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Abstract

Spain, in the framework of the European Green Deal, has set ambitious climate and energy goals for 2030. Lignocellulosic
biorefineries can make a strong contribution to these goals; however, advanced biofuels generally cannot be produced in a
profitable way compared to fossil and first-generation fuels. To address this problem, the efficient production of a wide range
of bioproducts, not only biofuels and bioenergy, may be the solution. Therefore, a systematic evaluation of the near-term
economic potential bio-building blocks (xylitol, sorbitol, succinic, glutamic, glucaric, levulinic, lactic, and itaconic acids)
is presented. Many possible combinations of feedstock and conversion technologies can be considered feasible pathways
to manufacture advanced biofuels and bio-based building blocks. To map the optimal groups of technologies in the frame-
work of Spain’s biorefineries, we apply a methodology based on a network optimization approach that combines minimum
cost and energy criteria together with feedstock availability and demand constraints. The feedstocks analyzed are pine and
eucalyptus residues and olive tree pruning wastes, being three largely available agroforesty residues in Spain. The results
show that building blocks show good economic and energy performance compared to advanced transportation biofuels,
and although their demand is much lower, they should be considered to improve the profitability of biorefineries. Secondly,
advanced gasoline, bioethanol, hydrogen, and building blocks demands can be satisfied with pine, eucalyptus, and olive
residues available in Spain. Finally, lactic acid production is profitable, but the remaining routes do not reach the break-even
point, suggesting that further research is still needed.
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1 Introduction

Shifting society’s dependence from petroleum-based to
renewable biomass-based resources is generally viewed
as the key to the development of a sustainable industrial
society, energy independence, and effective management
of greenhouse gas emissions [1]. Faced with the need to
reduce greenhouse gas emissions, Spain, in the framework
of the European Green Deal and the Paris Agreement, has
set ambitious climate and energy targets for 2030, including
a target for renewable energy of at least 42% of final gross
energy consumption [2] and lignocellulosic biorefineries
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can contribute significantly to this goal. The Paris Agree-
ment sets out a global framework to avoid dangerous climate
change by limiting global warming to well below 2 °C and
pursuing efforts to limit it to 1.5 °C [3]. Furthermore, in
2018, the European Commission updated its long-term stra-
tegic vision to achieve a prosperous, modern, competitive,
and climate-neutral economy by 2050 [4].

The future energy economy will likely be based on a
wide range of alternative energy platforms (wind, water,
sun, etc.) as well as biomass. Similarly, the production of
chemicals will increasingly depend on biomass, particularly
plant biomass [1]. The objective of the Paris Agreement to
reduce greenhouse emissions by at least 42% by 2030 has
significantly encouraged the use of biomass as a renewable
source of energy, and forest residues such as bushes and
aerial parts of trees, which play an important role in forest
management, have been used mainly for fuel. However, the
use of these bioresources to produce high-added-value prod-
ucts is becoming increasingly important in the context of
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sustainability and bioeconomy, as agroforestry biomass can
be recovered in biorefineries with environmental, economic,
and social benefits [5]. In addition, the use of forest resi-
dues in biorefineries could have a secondary environmental
benefit. Forest residues remaining in forests after thinning
or logging could pose a high fire risk because, without a
developed market, it is often disposed of and burned in the
field, contributing to air pollution [6].

One of the main driving economic factors for the produc-
tion of renewable chemicals is feedstock availability, and
scaling strategies must take this variable into account [7].
The potential of forest residues can be assessed in Spain
with residues from olive tree pruning (OTP), pine (PN), and
eucalyptus (ER) harvesting and thinning. The olive oil pro-
duction industry has a significant importance in the Medi-
terranean countries of the European Union, especially in
Spain, due to the large extension of olive growing area and
the number and capacity of olive processing facilities. With
a cultivated area of 2.5 Mha in 2019 [8], representing 24.4%
of world production, Spain is positioned as a leader in olive
cultivation [9]. Olive cultivation generates a large amount
of biomass residues from pruning 1.5 t/ha [10], therefore,
the availability of OTP reaches 3.8 Mt/year in Spain. Olive
residues have been studied for their use in biorefineries for
the production of biofuels (ethanol) and bioproducts (xylitol
and antioxidants) [11, 12]. Regarding pine and eucalyptus
residues, Spain has a logging area of 18 Mha, of which the
logging volume of pine is 524 Mm? while that of eucalyptus
is 79 Mm?. In 2018, according to the Spanish Ministry of
Agriculture, pine and eucalyptus logging reached a volume
of 10.4 Mm? and 7.8 Mm? [13]. These harvests generated
an amount of pine and eucalyptus residues of 52 Mt/year
[14, 15] and 0.7 Mt/year [16, 17], respectively. Eucalyptus
has been studied for bioenergy production (ethanol, Fis-
cher-Tropsch fuels) [18-20] and value-added products such
as xylitol [21] as well as pine bioenergy [20, 22, 23].

Biofuels, especially so-called second-generation
advanced biofuels (lignocellulosic ethanol, Fischer—Tropsch
fuels, lignocellulosic methanol-to-gasoline, lignocellulosic
pyrolytic gasoline, etc.), generally cannot be produced in
a profitable way at the current price of fossil gasoline and
first-generation ethanol.

A promising approach to reduce biofuel production costs
is to use so-called biofuel-driven biorefineries for the co-
production of both value-added products and biofuels from
biomass resources in a very efficient integrated approach
(similar to oil refineries). The added value of the coproducts
makes it possible to produce fuels at costs that are market
competitive [24]. In 2004, the U.S. Department of Energy
(DOE) [25] listed 12 promising building blocks (BB) that
could be produced via fermentative or chemical processes,
revisited in 2010 by Bozell et al. [26]. A mix of some
building blocks proposed by the US Department (DOE)
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(2004) and Bozell et al. (2010) (ethanol, xylitol, sorbitol,
succinic acid, glutamic acid, glucaric acid, levulinic acid,
lactic acid, and itaconic acid) have been considered in this
study to assess their feasibility of implementation in Spain.
Therefore, the aim of this work is to provide a tool for the
systematic evaluation of different routes for advanced bio-
fuels production and biochemicals using forest residues as
raw material.

The following is a description of the technologies con-
sidered, divided into thermochemical routes for the hydro-
gen and advanced biofuels production (pyrolysis gasoline,
gasification-Fischer—Tropsch gasoline, gasification-MTG
gasoline, gasification-mixed alcohols ethanol) and biochemi-
cal/chemical routes building blocks production (fermentative
ethanol, xylitol, sorbitol and glutamic, glucaric, itaconic,
succinic, lactic, and levulinic acids). All routes included in
this work reach at least TRL 5-6, which implies the dem-
onstration of the technology in a relevant environment,
which is a major step towards demonstrating technological
maturity.

Among the thermochemical routes studied are lignocel-
lulosic fast pyrolysis and upgrading to gasoline. Pyrolysis is
the controlled thermal decomposition of biomass at moder-
ate temperatures, in the absence of oxygen, to produce liquid
oil, gas, and charcoal (biochar). Conventional fast pyroly-
sis technologies for bio-oil for heat and power applications
have already been commercialized; however, the upgrad-
ing has been less developed [27, 28]. Dutta et al. (2015)
[29] reported a minimum selling price for fast pyrolysis
gasoline of 1.36 $/kg, a 15% higher than the fossil-based
gasoline price. Thilakaratne et al. (2014) [30], who pro-
posed a mild catalytic pyrolysis biomass process to produce
transport fuels, reach a minimum selling price of 1.44 $/
kg, 20% higher than the fossil-based gasoline price, while
Mohammed et al. (2019) [31] reported a minimum selling
price of 2.13 $/kg, 47% over fossil gasoline price. Another
thermochemical route considered is gasification with Fis-
cher-Tropsch synthesis, where gasification converts biomass
feedstock into syngas, which is cleaned and conditioned;
during Fischer—Tropsch (FT) synthesis, syngas is reacted
over metallic catalysts to produce a mixture of long-chain
hydrocarbons, which may then be upgraded via standard
refinery processes. Both gasification and FT synthesis are
well-established commercial processes when using fossil
feedstocks; however, their use with biomass feedstocks is
more limited [20, 27]. Trippe et al. (2013) [32], reached a
wood residues Fischer—Tropsch gasoline production cost of
1.29 $/kg, close to the market conventional gasoline price.
Gasification with mixed alcohols (MA) seeks gasification
followed by methanol-to-gasoline production of ethanol and
higher alcohol coproduct by conversion of lignocellulosic
biomass to syngas via indirect gasification followed by gas-
to-liquid synthesis over a heterogeneous catalyst [27, 33].
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In gasification followed by methanol-to-gasoline (MTG),
after syngas conversion to methanol, methanol is dehydrated
over a catalyst to form dimethyl ether (DME), followed by
further catalytic dehydration and hydrogenation reactions
through light olefins to gasoline [27, 34]. Ruddy et al. (2011)
[35] reported a MTG biomass gasoline production cost of
1.35 $/kg, similar to the current market gasoline price. In
lignocellulosic hydrogen production, after gasification, and
conditioning, the reforming, shift conversion and pressure
swing adsorption (PSA) operations allow producing hydro-
gen [36, 37].

Regarding biochemical and chemical routes, lignocel-
lulosic ethanol is both an advanced biofuel and a building
block. First-generation ethanol is by far the largest biochemi-
cal produced today with more than 80% share of total pro-
duction, and its production from sugarcane juice or corn
grains is well established. Second-generation ethanol is
expected to increase its contribution to the ethanol global
market through the growth in the commercialization of lig-
nocellulosic ethanol from inexpensive wastes, particularly
because the European Union biofuel policies promote the
progress of the generation of cellulose-based biofuels world-
wide [38]. However, under the assumption of an ethanol
yield of 250 1/t (with a feedstock price of 50 $/t), the esti-
mated cost of lignocellulosic ethanol is 1.14 $/kg [39], a
28% higher than market first-generation ethanol price (0.823
$/kg) [40] suggesting limited profitability of 2G ethanol at
this time. The recalcitrant nature of lignocellulosic biomass
entails pretreatment processes to unlock the cell wall and
make the structure porous, as well as changing or removing
the structural and compositional impediments before its val-
orization and allowing the generation of second-generation
sugars by catalytic or biocatalytic processes (acid catalysts,
enzymes). These sugars are the backbone of biorefinery and
are natural intermediates in biological as well as chemical
transformation [41, 42]. Pretreatment is the second largest
production cost after feedstock cost, and this will continue
to be the case in future commercial facilities [39], so dif-
ferent pretreatments are evaluated: dilute acid (DA) [43],
liquid hot water (LHW), AFEX [44, 45] and steam explo-
sion (SE) [46, 47]. Steam explosion pretreatment is followed
by simultaneous saccharification fermentation technology
(SSF), while remaining pretreatments are followed by sepa-
rate hydrolysis and fermentation (enzymatic hydrolysis (EH)
and fermentation).

In the remaining sugar-platform building blocks, succinic
acid is widely applied in food, medicine, surfactants, and
biodegradable plastics. The traditional chemical synthesis of
succinic acid has faced several problems, such as high pro-
duction costs and serious environmental pollution problems.
Therefore, researchers have focused on the use of lignocellu-
losic biomass by environmentally friendly biological meth-
ods [48]. Nieder-Heitmann et al. (2019) [49] investigated

a multi-product biorefinery for the coproduction of bioen-
ergy, PHB, and succinic acid from sugarcane bagasse, and
Giuliano et al. (2016) applied an optimization model to
address the biomass type effect (eucalyptus and olive resi-
dues and wheat straw) in the profitability of a biorefinery to
co-producing ethanol, succinic, and levulinic acid [50]. As a
chemical linker between biomass and petroleum processing,
levulinic acid has become an ideal feedstock for the forma-
tion of liquid fuels, in addition to being used in herbicides,
pharmaceuticals, flavoring agents, surfactants, etc. [51].
The first levulinic synthesis technology is biofine process
levulinic is synthesized from biomass containing cellulose
using a sulfuric acid catalyst with two reaction stages. The
first stage is the cellulose reaction by HMF followed by
the reaction of HMF to levulinic in the second stage [52].
Kapanji et al. (2021) [53] studied the sustainability of lev-
ulinic via biofine process and glucaric and sorbitol catalytic
production (oxidation and hydrogenation, respectively) from
sugarcane bagasse. Since no petrochemical feedstocks exist
for sorbitol and glucaric acid, they have been produced con-
ventionally from monomeric sugar, glucose, or starch pre-
cursors from the first-generation, edible feedstocks, so the
development of its production from lignocellulosic biomass
is of particular interest. Kapanji et al. (2019) [54] proposed
sorbitol production from sugarcane bagasse and Thaore et al.
(2020) [55] from corn stover. Another building block consid-
ered is glutamic acid, an amino acid with applications in the
food and pharmaceutical industry. Although amino acids can
be produced by protein and enzymatic hydrolysis, fermenta-
tion, and chemical synthesis, in recent years, they have been
produced predominantly through fermentation using strains
such as Corynebacterium and Brevibacterium. Oziidogru
et al. (2019) [56] studied its production from lignocellulosic
biomass via dilute acid pretreatment and fermentation with
the microorganism Brevibacterium divaricatum. Regarding
xylitol, it has important applications in the food, odonto-
logical, and pharmaceutical industries, besides acting as a
platform chemical for the synthesis of other high-value com-
pounds, such as propylene glycol, glycerol, and polymers.
The commercial demand for xylitol has been satisfied by the
application of chemical synthesis. This process involves the
thermochemical pretreatment of the lignocellulosic biomass
to generate a xylose-rich hemicellulosic hydrolysate from
which the xylose is further purified and then catalytically
reduced to xylitol [57]. The chemical route is proposed by
Oziidogru et al. (2019)[56] to produce xylitol from sugar-
cane bagasse, although fermentative route, proposed, for
instance, by Susmozas et al. [12] from olive tree pruning
is gaining attention due to the interest to be an eco-friendly
process. The potential of itaconic acid produced by fermen-
tation has been investigated and demonstrated by several
authors as a renewable alternative to classic monomers in
the petrochemical industry, such as acrylic and methacrylic
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acids [58]. Its lignocellulosic production has been studied by
Magalhaes et al. (2020) [58] from broths rich in xylose and
using bleached cellulose pulp from Eucalyptus by Kersse-
makers et al. (2020) [59]. Finally, lactic acid is the most
frequently occurring carboxylic acid in nature. Lactic acid
is used worldwide for applications in food, pharmaceuticals,
industrial use, and polymers. The growth of polylactic acid
polymer production is expected to drive the growth of lactic
acid consumption [60]. Currently, lactic acid is produced
predominantly from the fermentation of first-generation sug-
ars. Lietal. (2021) [61] and Liu et al. (2015) [62] proposed
its production from corn stover, lignocellulose-derived lactic
acid, and its derivatives may accelerate the phasing out of
emission-intensive fossil-based plastics.

The article is structured as follows: (i) Sect. 2 presents
the problem to be solved and the parameters defining the
feedstock-technology-product superstructure, (ii) Sect. 3
describes the mathematical linear programming model and
solution strategies, and (iii) Sect. 4 presents the main results
together with the discussion and limitations of the study.

2 Problem statement

Numerous mathematical optimization approaches have been
developed for the optimal synthesis and design of biore-
fineries. Due to a large number of possible pathways, the
synthesis and design problems of an integrated biorefinery
are highly complex problems. Kokossis and Yang (2010)
[63] proposed a layered approach to the problem emphasiz-
ing the pivotal role of process system technologies. Pham
and El-Halwagi (2012) [64] proposed a methodology for the
synthesis and design of biorefineries that consists of a three-
step approach. In the first step (forward step), all possible
intermediate products and their conversion technologies are
identified for different biomass. In the second step (backward
approach), for a final product, the intermediate compounds
and their corresponding technologies are determined. The
next step corresponds to the matching of two intermediate
compounds obtained in the forward and backward steps.
Pham and El-Halwagi (2012) applied their study to the
production of the most profitable fuel-grade alcohol path-
way from lignocellulosic biomass. Murillo-Alvarado et al.
(2013) [65], following the Pham and El-Halwagi approach,
found that bioethanol, biodiesel, and biohydrogen usually
appeared as products, while sugar cane, jatropha, and micro-
algae appear as feedstocks in the optimal pathways. Konig
et al. (2019) [66] applied a superstructure approach to iden-
tify the optimal routes (biofuels and/or e-fuels) to meet the
energy demand from residual lignocellulosic biomass and
waste vegetable oil. Recently, You et al. (2021) [67] pro-
posed a new optimization model to simultaneously identify
the optimal process configuration of a bioethanol production
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plant and the optimal bioethanol supply network. Although
the studies mentioned above are of undoubted interest, they
only considered the optimization of biofuels and not of other
value-added products.

The existing literature for the production of bioenergy and
value-added products based on mathematical optimization
includes Cheali et al. (2015) [68] and Alvarez del Castillo-
Romo et al. (2018) [69]. Cheali et al. (2015) considered ther-
mal and biochemical platforms for bioethanol production
and its value-added derivatives from corn stover and poplar
wood in a sustainability assessment method used as an eval-
uation tool. Alvarez del Castillo-Romo et al. (2018) studied
a wider product portfolio from agave bagasse. Their study
focused on the way of integrating social, environmental,
and economic aspects (socio-eco-efficient aspects), which is
interesting from the point of view of sustainability. Giuliano
et al. (2016) [70] applied an optimization MILP model on
a process superstructure in multi-product lignocellulosic
biorefinery (levulinic acid, succinic acid, and ethanol) to
maximize an economic objective function, but feedstock and
energy requirements were not considered.

Different researches have focused on the analysis and
design of bioproducts supply chains. Many studies have
investigated the optimization of the supply chain consider-
ing location selection [71-73]. Other models consider time-
dependent parameters such as demand. This issue can be
addressed with multi-period optimization [74, 75]. On the
other hand, if the sustainability of the biorefinery is ana-
lyzed, the optimization should also consider environmental
and social criteria [69, 76—79] in addition to the economic
ones, which can be done by multi-objective optimization.
The aim of this work is to provide a steady-state snapshot
of the potential situation of biorefineries in Spain for the
production of biofuels and value-added products. Further-
more, the decision-making choice of feedstock-technology-
product under economic and energy requirement criteria is
facilitated. For these reasons, the aforementioned approaches
have not been applied here, although they are considered of
great interest.

Due to the many possible combinations of feedstock and
conversion technologies as viable pathways to manufac-
ture advanced biofuels and bio-based building blocks, it is
important to establish a methodology to support decision-
makers to identify optimal processing routes taking into
account economics, resource availability, and sustainability
[80]. Feedstock availability and price are among the main
factors in the successful scale-up of a biorefinery, the right
choice of feedstock-process—product trinomial is, therefore,
a critical decision [7]. The development of a superstructure
that simultaneously considers all three aspects can therefore
become a useful decision-making tool. To solve the problem
of identifying the optimal solutions, we apply in this work a
similar methodology based on network optimization models
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as proposed by Kim et al. (2013) [81] and Calvo-Serrano
et al. (2019) [78]. Kim et al. (2013) focus their method on
biomass-to-fuel conversion technologies, and Calvo-Serrano
et al. (2019), moreover to energy and chemical products,
present a life-cycle approach. They examined biomass-to-
product strategies by decomposing the whole process into
intermediate subprocesses and thereby identifying the most
convenient mass flux distribution [82]. The superstructure
is made up of nodes (feedstocks, technologies, intermedi-
ates, and final products) linked by flow arcs (purchased feed-
stocks, consumption, and generation of materials for each
technology, total final product sales). The developed super-
structure of this study consists of three feedstocks (pine,
eucalyptus, and olive residues), 183 technologies (thermo-
chemical and biochemical), 150 intermediates, and 33 final
products from each feedstock.

Following the methodology of Kim et al. (2013) [81],
the technological blocks of the superstructure include sev-
eral single operations. For example, enzymatic hydrolysis
may comprise hydrolysis, hydrolysate detoxification, and
in situ enzyme production. Similarly, so-called separation
technologies comprise in addition to purification and separa-
tion operations, water treatment, and waste combustion for
energy integration if these aspects are evaluated in the pro-
cess design literature. Moreover, when different feedstocks
are used in the same pathway, every matched feedstock tech-
nology should be considered different technologies, namely,
pine dilute acid ethanol is a technology, and eucalyptus
dilute acid ethanol is another new one.

This management tool compares, using economic and
energy criteria, different feedstocks through different routes
to produce a portfolio of products. The solution is an optimal
network capable of meeting portfolio product demand. To
compare the different strategies or routes in a level play-
ing field, the processing capacity of the different strategies
should be equal. Kim et al. proposed 2000 t/d, we maintain
this value because, following a literature review, it was found
that the most suitable plant size in a biorefinery to reduce the
total product cost is between 2000 and 4000 t/d [39, 83, 84].

Forest residues evaluated (pine, eucalyptus, and olive
residues) are defined by their availability (53, kg/year) and
cost price (PC;, $/kg) that includes harvesting cost and trans-
port to biorefinery (100 km) while final products are defined
by demand (D;, kg/year) and sale price (PC;, $/kg) (forest
residues availability and price data can be found in Supple-
mentary Material Table 3). Each technology block is defined
by an economic parameter, called unit technology cost (TC;,
$/kg main steam input), an energy parameter, unit energy
requirement (7E;, Wh/kg main steam input), and a technical
parameter, the mass ratio (mb;, kg of product stream/kg of
mainstream input). The mass ratio is negative for technol-
ogy inputs (material stream consumption) and positive for
technology outputs (material stream production). Besides,

mb; can be higher than 1, this could occur, for instance, in
pretreatment and fermentation technologies because in prod-
uct streams are included utility input streams such as water.
TC; considers a capital change factor of 0.1175 at an interest
rate of 10% and 20 years of plant lifetime and includes fixed
operating cost (labor charges, maintenance, administration
cost, and taxes), auxiliary inputs (chemicals and enzymes),
and utilities but not feedstock and energy cost. To conclude,
final products are characterized by their demand (D;, kg/
year) and market price (PC;, $/kg) (final product demand and
market price data can be found in Supplementary Material
Table 3).

These parameters define every strategy that builds the
superstructure, but although routes’ TRL is upper 5, not
always every forest feedstock technology data is available
in the literature. In this case, when all process reactions are
known, mass balances shall be completely recalculated for
forest feedstock when not, Kim et al.[81] proposed estima-
tion for new technologies shall be applied. This estima-
tion uses the conversion coefficients of a known feedstock
technology to calculate new technology yield (forest resi-
dues composition in Supplementary Material Table 1). For
instance, we know cellulose to glucose yield in a known
technology 1, so we apply this yield to cellulose-glucose
conversion in the new-feedstock technology 2. Regard-
ing economic data (capital, fixed, and operating cost), it is
assumed that they are proportional to the new technology/
known technology mass ratio. We use a power-law expres-
sion to estimate these parameters (Eq. 1)

R 0.67
Crew = CKNOWN( NEW/ RinowN ) (H

where Cynown are economic data in the known technol-
ogy, Rygw 1 the main input stream in new technology, and
Rygnown 18 the main input stream in known technology.

The superstructure model developed for this study is
shown in Fig. 1. The list of all technologies and economic,
energy, and technical parameters that define each technology
is tabulated in Table 2 in Supplementary Material.

3 Model formulation and solution strategy
The model consists of two sets, compounds, and technolo-
gies, defined by several parameters or data inputs and three

nonnegative continuous variables or model answers that
define the optimal routes solution:

3.1 Sets

(i) A set of compounds i € I: feedstocks (IF), interme-
diates (I"), and final products (). Feedstock/final
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Fig. 1 Simplified feedstock-
technologies-products
superstructure. Feedstock: PN,
pinus residues; ER, eucalyp-
tus residues OTP, olive tree
pruning. Technologies: LHW,
liquid hot water, AFEX: SE,
steam explosion; DA, diluted
acid; SSF, simultaneous sac-
charification and fermentation;

Crude bio oil Bio oil

Chopped Pyrolysis
particles

Gas+Fisch

Gasoline
Raw
Mixed Alcohol

Raw Syngas Syngas Methanol

Raw Hydrogen
Shif PSA ® k

Lomprestony

Cat MA, catalytic conversion
mixed alcohols; MTG, metha-
nol to gasoline; PSA, pressure
swing adsorption; Cat Hidrog,
catalitic hydrogenation; Cat
Oxig, catalitic oxigenation;
Gas + Fisch, gasification and
Fischer-Tropsch; BIOFINE,
biofine process, separation

@ Raw Material
@ Product

© Intermediate

O Thermochemical

© Biochemical/chemical

products are characterized by purchase/selling price
parameters (PC;# 0V iI7,I” and PC;=0Vi€ I'in
$/kg) and feedstock availability (5; Vi €1 and ;=0
Viel, I’ in kg/year) and final products demand (D,
Viel’and D;=0V ie ", I'in kg/year).

A set of technologies j: Each technology is both con-
sumer and producer of compounds, so we set two
subsets J™N and JOUT. Technologies are characterized
by unit technology cost (TC;, $/kg main input in j),
unit energy requirement (7E;, Wh/kg main input in
J), and mass ratio (mb;;, kg of output stream of i/kg
of main input in j).

(i1)

ij’

3.2 Variables

(iii) X; process activity flow (kg) or the amount of raw mate-
rial that needs to be consumed in technology j.

(iv) P;amount of feedstock purchased (kg), i € If.

(v) S; amount of product sold (kg), i € I

The mass balance constrain is defined by Eq. 2. For any
compound i in the model, the amount of component pur-
chased (P,) plus the amount produced must be equal to the
amount sold (S;) plus the amount consumed.

Pt Y mbyX, =5+ Y mbyXVi

jE JOUT ) ]E JIN

@

Sold compounds should satisfy the demand (D,) for all
products i € I” as represented in Eq. 3.
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\ / Slurry Broth ETOH \m
Pre-Hydrolyzat
re-Hydrolyzate Raw Xylitol
c5 Raw Sorbitol
Hydrolyzate Raw Glucaric
o o — ® Separation Glucaric
re-Hydrohgate
Broth Itaconic
e
Broth Suceinc
Broth Glutamic
Broth Lactic
O B - M.
S;>DN, eI’ 3)
=N A

Feedstock purchased is limited by feedstocks availability
(B, specific to each forest residue evaluated and is enforced
by Eq. 4.

P, <pviel’ 4)

In this mathematical model, the only feedstock can be
purchased, and only final products can be sold. Equations 5
and 6 are included to enforce this constraint.

P,=0viel 5)

S, =0viel,I) (6)

This mathematical model allows different questions to
be answered depending on the objective function. To find
the optimal biorefineries network with minimum production
cost (EC; is energy purchased cost, $/Wh), Eq. 7 should be
used. If we want to know the most profitable network, we use
Eq. 8, and to know the lowest energy consumption network,
we use Eq. 9.

minTotC = Y PC,P,+ Y X,(TC; + TE;EC;)

i€l J

N
maxProfit = ) PC,S;— ' PC;P,— Y X,(TC; + TE,EC;))
iel”

iel” J

®
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minTotERQ = Z X,TE ©
J

In addition, we can know the unit production cost (UPC,
$ cost/kg product), the unit profit (UP, $ profit/kg product),
and the unit energy consumption (UER, Wh consumed/kg
product) by running the corresponding objective function
for the product in question with a demand equal to one and
set zero to remaining products.

As for the solution strategy, we apply the E-constraint
method to draw a Pareto frontier. The extreme solutions
minimum production cost and minimum energy requirement
are calculated, and for different values of € other solutions
are calculated iteratively. All points in the Pareto frontier are
optimal solutions, each one with a specific value for the two
objective functions so that improving one implies worsen-
ing the other.

Furthermore, we can break down each route contribution
in the Pareto solutions in terms of minimum cost and energy
consumption. For each Pareto solution, we know how much
final product is produced per route (S;), and since we also
know the unit production cost, unit energy consumption, and
unit profit (UPC, UER, and UP, respectively), the contribu-
tion of each route to the optimal solutions can be known.

4 Results and discussion

For the biochemicals and biofuels production in Spain, a
systematic evaluation of different woody residues feedstock
and technologies was carried out with the proposed linear
programming approach. The optimization model was imple-
mented in the General Algebraic Modeling System (GAMS)
software V025.0.0 and solved using CPLEX 12.8.0.0 solver.
Every Pareto solution takes 0.14 s.

4.1 Individual analysis of available technologies:
spotlight on building blocks

Individual analysis of the market position of each of the dif-
ferent products in the portfolio facilitates decision-making.
Hence, we evaluate the commercial characteristics of the
target products of this study focusing on building blocks.
Figure 2a illustrates a breakdown of UP versus unit
energy requirements (UER) for the products considered
(final products UP and UER in Supplementary Material
Table 4). We can see a better economic-energy performance
of building blocks than fuels. According to the data in the
articles consulted, only lactic acid production, from the three
feedstocks selected, is profitable in the current market condi-
tions. For instance, eucalyptus lactic unit profit is 0.259 $/kg
while the unit profits from the remaining building block are
negative. However, eucalyptus residue lactic’s unit energy

consumption is almost nine times higher than eucalyptus res-
idue succinic one (29,520.114 and 3399.604 Wh/kg, respec-
tively) and three times eucalyptus residues levulinic. The
succinic production route is less energy demanding because
28% of the input feedstock is directed to a CHP unit that pro-
vides part of the energy needed for the process, whereas in
the lactic route only the process waste is dedicated to energy.
In particular, eucalyptus succinic and levulinic production
is close to the break-even point or zero benefits with lower
energy requirements. On the contrary, pine residue xylitol
has the worst economic-energy behavior of all products.
This is due to the fact, that xylitol production is based on
the catalytic conversion of xylose fraction of lignocellulos-
ics biomass and pine residues has only 7% of xylan in its
composition versus 16% in eucalyptus and olive residues.
Regarding bioethanol technologies, two routes should be
highlighted, dilute acid and steam explosion from eucalyptus
residues. Eucalyptus and pine dilute acid route (first reactor
100 °C, 10 min, and second reactor 158 °C, 5 min, ammonia
conditioning pH 1 to 5, water/dry biomass ratio 4:1) is close
to zero profit. Its energy consumption is 35% grdeater than
pine steam explosion (215 °C, 5 min); while steam explo-
sion achieves a profit five times minor. These results are
similar to those presented by Kumar et al. (2011) [85], where
the energy requirements of cellulosic ethanol production by
dilute acid (180 °C, 15 min, solid loading 15%) are 30%
higher than steam explosion ethanol (180 °C, 15 min, solid
loading 20%). Baral et al. (2017) [86], in their study, also
reach a higher energy requirement in the dilute acid pretreat-
ment (160 °C, 20 min), specifically 20% more, than steam
explosion pretreatment (200 °C, 5 min). According to the
studies consulted, AFEX ethanol (150 °C, 30 min, water/
dry biomass ratio 0.81:1, ammonia/dry biomass ratio 1.52:1)
from olive residues shows the worst performance with a
benefit five times lower than dilute acid from eucalyptus
and an energy requirement three times higher. These results
are similar to the ones shown by Liu et al. (2017) [87], in
which the energy requirement of AFEX is twice that dilute
acid one. This is due primarily to the lower sugar yields
from consulted AFEX studies, which means lower profits
and higher unit energy requirements. Concerning thermo-
chemical pathways, according to data in consulted literature,
gasoline produced by pyrolysis from olive residues shows a
good economic and energetic performance while MTG from
pine reaches a major profit but with twice energy consump-
tion. The calculations show that MTG capital costs are 50%
lower than pyrolysis, but the MTG yield is also 50% lower,
so more energy consumption is needed to produce the same
volume of gasoline. On the contrary, gasoline produced in
the Fischer—-Tropsch route from eucalyptus shows the best
energy performance but the poorest thermochemical profit.

To get further insights about building blocks, Fig. 2b
shows the feedstock price to break-even point (FBP), i.e.,
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the raw material price for which building blocks produc-
tion has zero profit (FBP data in Supplementary Material
Table 4). Therefore, in Fig. 2b, routes with FBP positive
are potentially profitable if feedstock prices change. If a
route is already profitable, the break-even price represents
the maximum price the commodity can reach to remain in
the positive profit zone. If the route is not profitable, the
break-even price is the price at which feedstock must fall
and from which the profit becomes positive. Lactic acid
production from the three forest residues is the only prof-
itable route, so olive, eucalyptus, and pine residues could
increase their price at 25%, 82%, and 8% over the current
market raw material price. Although three-residue lev-
ulinic routes are not profitable, 50% olive, 25% eucalyptus,
and pine price declines would set them in threshold zero
profit. For xylitol, succinic, and sorbitol, their performance
depends on their raw material, only xylitol and succinic
from olive and eucalyptus and pine sorbitol could be profit-
able. This figure also discusses the effect of product price
change in FBP and building blocks routes profitability since,
as explained above, if a route is profitable, its FBP will be
above its market price line and if not, below (but below with
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positive FBP is potentially profitable). Changes of +7.3%
in the price of the products are considered (Producer Price
Index in October 2021, percentage changes in the interme-
diate demand index for energy goods, seasonally adjusted)
[88]. It can be observed that for increases in products price
(top bar whisker), there are no changes in the route’s profit-
ability, except for eucalyptus and pine glutamic acid, which
approaches the break-even point. For decreases (bottom bar
whisker) in products price, olive and pine lactic lose their
profitability at current feedstock market price as well as pine
succinic.

Building blocks (including ethanol) show good economic
and energy performance, but their demand in Spain is much
lower than advanced biofuels (pyrolysis gasoline, MTG gas-
oline, Fischer—Tropsch fuels) or hydrogen for industrial use
and future transport applications. Figure 2c illustrates Span-
ish building block demand versus total production profit.
For instance, Spanish lactic demand is 175 times lower
than gasoline and levulinic demand is 9000 times lower
than hydrogen demand. The main driver for the develop-
ment and implementation of the biorefinery process today
is the transportation sector. Therefore, to evaluate the use
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of forestry residues in Spain, it is necessary to consider the
group of biorefineries capable of satisfying the demand for
all these products.

4.2 Optimal biorefinery solutions: Spanish scenario

The proposed methodology for the correct choice of feed-
stock-process-final product is applied in the Spanish sce-
nario. The availability of forest residues and the demand
for products in Spain enforce the optimization of the model.

Figure 3 represents the optimal biorefinery network for
minimum production cost (P1). Optimal routes in gasoline
production are pine residues pyrolysis (58%), pine residue
MTG (30%), and olive residue pyrolysis (12%), in ethanol
production, are pine dilute acid (53%) and eucalyptus dilute
acid (47%). Regarding hydrogen, the optimal route is its pro-
duction from pine residues. The remaining building blocks,
levulinic, glucaric, itaconic, and glutamic are totally pro-
duced from pine residues, xylitol, and lactic from eucalyptus
waste, and succinic from olive tree pruning. Data for Fig. 3
can be found in Supplementary Material Table 5.

Figure 4 illustrates the optimal biorefinery network for
minimum energy consumption (P20). Optimal routes for
gasoline production are pine residues pyrolysis (94%) and
pine Fischer—Tropsch (6%), hydrogen production is distrib-
uted as 69% from pine residues, 29% from olive waste, and
2% from eucalyptus. Regarding ethanol, it is produced from
the pine steam explosion route. Glucaric and itaconic acids
are produced from eucalyptus residues, while the remaining
building blocks follow the same routes that minimum cost

solution. Data for Fig. 4 can be found in Supplementary
Material Table 5.

Figure 5a shows the Pareto frontier between minimum
cost production and minimum energy requirement in the
proposed optimization model. Every point along the Pareto
curve depicts the optimal trade-off of both objectives. Each
point represents a set of routes capable of satisfying the
demand for all products considered with the amount of lig-
nocellulosic residues available for a specific cost-energy
consumption relation. The minimum cost solution corre-
sponds to the P1 solution and the minimum energy require-
ment to the P20 solution. P1 solution reaches a total cost
value of 11.285 G$ with an energy consumption of 125,060
GWh while in P20, energy requirement could be reduced
23% but with a cost increase up to 18%. However, the mini-
mum cost solution supposes a cost increase of 32% over the
market-price network solution, indicating that the minimum
cost route network is economically inefficient. Figure 5b
illustrates the biomass feedstock contribution toward the
satisfaction of products demand. Biomass residues are fully
consumed in P1 and P20 solutions, but in the remaining opti-
mal solutions, pine residues are not completely consumed. In
P1, 97% of pine residues and 99% of olive residues are used
in thermochemical routes, while 74% of eucalyptus residues
are spent in ethanol production and the remaining in other
building blocks. In P20, 93% of pine residues are used in
thermal processes and 5% in the ethanol route, so 40% of
eucalyptus residues are used in hydrogen production and
60% in building blocks. Feedstocks spent in the process can
be found in Supplementary Material Table 6 and Table 7.

Fig.3 Simplified biomass pro-
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Fig.4 Simplified biomass
process network for minimum
energy requirement solution
(P20)
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Figures 5c and d show a technological transition in
which pine MTG weight decreases from P1 to P13 while
pine pyrolysis’ weight increases, moreover, pine Fis-
cher-Tropsch technology is entered from P15. The main
technology energy consumption and cost drivers in P1
solution are pine hydrogen, MTG, and pyrolysis (16%,
38%, and 36% in energy and 19%, 22%, and 45% in cost,
respectively) and olive pyrolysis (7% in energy and 9%
in cost). While in the P20 solution, these drivers are pine
hydrogen, pyrolysis, and Fischer—Tropsch (14%, 73%, and
1.7% in energy and 11%, 62%, and 16% in cost). The main
reason for this technological transition is that pine pyroly-
sis and Fischer—Tropsch UER is twice and five times lower
than pine MTG, although pyrolysis UPC is 8% higher
and Fisher Tropsch cost is five times MTG one. Moreo-
ver, other technology changes can be observed. Ethanol
demand is satisfied in P1, as discussed in Fig. 3, by euca-
lyptus and pine residues dilute acid, while in P20, ethanol
is produced via steam explosion from pine residues. Pro-
duction via steam explosion provides 34% energy savings
per kilogram of ethanol at the expense of increasing the
cost by 62%. Regarding other building blocks, sorbitol,
itaconic, and glucaric acid are produced from pine residue
in P1 whereas, in P20, they are produced from eucalyptus
residues. This feedstock change results in a decrease of
1%, 2%, and 12% energy consumption per kilogram of
product and a steady cost (increase cost 4%, 1%, and 0.3%
per kilogram, respectively). As building blocks demands
are much lower than those of advanced biofuels and hydro-
gen, their contribution in terms of energy requirement and
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cost to Pareto optimal solutions are not relevant. Data for
Fig. 5 can be found in Supplementary Material Tables 4
and 5.

Figure 5a—d illustrates the optimal biorefinery network
limited by raw material availability, while Fig. 6a—d shows
the infinite feedstock network and, therefore, the optimal
set of routes from a technical perspective. In this way,
feedstock availability influence in the selection of tech-
nologies could be evaluated. Figure 6b depicts the biomass
contribution to every optimal network. From P1 to P13
solution, olive residues are the major raw material (97 in
P1%) due to their market price being 16% lower than pine
residues, from P14 pine residues contribution increases
(38% in P14 to 92% in P20). This pine growth is due to
the entry of pine Fischer—Tropsch in the set of optimal
technologies.

Figures 6¢ and d show energy requirement and cost
contribution breakdown for infinite feedstock availabil-
ity. As in the limited feedstock case, a technology tran-
sition from MTG to pyrolysis appears from P2 to P13
but with olive residues as feedstock and again from P13
to P20 pine Fischer—Tropsch enters in optimal network
solutions. Therefore, no changes happen from the techni-
cal approach, but there are changes in a term of which is
the optimal feedstock for each technology. No feedstock
changes occur in Fischer—Tropsh route because pine
Fischer-Tropsch yield is higher than olive and eucalyp-
tus one and so energy requirements and cost are lower.
Data for Fig. 6 can be found in Supplementary Material
Tables 4 and 8.
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4.3 Optimal biorefinery solutions for building
blocks (including ethanol) in Spain

The current oil price could act as a barrier to the viability of
advanced thermochemical biofuels in gasoline production
(MTG, pyrolysis, and Fischer—Tropsch), which also have
the lowest TRL in studied routes, so it is interesting to asset
the optimal routes that can meet the demand for BB in Spain
(including ethanol).

Figure 7a shows the Pareto frontier for building blocks
production in the Spanish scenario with limited feedstock
availability. Again, the P1 point illustrates the minimum
cost biorefinery network solution and P20 minimum energy
requirement network. Minimum cost network consumes 38%
more energy than P20 solution but with a decreased cost
of about 23%. Regarding biomass contribution to meeting
demand, Fig. 7b shows that the contribution of pine residues
is 65%, while eucalyptus residues account for 34% in minor
cost solutions. The contribution of pine increases to 89% in

the lowest energy solution. Olive tree residues’ contribution
is small (1%) compared to the other residues. Their compo-
sition has 25% less cellulose than pine and eucalyptus, so
raw material and energy costs increase to meet demand, and
although their prices are 12% lower, this does not balance
the cost. Moreover, pine and olive residues are not fully con-
sumed, but eucalyptus is, from solution P1 to P17.

Figures 7c and d illustrate energy requirement and cost
contribution breakdown in the group of biorefineries that
could meet Spanish building block demand. Again, the tran-
sition from dilute acid ethanol technology (47% eucalyptus,
53% pine in P1) to steam explosion pine ethanol takes place.
Every building block, except sorbitol and glucaric, is pro-
duced in all optimal network solutions by the same route as
in limited availability cases, without any feedstock change.
Lactic, itaconic, and xylitol are produced from eucalyptus
residues, succinic from olive and glutamic, and levulinic
from pine. Glucaric and sorbitol change pine to eucalyptus.
In Fig. 7d, it could be observed that ethanol and glutamic
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production are the major driver cost in all network solutions,
50% and 30% in P1 and 62% and 23% in P20, respectively.
The reason is that ethanol and glutamic demand is higher
than other building blocks one, 5200 and 1100 times higher
than levulinic, which is a minor demand building block.
Data for Fig. 7 can be found in Supplementary Material
Tables 4 and 9.

5 Conclusions

Lignocellulosic biorefineries can make a strong contribu-
tion enabling the development of a sustainable, resource-
efficient, and competitive economy. However, lignocel-
lulosic biorefineries address the problem of economic
profitability. To improve the competitiveness of biorefiner-
ies, it is necessary to broaden the product portfolio beyond
biofuels and bioenergy. Furthermore, the proper biomass
use is important for the effectiveness in a biorefinery, so
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the availability and price of three forest residues avail-
able in Spain, pine and eucalyptus residues and olive tree
pruning, are considered in this work. To facilitate the right
choice of feedstock-process-final product, this study pro-
posed a network optimization methodology. The results
suggest that building blocks, due to their good energy and
economic performance, are good candidates to be included
in the product portfolio of biorefineries when they are
compared to advanced biofuels (lignocellulosic ethanol
and gasoline) and hydrogen. In particular, the lactic acid
is profitable in current market conditions from the three
forest residues, while succinic and levulinic acids are close
to the break-even point. In fact, in these three building
blocks, their optimal routes (eucalyptus residues lactic,
olive tree pruning succinic, and pine residues levulinic
acids) remain stable in all solutions at the Pareto fron-
tier from minimum cost to minimum energy requirement
ones in limited feedstock availability case. In the Spain
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blocks, advanced biofuels, and hydrogen), the results show
that the demand could be satisfied with residual feedstock
availability, and the minimum total cost would reach a
value of 11.285 G$. However, this minimum cost would
suppose a cost increase of 32% over the market-price net-
work solution, which means that these new technologies,
although promising, need more research and development
to be competitive to business as usual.
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