at 2% (v/v) to obtain a 1:10 solid-liquid mass
ratio in Schott glass bottles of 250 mL (Aristizabal
Marulanda 2015). The operating conditions of the dilute acid
pretreatment were 115 °C and 2 atm for 3 h. Once the reaction
time was completed, the Schott bottles were cooled until room
temperature. Then, the solid and liquid fractions were separat-
ed by vacuum filtration. The remaining solid was character-
ized to obtain the chemical composition of the raw material
after pretreatment. This fraction is used further as a substrate
for the enzymatic hydrolysis process. This pretreatment was
done in triplicate.

The remaining solid obtained in the pretreatment was
washed with abundant distilled water until neutral pH. The
solid was dried in a convective oven at 40 °C for 48 h.
Then, the moisture content was determined by applying the
method reported in Table 1. The pretreated CCS (14 g) were
suspended in 300 mL of 0.05 N (pH 4.8) citrate buffer solu-
tion. Moreover, the enzyme used was a Trichoderma ressei
cellulase preparation (Cellic Ctec2), kindly provided by
Novozymes (Denmark). The enzymatic hydrolysis operating
conditions were 50 °C and 130 rpm using an incubator
(Binder BD 115- UL) and an orbital shaker (DLAB SK -
0330 — Pro), respectively. The enzyme dosage was estimated
considering the Cellic Ctec2 enzyme activity (i.e., 145+£3.19
filter paper units (FPU) per mL). Thus, an enzyme dosage of
20 FPU per gram of dried solid was used. The enzyme activity
was determined using the protocol described in the technical
report NREL/TP-510-42628 (Adney and Nrel 2008). The sol-
id fraction was mixed with the buffer solution at a 1:7.5 ratio
(% w/v) corresponding to 140 g/L. Samples were withdrawn
throughout the enzymatic process. Finally, the samples were
analyzed by HPLC for the determination of glucose and xy-
lose concentration. At the end of enzymatic hydrolysis,

vacuum filtration was used to separate the solid and liquid
fractions. The exhausted solid obtained in the enzymatic hy-
drolysis process was dried in an oven at 40 °C for 48 h, and the
moisture content was measured. Additionally, this fraction
was characterized using the procedure mentioned in Table 1.
The enzymatic hydrolysis assays were performed in triplicate.

The strain of commercial origin (ATCC 9763)
Saccharomyces cerevisiae yeast was employed (Mariscal
Moreno 2011). The liquid fraction generated in the enzymatic
hydrolysis was used as a culture medium for yeast propaga-
tion and ethanol production. Before these procedures, the cul-
ture medium was sterilized at 121 °C, 2 atm for 15 min. The
cell growth was the same in a medium with and without nu-
trients. Therefore, the addition of nutrients was not considered
in the assays. It was verified experimentally. Initially, the yeast
was adapted to the culture medium in an aerobic environment
at 32 °C, 180 rpm, and a volume corresponding to 10% of the
total vessel (Erlenmeyer of 300 mL). Each propagation was
carried out for 24 h with continuous cell replicate until
reaching a concentration greater than or equal to 1.7%10’
cell/mL in the fermentation volume. The quantification of cell
growth in the propagation and fermentation cases was per-
formed using the Neubauer chamber counting method.
Finally, the fermentation process was carried out in an
Erlenmeyer of 300 mL under anoxic conditions, 30 °C,
100 rpm, and a volume corresponding to 80% approximately,
of'the total volume. The pre-inoculum corresponded to 10% of
fermentation volume. Samples were withdrawn between 0
and 24 h and analyzed by HPLC and GC-FID for the deter-
mination of sugars and ethanol content, respectively. The fer-
mentation assays were performed in duplicate.

The solid fraction produced in the enzymatic hydrolysis
was used as the substrate to produce biogas through an anaer-
obic digestion. The standard method VDI 4630, published by
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the Association of German Engineers, was applied to set up
the operating conditions of the biochemical methane potential
assays (BMP). Indeed, the anaerobic digestion process was
done at mesophilic conditions (37 °C) for 20 days and using
an inoculum to substrate ratio of 0.4 g of volatile solids (VS)
of substrate per 1 g of volatile solids of the inoculum (VS).
Moreover, the headspace in each assay was about 25%.
Sludge from an upflow anaerobic sludge blanket (UASB) re-
actor installed in a coffee processing wastewater treatment
plant located in Chinchina, Caldas (4°58'50"N, 75°3627"0)
, was used as the inoculum (VDI 2006). Airtight glass vessels
were used to carry out the anaerobic digestion process. Then, a
free-oxygen atmosphere was ensured using nitrogen (N,). The
biogas production was monitored daily, applying a volumetric
method (Angelidaki et al. 2009). The pH of the water was
decreased using sulfuric acid to avoid high carbon dioxide
solubilization (Walker et al. 2009). The CH4 and CO, content
of the biogas produced in each assay were quantified using a
gas analyzer equipment (i.e., Gasboard 3100P, Wuhan,
China).

Energy-driven biorefinery based on thermochemical
conversion of CCS

The same particle size reduction stage I described above was
required in the biorefinery based on thermochemical
upgrading. CCS were gasified using a 10-kWe pilot-scale
air-downdraft gasifier (Garcia et al. 2017b). A schematic rep-
resentation of this pilot-scale air-downdraft gasifier is present-
ed in Fig. 2. The process involves the production of syngas,
char, and ash. In this way, the syngas composition was mea-
sured using a portable gas analyzer (Gasboard—3100P,
Wuhan, China). With this equipment, volumetric composi-
tions of O,, CO, CO,, H,, CHy, and C H,, (e.g., ethane and
propane) were determined. Finally, the carbon conversion and
cold gas efficiency of the process were calculated using the
mass balances obtained in the gasifier (Atnaw et al. 2013).
Moreover, the global energy balance was performed using
the heating value of the produced syngas and the raw material
to identify the energy losses during the process. The electricity
production was carried out burning the syngas in a spark gas
engine Kubota model DG972 and electrical generator Mecc-
Alte ECO3N-4.

Chemical and crystallinity analysis

Determination of furans compounds

The furfural and hydroxymethylfurfural (HMF) concentra-
tions were determined using a method based on UV spectra
as described by Martinez et al. (2000) using a Jenway 6405

UV/Vis spectrophotometer. The detailed procedure is present-
ed by Aristizdbal-Marulanda et al. (2019).

@ Springer

Determination of ethanol

Ethanol was measured using a gas chromatograph (GC) sys-
tem (Agilent Technologies 6850 Series II) equipped with a
Flame Ionization Detector (FID). The detailed procedure is
described by Aristizabal-Marulanda et al. (2019).

Crystallinity index analysis

The crystallinity index is an assay widely used to evaluate the
crystallinity of lignocellulosic biomass. In this work, the pur-
pose is to analyze the differences between the raw CCS,
pretreated material, and the remaining solid from the sacchar-
ification process. For this, a RIGAKU MINIFLEX II diffrac-
tometer, using a Cu-Ka radiation at 30 kV and 15 mA with a
scan rate of 5° (20), a sample width of 0.02° (20), and over a
range from 5° to 50° (20) was used. The crystallinity index is
defined as the crystalline to amorphous ratio, and it is calcu-
lated following a simple equation (Segal et al. 1958).

Tooo—Iam

%Crl = x 100

Too2

where Iy, is the maximum intensity of the diffraction at
20~22.6° 1, is the minimum intensity of the diffraction at
20=19°.

The data acquisition of these intensities was done with the
software packages of Origin 8.6®.

Energy and environmental analysis

The proposed energy-driven biorefineries were evaluated con-
sidering the energy requirements in terms of thermal (i.e.,
cooling water and steam) and power needs. This evaluation
was performed in the simulation tool Aspen Plus v.9.0 using
the mass balances obtained in the experimental section. From
this, the energy requirements of both processes were calculat-
ed in terms of heat (Q) and power (W). In the case of the
energy-driven biorefinery based on biotechnological conver-
sion pathways, a pinch analysis was done to reduce the flow of
steam and cooling water required. Indeed, the Aspen Energy
Analyzer v.9.0 software was used to accomplish the design of
the heat exchanger network. This procedure was not carried
out for the second biorefinery due to the gasification system
used to produce electricity already has been thermally
integrated.

A set of indicators were used to evaluate the energy perfor-
mance of each biorefinery. These indicators are as follows: (i)
the overall energy efficiency (1), (ii) specific energy consump-
tion (Sgc), (iii) resource-energy efficiency (mg), (iv) self-
generation index (SGI), and (v) carbon conversion efficiency
CE. A brief description of each indicator and the equation
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Fig. 2 Process flow diagram of the pilot-scale GEK TOTTI system

used in the calculation procedure are summarized in Table 2.
These indicators are the basis to compare the energy efficiency
of the proposed biorefineries. This approach is also used for
the analysis of energy behavior in a single process, making it
possible to detect possible points to be improved. The high
heating value (HHV) of the raw material, as well as the overall
energy balances, are the main input data for calculating these
indicators. It is important to note that this approach should be

used carefully to perform the energy analysis of product-
driven biorefineries because most of these indicators are
expressed as a function of the energy content of the final
products.

For the environmental assessment of both biorefineries, the
life cycle assessment (LCA) methodology was applied. This
tool is widely used to quantify the environmental impact of a
product, service, or process throughout its life cycle. This

Table 2 Energy indicators used to evaluate the performance of the proposed biorefineries

Indicator Description

Equation Reference.

Overall energy efficiency
consumption of the biorefinery.

Specific energy
consumption

Self-generation index

power requirements of the biorefinery.

Carbon conversion
efficiency

content of the raw material.

This relates the output energy to the total energy

This expresses the ratio of the total energy consumption
of the biorefinery and the mass flow of feedstock.
Resource energy efficiency This comprises the ratio between the energy content o
the raw materials and products of the biorefinery.
This involves the ratio between the energy derived from SGI =

the biorefinery products and the heating, cooling, and

This relates the mass of carbon present in the desired
products of the biorefinery respect to the carbon

i ﬂ:ZKﬁProduas “LHVproducts
(mccs *LHVccs ) +Qrotal +Wrotal
Skc :Q.T.oml W
mees

(Garcia et al. 2017a)

(Ruiz-Mercado et al. 2012)

£ e :le}pmdum *LHV products
mecs *LHVces
Mproduct *LHVPmduu) *Nconversion
Qrotal +Wotal

(Ruiz-Mercado et al. 2012)

(Ortiz-Sénchez et al. 2020)

CE = mg in energy—driven products ( Atnaw et al. 201 4)

mc in ccs

m Products Mass flow of products (kg/h), n.1ccs mass flow of CCS, LHV p,,q1.c1s the lower heating value of the products, LHV cg the lower heating value of

CCS, mc i ccs mass flow of elemental C in CCS, m¢ i energy—driven producis mass flow of elemental C in energy-driven products, 7comersion the conversion

efficiency of engines (30%), Qnmz net thermal needs, WTM, net power needs
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methodology aims to identify the environmental hotspots of
any type of process (Garcia et al. 2017c; Cherubini and
Jungmeier 2010). For instance, Joglekar et al. (2019) have
used the LCA methodology to evaluate the environmental
performance of a fruit peel waste biorefinery designed to pro-
duce phenolic compounds, essential oil, methane, and syngas.
In the present work, the software SimaPro v8.3 (PRe
Sustainability, Netherlands) and the Ecoinvent 3 database
were used to determine the environmental impact of the
cradle-to-gate approach, which includes the CCS production
(i.e., germination, nursery, site preparation, stage of vegetative
growth, production stage, and cutting) as well as the produc-
tion processes involved in the two energy-driven biorefineries.
The impact assessment of the biorefineries was performed
using the characterization method of ReCiPe Midpoint (H -
hierarchist version) v1.13. Climate change (CC), freshwater
eutrophication (FE), human toxicity (HT), freshwater
ecotoxicity (FET), agricultural land occupation (ALO), and
fossil depletion (FD) were some categories involved. An eco-
nomic allocation was considered to distribute the environmen-
tal burdens between the products of each biorefinery, given
the importance of profitability for further decisions. As the
products of biorefineries have energy features, the generation
of 1 megajoule (MJ) of energy was chosen as the functional
unit. Meanwhile, a functional unit of 1 Ha of coffee was se-
lected in the CCS production stage (Aristizabal-Marulanda
et al. 2019). The mass and energy balance were used as input
and output data for each biorefinery. A detailed inventory of
the CCS production was used based on data reported by
Aristizdbal-Marulanda et al. (2019).

Results and discussion

The results obtained for both biorefineries in terms of conver-
sions, yields, energy performance, and environmental impact
were divided into two sections to describe the experimental
and simulation results (i.e., energy assessment). The first re-
sults section describes de experimental results of both
biorefineries. Meanwhile, the second section resumes and
compares the energy and environmental results.

Experimental results

Table 3 shows the physicochemical characterization of CCS,
which is the starting point to calculate the yields of the
biorefinery stages. The chemical composition indicates that
CCS can be a promising material for both fermentable sugars
and energy production due to the content of holocellulose
(cellulose and hemicellulose) and lignin, respectively.
Aristizabal et al. (2015) reported a chemical composition for
CCS 0f 40.39+£2.2, 34.01 £1.20, 10.13£1.30, 1.27+0.03,
and 14.18 +£0.85% wt of cellulose, hemicellulose, lignin,
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ash, and others, respectively. The main differences of these
values with those presented in Table 3 are in hemicellulose
and lignin content that can be related to different coffee vari-
ety, culture conditions, and place of origin, among others. The
results of the proximate analysis for CCS can be used to de-
termine the feasibility of this raw material to be upgraded
using biomass gasification as a thermochemical pathway.
For example, the volatile matter (VM) to fixed carbon ratio
(FC) can be calculated. Indeed, the VM/FC ratio for CCS was
4.18. According to the All Power Labs industry, the recom-
mended VM/FC ratio should be in the range from 3 to 4 (All
Power Labs 2015). Therefore, CCS could be considered as an
available raw material to be used in this process. This ratio is
slightly higher but involves an acceptable volatilization rate of
the raw material during the thermal decomposition in the gas-
ification process. Last implies to reach proper temperatures in
the process (i.e., 850 °C). Moreover, CCS is a hardwood ma-
terial with a relatively high bulk density (i.e., 18 kg/m?),
which avoids issues such as bridging, rat-holding, and bind-
ing. The ultimate analysis of the raw material gives the H/C
and O/C ratios. These are categorized as fuel properties. In
fact, high O/C ratios are associated with lower heating values
(LHV) due to the reduction of the heating value when the
oxygen content in biomass is high, while higher H/C ratios
imply high heating values. In the case of CCS, these ratios
were 0.67 and 1.44, respectively, which are similar to those
reported for wood biomass commonly used in thermochemi-
cal conversion processes (i.e., according to the Van Krevelen
diagram) (Peters et al. 2016). Finally, the results obtained of
both proximate and ultimate analysis are similar to other raw
materials tested as feedstocks in biomass gasification process-
es such as Pinus patula, oil palm fronds, orange peel waste,
rice husk, and sugarcane bagasse (Ahmed and Gupta 2012;
Yoon et al. 2012; Garcia et al. 2017a).

Energy-driven biorefinery based on biotechnological
conversion pathways

The experimental results obtained in this biorefinery are relat-
ed to the dilute acid pretreatment, enzymatic hydrolysis, eth-
anol fermentation, and biogas production. Thus, the results are
described in this order. The dilute acid pretreatment is per-
formed to disrupt the lignocellulosic matrix of the CCS in
oligomers and monomeric sugars through the cleavage of glu-
cosidic bonds (He et al. 2014). This process was analyzed
considering hemicellulose conversion, xylose yield, furfural
concentration, and solids recovery. However, the obtained re-
sults must be compared with those obtained for similar woody
raw materials due to the few reports of pretreatment for CCS
in the open literature. CCS are classified as angiosperm hard-
wood, allowing these comparisons.

Regarding the hemicellulose conversion, the CCS pretreat-
ment allows obtaining a conversion into oligomers and
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Table 3 Physicochemical

characterization of CCS and other Item CCS* Pinus patula (Garcia-Velasquez Oil palm fronds
raw materials and Cardona 2019) (Solarte-Toro et al. 2018)
Moisture 9.38+1.11 9.21 9.68 +0.39
Chemical composition (% w/w dry)
Cellulose 37.81+0.36 44.78 37.92+4.39
Hemicellulose 11.99+0.02 23.75 20.88+3.37
Klason lignin 28.10+3.12 20.22 15.64+0.67
Soluble acid lignin 11.12+1.13 NR** NR#**
Extractives 10.06+0.13 11.0 14.08+0.91
Ash 0.92+0.05 0.25 1.80+0.11
Proximate analysis (% w/w dry)
Volatile matter 79.12+0.61 82.14 83.47+0.21
Ash 1.99+0.01 0.23 1.80+1.12
Fixed carbon 18.89+0.64 17.64 14.73+0.91
Elemental analysis (% w/w dry)
Carbon 48.55 49.78 44.53
Hydrogen 5.88 6.03 5.75
Oxygen 43.57 44.19 49.41
HHV (MJ/kg) 19.34 18.48 18.56
*This work
**Not reported

monomeric sugars of 87.38%. This result is comparable with
the conversions reported for several raw materials such as
rapeseed straw, aspen wood, and yellow poplar (Allen et al.
2001; Wang et al. 2012; Kuglarz et al. 2018). On the other
hand, the xylose yield of the pretreatment process was 8.29 g/
100 g of CCS. This value is similar to the reported values for
other angiosperm hardwoods pretreated by this method.
Indeed, xylose yields (10—14 g/100 raw material) were obtain-
ed during the dilute acid pretreatment process of basswood
(Jensen et al. 2008). Another important aspect to consider
during the dilute acid pretreatment of biomass is the formation
of inhibitory compounds. In this process, a concentration of
1.85 g/L and 4.44 g/L of furfural and HMF were obtained,
respectively. These results indicate partial dehydration of the
xylose and glucose product of the hemicellulose and glucose
solubilization. However, the concentrations obtained in these
experiments are near those compounds concentrations of
hardwoods such as Fucalyptus globulus chips and olive tree
biomass at high temperatures (i.e., 140-200 °C), low resi-
dence times (i.e., 5-10 min) and low acid concentrations
(i.e., 0.5-2.0% w/w) (Wei et al. 2012; Martinez-Patifio et al.
2017). Finally, the solids recovery was analyzed to compare
the yield of solids obtained in this process. The solids recovery
in the dilute acid pretreatment of CCS was 61.67%, which is
in agreement with the results reported for Artichoke stalks
(Dziekonska-Kubczak et al. 2018). Thus, the operating condi-
tions selected to perform the dilute acid pretreatment of CCS

gives good results in terms of low inhibitory compounds con-
centration, high xylose production, and high-pretreated solids
recovery. These conditions are ideal for the biorefinery pur-
pose given the limitation of overliming and high possibilities
to produce a glucose concentrated liquor in the saccharifica-
tion stage. Nevertheless, different conditions should be
assessed to find similar results without expending high
amounts of energy due to the long residence time applied in
this work.

The saccharification stage was performed using the remain-
ing solid from the dilute acid pretreatment process. Liquor
with a glucose concentration of 14.5 g/L was obtained after
72 h of hydrolysis using Cellic CTec2 as an enzymatic cock-
tail. Nevertheless, the solid characterization before and after
the enzymatic hydrolysis only accounts for 20% of cellulose
conversion. This result is lower than the conversions reported
using this enzymatic cocktail (Rodrigues et al. 2015).
Conversions higher than 60% were reported by Ramos et al.
(2015) at similar operating conditions (i.e., 150 rpm, 5% total
solids, 18 FPU/g substrate). The low cellulose conversion af-
ter 72 h of hydrolysis can be explained by analyzing the crys-
tallinity of the solid before the process. Indeed, the solid used
in the saccharification process has a high crystallinity index,
which means a high difficulty of the enzymes to degrade the
cellulose (Yoshida et al. 2008). This high crystallinity index
could be a result of the drying process applied to the solid after
the dilute acid pretreatment during 24 h. This explanation is
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discussed in detail in previous works (Solarte-Toro et al.
2020).

The ethanol fermentation starts with a sugar concentration
(in the substrate) of 13.020+0.141 g L' and ends (24 h after),
reaching a value of 0.085+0.005 g L™". It means that the
glucose consumption is 99.34%. The yield of CCS fermenta-
tion is 0.47+0.03 g of ethanol per gram of glucose. Garcia
et al. (2018) reported several fermentation configurations
using S. cerevisiae for analogous Pinus patula hydrolysates
with some differences between them based on the substrate
composition. For three different substrate compositions, ex-
perimental yields of 0.368, 0.371, and 0.355 g of ethanol per
gram of glucose were obtained, after 69 h of fermentation
(Garcia-Velasquez et al. 2018). When the obtained and report-
ed results are compared, it is possible to conclude that the
fermentation process carried out in this work presents better
performance in terms of sugar consumption and ethanol yield.
This result can be attributed to the successful propagation
stage and microorganism adaptation to the CCS hydrolysate.

The anaerobic digestion process was performed at
mesophilic conditions to degrade the remaining solid of the
saccharification stage as much as possible to produce biogas.
The biogas yield obtained after 20 days was 85 ml/g VS of
exhausted CCS. Moreover, the mean compositions of CHy
and CO, were 60.62% and 39.38%, respectively. Therefore,
the produced biogas has an energy content in the range of 21—
24 MJ/m®. The experimental results of the biogas production
are lower than the reported values for a wide variety of ligno-
cellulosic raw materials (Solarte-Toro et al. 2018). For in-
stance, Shang et al. (2019) reported a biogas yield of
201.81 ml/g VS from the anaerobic digestion of pretreated
wheat straw. Moreover, Siddhu et al. (2019) reported a biogas
yield of 156.6 ml/g VS of untreated rice straw. This is ex-
plained by the fact that the remaining solid from the enzymatic
hydrolysis process is mainly composed of crystalline cellulose
and lignin. Raw materials with high lignin content have low
biogas yields due to the recalcitrance. On the other hand, the
theoretical biogas composition predicted by the Buswell and
Boyles equation (i.e., 62.83% CHy, 37.17% CO,) is quite
similar to the obtained in the anaerobic digestion process,
which validates the application of this equation to estimate
an approximate composition of biogas from different biomass
sources (Deublein and Steinhauser 2010). Finally, a theoreti-
cal power generation potential of 9.24 kWh/kg biogas can be
calculated, which is very similar to the reported electricity
potential of the biomass produced by different feedstocks
(Solarte-Toro et al. 2018).

Energy-driven biorefinery based on thermochemical
upgrading of CCS

The syngas composition produced from the CCS gasification
is in terms of H,, CO, and CH4 was 17%, 13%, and 4%,
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respectively. This result implies a heating value of the syngas
of 3.8 MJ/kg. The obtained results are in agreement with the
syngas composition reported for different hardwoods and soft-
woods (Alzate et al. 2009). Moreover, the syngas composition
in terms of H, and CO reflects the low range of applications of
this gas to produce added-value products (e.g., methanol). For
this reason, electricity production was considered an alterna-
tive. The potential for electricity production from the gas is
about 5.12 kWh/kg. This value is lower than that obtained in
the biogas production case. Nevertheless, high flows of gas
are the main advantages of this technology regarding low and
middle scale applications. Finally, the yield of the CCS gasi-
fication was 1.30 Nm®/kg of CCS, which is higher than the
value obtained in the biogas production process.

Regarding energy analysis, the first biorefinery configura-
tion based on the biotechnological route has a higher energy
intensity than the second process due to the amount of energy
required to maintain the process conditions required in the
pretreatment, saccharification, fermentation, and distillation
stages. Additionally, the carbon conversion efficiency is lower
in this biorefinery as a result of the carbon losses in the differ-
ent stages of the process. The carbon conversion efficiency of
this biorefinery was 62% in comparison with 97% for the
biorefinery based on thermochemical routes. Moreover, the
second biorefinery has a high renewable energy use due to a
share of the produced energy is destined to supply the power
requirements of the milling process. Meanwhile, the first
biorefinery needs to supply a share of the energy requirements
using non-renewable energy sources. The environmental as-
sessment demonstrated that the biotechnological production
of bioethanol and biogas has a higher environmental impact
caused by the number of waste streams generated in each one
of the processing stages involved in the biorefinery.
Nevertheless, this configuration allows obtaining more valu-
able products (e.g., digestate, gypsum, bioethanol, biogas, xy-
lose liquor) than the second biorefinery based on thermo-
chemical routes. Therefore, this process has great potential
to be applied at higher scales.

Energy and environmental analysis of both
biorefineries

The energy analysis of both biorefineries was done calculating
the energy indicators presented in Table 2. In general, the first
biorefinery focused on the production of bioethanol and bio-
gas is more energy demanding than the second biorefinery
focused in the thermochemical conversion of CCS to syngas
and electricity. Indeed, the overall energy efficiency calculated
in the first case was only 9.15%, which compared to the over-
all energy efficiency of the gasification process (i.e., 70.89%)
is deficient. This difference is attributed to utilities consump-
tion in the first biorefinery. Indeed, the combined bioethanol
and biogas production process has an electrical and thermal
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Table 4  Energy comparison between the biotechnological and thermochemical conversion of CCS

Indicator

Energy-driven biorefinery based
on biotechnological conversion routes

Energy driven biorefinery based
on thermochemical conversion routes

Overall energy efficiency 9.15%
Resource energy efficiency 14.34%
Self-generation Index 6.64%

Specific thermal energy consumption
Specific electric energy consumption/generation

Carbon conversion efficiency 95.22%

2.89 MWhth/t CCS
3.34 kWhe/t CCS

70.89%

74.32%

2.27%10°%
Autothermic gasifier
+0.27 MWe/t CCS
93.94%

energy consumption of 33.36 kWe and 29 MWth,
respectively. On the other hand, the gasification process
considered in the syngas and electricity production process
is thermally integrated. Therefore, the heat required to reach
the desired temperatures in the process is supplied by the raw
material itself. Another essential aspect of evaluating both
biorefineries is the output energy flow of the products. The
energy flow of the bioethanol and biogas streams were
14,835.34 MJ/h and 7923.77 MJ/h, respectively, while the
energy flow of syngas was 117,342.755 MJ/h. This
difference is derived from the mass and volumetric yields of
both processes. The bioethanol and biogas yields reached in
the first biorefinery were 65 L/t CCS and 36.89 Nm?/t CCS,
respectively. Meanwhile, the syngas yield reached in the sec-
ond biorefinery was 3214 Nm>/t CCS. These results are sim-
ilar to those reported by Quintero et al. (2013) and Garcia et al.
(2017b) for bioethanol and syngas, correspondingly. Based on
this information, the specific energy efficiency of the second
biorefinery (i.e., syngas and electricity production) is higher
than the efficiency in the first biorefinery. The results of the
abovementioned indicators and the other ones presented in
Table 2 are summarized in Table 4.

Other indicators described in Table 4 are the self-
generation index, which expresses the share of energy that
can be self-supplied by the biorefinery products. This indica-
tor is lower in the first biorefinery than the second biorefinery
due to the high heat and power requirements in the first case.
Then, if all the bioethanol and biogas are used to produce

Table 5

steam and power, only 6.64% of the total heating and power
requirements could be supplied. The gasification process can
produce 0.27 MWe/t CCS. This result is very similar to those
results obtained for the gasification of oil palm fronds and
Pinus Patula using the same type of gasifier (Atnaw et al.
2014; Garcia et al. 2017a). Finally, the carbon conversion
efficiency indicator of both processes is quite similar. Any
difference exists because the gasification process produces
biochar and tar, which are carbonaceous materials.
Therefore, the total carbon flow in the raw material is not
present in the produced syngas (Atnaw et al. 2014).

Table 5 indicates the results of the environmental impacts
for the two study cases analyzed: (i) energy-driven biorefinery
based on biotechnological conversion routes and (ii) energy-
driven biorefinery based on thermochemical upgrading of
CCS. The first one considers the production of ethanol, bio-
gas, and biofertilizer, and the second biorefinery involves
electricity, syngas, and biochar. In general terms and accord-
ing to the values of impact categories, the biorefinery that
considers the generation of electricity and syngas presents
the highest environmental impact. For this scenario, the main
contributing item to all impact categories is the feedstock with
a sharing over 96%. The CCS come from a conventional cof-
fee crop and it represents a high consumption of fertilizers
such as, urea, diammonium phosphate, and potassium chlo-
ride. The emissions (i.e., NHs3, NO,, and NO,) associated with
fertilizers have a high effect on all impact categories. The
coffee crop involves several stages, germination, nursery, site

Environmental impact of the generation of 1 MJ of energy from CCS

Environmental impact

Energy-driven biorefinery based
on biotechnological conversion routes

Energy driven biorefinery based Unit
on thermochemical conversion routes

Climate change (CC) 0.0193
Freshwater eutrophication (FE) 35%10°
Human toxicity (HT) 0.0098
Freshwater ecotoxicity (FET) 8.6x10°°
Agricultural land occupation (ALO) 0.0006
Fossil depletion (FD) 0.004606

0.2377 kg CO; eq
6.66%107° kg P eq
0.0876 kg 1,4-DB eq
0.0020 kg 1,4-DB eq
0.0140 m’a
0.088844 kg oil eq
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preparation and planting, vegetative growth, production, and
cutting. The stages that require higher time present the higher
contribution to environmental impact categories: vegetative
growth (1.5 years) and production (5 years). Last means
higher fertilizer consumption.

In the biorefinery that has as leading products, ethanol, and
biogas, the use of digestate as fertilizer favors its
environmental performance positively. Cheong et al. (2020)
have reported the feasibility of using digestate from anaerobic
digestion as an alternative to replace commercial fertilizers.
They achieved good aerial fresh and dry weight and increased
chlorophyll index. Moreover, these authors also highlight the
use of digestate from municipal solid waste and lignocellulos-
ic materials as an effective fertilizer. If the biofertilizer is not
considered as a product, the second biorefinery would have
better environmental behavior. Figure 3 indicates the share of
the environmental impact for the biorefinery that considered
the ethanol and biogas production, where the feedstock is not
the unique factor that contributes to the total value of impact
categories, contrary to electricity and syngas biorefinery.
Wastewater, steam, and sulfuric acid are other factors that
have influenced the total environmental impact. The wastewa-
ter comes from ethanol purification (i.e., stillage) and it affects
impact categories such as CC, FE, HT, FET, and ALO with a
contribution of over 85%. This phenomenon is linked to the
significant requirements of water in bio-based processes, spe-
cifically, in acid and enzymatic hydrolysis. For this reason,
Humbird et al. (2011) proposed the use of high-solids concen-
tration in these process stages to decrease the water demand
and promote the high sugars concentration at the end of hy-
drolysis. On the other side, the steam consumption and sulfu-
ric acid demand are associated with the acid hydrolysis reac-
tor. Additionally, the distillation columns in the ethanol pro-
cess also require high amounts of steam. The steam used as
utility presents a sharing of 5.39 and 6.37% in categories as
CC and FD, respectively. Its generation has a slight

Fig. 3 Sharing of the 100%

environmental load. On the other hand, due to the sulfuric acid
production involves the use of fossil fuels. This reagent con-
tributes to 3.26% to the FD category.

The share for the second biorefinery is not presented due to
the CCS have a contribution of 96% for all environmental
impact categories. Although publications addressing specifi-
cally economic comparisons of energy-driven biorefineries
based on the transformation routes are not very common, the
proposed here schemes can be analyzed and compared quali-
tatively based on the conclusions presented by the authors.
The energy-driven biorefinery with biotechnological conver-
sion routes has the highest capital costs in comparison with the
case of thermochemical conversion routes (Garcia et al.
2017a). The authors, in this case, used Pinus Patula as a lig-
nocellulosic source (with a similar composition to CCS) ex-
plained this result based on the number of equipment needed
(e.g., pretreatment reactor, fermentation tank, distillation col-
umns). Moreover, biotechnological processes have high oper-
ational expenditures given the energy consumption of a vari-
ety of processes and unit operations required. Several authors
have reported the economic assessment of the bioethanol and
biogas production using different raw materials (Robak and
Balcerek 2018). For instance, Solarte-toro et al. (2019b) re-
ported the economic assessment of the bioethanol production
process using olive tree biomass as raw material. These au-
thors report a high capital expenditure in the pretreatment and
purification stages of the bioethanol production process.
Moreover, the enzyme cost is analyzed as a limiting factor
of the economic feasibility of the process. These results are
similar to other results reported in the open literature for dif-
ferent raw materials such as corn stover (Humbird et al. 2011)
and sugarcane bagasse (Chandel et al. 2019). On the other
hand, Trakulvichean et al. (2019) reported an economic and
environmental comparison of the bioethanol and biogas pro-
duction using cellulosic cassava residues. From this, the bio-
gas production process for heating purposes was a feasible
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option from environmental and economic perspectives.
Regarding the thermochemical conversion of lignocellulosic
biomass by gasification, the operational and capital expendi-
tures are reported lower than the expenditures in the biotech-
nological biomass upgrading case. Even so, biomass gasifica-
tion is not addressed at an industrial scale to produce electric-
ity due to the low incomes generated by the process. For this
reason, biomass gasification is mainly used to produce
chemicals and liquid fuels (GSTC 2019). Thus, the proposed
energy-driven biorefinery should be complemented with the
further upgrading of the syngas to provide high-value prod-
ucts such as methanol or dimethyl ether (Brown 2011). Then,
the energy-driven (only producing biofuels and electricity)
based on thermochemical conversion processes will have a
better economic performance considering the products pro-
posed by these authors. Nevertheless, a more in-depth analysis
related to the scale of the process, economic context, and cash
flow should be considered before selecting any biorefinery
configuration as the best from the economic point of view.
Finally, another arrangement to be considered is the simulta-
neous production of sugar, electricity and bioethanol in sugar
mills. This process configuration has better economic and en-
vironmental performance compared to stand-alone routes
(Petersen et al. 2014). This result may be explained by the
synergistic effect of integrating the biotechnological and ther-
mochemical routes. Practically, the experiments and energy
balance obtained in the present paper conceptually confirmed
most of the literature conclusions discussed above. It is ex-
pected that the higher energy efficiency (70.89%) of the ther-
mochemical route increases the incomes making this option
the most attractive in comparison with the biotechnological
route.

Conclusions

Lignocellulosic biomass is identified as a potential feedstock
to obtain bioenergy. CCS are a potential feedstock to produce
bioethanol, biogas, and syngas through the application of bio-
technological and thermochemical conversion pathways. The
use of experimental data at lab-scale levels for calculations is a
useful strategy to make a more concise and reliable analysis of
the biorefineries before significant investments required for
pilot plant-scale studies. The thermochemical conversion of
CCS is technically (and in some way economically) the best
option based on low energy requirements and high specific
energy efficiency. From the environmental point of view, the
biotechnological conversion pathway has a lower impact due
to the consideration of the primary residue (digestate) as a
coproduct for fertilizers. Based on open literature, the biotech-
nological conversion routes are usually considered more fea-
sible from the economic perspective than the thermochemical
technologies. It is important to note that energy analysis is an

essential factor in defining the economic performance of bio-
mass transformation to biofuels. The present work demon-
strated that some operating limits in the energy and environ-
mental aspects must be fixed to guarantee a low impact in
terms of emissions and energy requirements. The energy and
environmental assessments could be developed quickly in a
preliminary stage to find the best set of parameters for further
biorefineries design.
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